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Abstract







Pyranose dehydrogenase (PDH), a fungal flavin-dependent oxidoreductase, catalyzes the
oxidation of a broad variety of sugars substrates. The enzyme is unable to utilize dioxygen as
an electron acceptor. Benzoquinones and complexed metal ions naturally present during
lignocellulose degradation, the supposed biological function of PDH, are preferred. Like
pyranose 2-oxidase and cellobiose dehydrogenase, also members of the glucose-methanol-
choline (GMC) oxidoreductase family, PDH represents a promising biocatalyst which can be
applied in sugar conversions, organic synthesis or electrochemistry. For this purpose, PDHs
from Agaricus meleagris, A. xanthoderma and A. campestris were recombinantly expressed in
the methylotrophic yeast Pichia pastoris, purified and characterized biochemically. Steady-
state kinetic parameters and molecular properties were investigated using UV-Vis
spectroscopy, SDS-PAGE and TCA precipitation. Batch lactose conversion experiments and
HPLC analysis confirmed the suitability of the enzymes from A. xanthoderma and A.
campestris for the production of lactobionic acid or 2-dehydrolactose, a key intermediate for
the production of lactulose. The physiological electron acceptor of PDH is undesirable for an
application in food technology, therefore site-saturation mutagenesis libraries of twelve amino
acids in the active site of A. meleagris PDH were expressed in Saccharomyces cerevisiae.
High-throughput screening resulted in one position altering oxygen reactivity. Mutant H103Y,
produced in P. pastoris, showed a five-fold increase in oxygen reactivity. Although carrying a
non-covalently linked FAD-cofactor in contrast to the wild-type, mutant H103Y was still
catalytically active but to a lower degree. Stopped-flow experiments revealed that only the
reductive half-reaction was negatively affected by the mutation. Thermal and chemical
denaturation experiments were performed and confirmed the lower stability caused by the
non-covalent FAD linkage. This semi-rational approach provides a scaffold for further

engineering of PDH towards a highly competent biocatalyst.
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Kurzfassung







Das Flavoenzym Pyranose Dehydrogenase (PDH) wird extrazelluldr von ligninolytischen
Basidiomyceten der Familie Agaricaceae produziert und katalysiert die Oxidation einer
Vielfalt an Zuckern. Als Elektronenakzeptor dienen Benzochinone oder komplexierte
Metallionen, das Enzym reagiert nicht oder nur sehr langsam mit Sauerstoff. Wie Pyranose 2-
Oxidase und Cellobiose Dehydrogenase, weitere Mitglieder der Glukose-Methanol-Cholin
(GMC) Oxidoreduktase Flavoproteinfamilie, ist auch PDH ein vielversprechender Kandidat
fiir den industriellen Einsatz in Zuckerumwandlungen, der organischen Synthese oder in
Biobrennstoffzellen und -sensoren. PDHs aus Agaricus meleagris, A. xanthoderma und A.
campestris wurden im Zuge dieser Arbeit rekombinant in der methylotrophen Hefe Pichia
pastoris exprimiert, aufgereinigt und biochemisch charakterisiert. Mittels UV-Vis
Spektroskopie, SDS-PAGE und TCA-Féllung wurden die Steady-state Kinetik und
molekulare Eigenschaften der Proteine untersucht. Laktose-Umsetzungen im Labormalstab
zeigten die Eignung von PDH aus A. campestris und A. xanthoderma fiir die Produktion von
Laktobionsdure und 2-Dehydrolaktose, einem wichtigen Intermediat fiir die Synthese von
Laktulose. Da die physiologischen Elektronenakzeptoren von PDH nicht geeignet sind fiir den
Einsatz in der Lebensmittelindustrie, wurden zwolf Site-saturation Mutantenbibliotheken von
A. meleagris PDH in Saccharomyces cerevisiae exprimiert um Varianten mit erhohter
Sauerstoffreaktivitit zu finden. Im Zuge des Screenings zeigte sich dass eine Variante erhohte
Sauerstoffaktivitit aufwies, Mutante H103Y wurde in groBerem MaBstab in P. pastoris
exprimiert und gereinigt. Die Charakterisierung ergab eine filinffache Steigerung der
Sauerstoffreaktivitit, trotz nicht-kovalent gebundenem FAD war die Mutante katalytisch
aktiv, wenn auch in schwicherem AusmaB. Stopped-flow experimente zeigten dass
ausschlieBlich die reduktive Halbreaktion von der Mutation negativ beeinflusst wurde. Die
Stabilitdit der Mutante gegeniiber thermischer und chemischer Denaturierung war im
Vergleich zum Wildtyp verringert. Der angewandte Engineering-Ansatz bildet eine

Grundlage fiir weitere Verbesserungen von PDH fiir den Einsatz in der Lebensmittelindustrie.
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Chapter 1. Introduction

Literature overview






Flavoproteins

Flavoproteins are colourful enzymes that carry a FMN (flavin mononucleotide) or FAD

(flavin adenine dinucleotide) as a prosthetic group. These enzymes catalyze a broad variety of
biochemical reactions and are involved in diverse biological processes (Figure 1). The
majority of flavin-dependent enzymes are oxidoreductases but around 10% catalyze non-

redox reactions (transferases, lyases, isomerases and ligases) (Macheroux et al, 2011).

Figure 1: Biological functions of flavoenzymes (Joosten & van Berkel, 2007).

Due to the selectivity, efficiency and controllability of their reactions, flavoproteins are
regaded as attractive biocatalysts applied in food, pharmaceutical and fine-chemical
industries (Joosten & van Berkel, 2007; Walsh & Wencewicz, 2013). The cofactor FMN
consists of a riboflavin moiety (vitaminoBand a phosphate group, FAD consists of a
riboflavin bound to an ADP (adenosine diphosphate) molecule (Figure 2). The flavin
isoalloxazine ring system is the redox-active part of the molecule, the side chain (e.g. the
ADP moiety) is not involved in catalysis but serves as an anchor of the molecule to the active

site.



The reactions of flavoprotein oxidoreductases ce divided in two hatreactions. In the
reductive halfreaction, the FAD isdloxazine is reduced by the electron donor subs. In
the oxidative halfeaction, the reduced flavin is-oxidized by an electron acceptor. T
reoxidation can occur eithey two one-electron transfers or one telectron transfe(Ghisla
& Massey, 1989)Depending on the enzyme, the product is released before ictron
acceptor reacts with the fremzyme (pin-pong mechanism) or the electron acceptor re

with the enzymegsroduct complex (ternary complex mechani (Mattevi, 2006.
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Figure 2: Structure of riboflavilgMN and FAL (Macheroux et al, 2011).

In the majority of flavproteins the cofactor is n-covalently linked bugr estimated 10 % of
all flavoproteinspossess a covalent linkaof the cofactorto the polypeptide chaivia a
histidine, tyrosine, cysteiner threonin. The covalent bond is formeda the C-8 methyl
group and/or the @-of the isoalloxazine cvia a phosphoester bomdth a phosphatgroup.
Even a doubleovalent linkage (&-histidyl-6-S-g/steinyl) was discover.. The covalent
binding is believedo increase the redox potential atherefore te oxidation power of th
enzyme,contribute to protein stabili, circumvent unwanteckactions of the cofact and to

enhance the lifetime of the enzy (Heuts et al, 2009)incorporation of the cofactor wi



found to occur via an auto-catalytic process without the aid of specific enzymes (Hassan-

Abddlah & al, 2005; Jin et al, 2008).

GMC (glucose-methanol-choline) family of flavoproteins

This family of flavoprotein oxidoreductases, named after three members, includes proteins
that share conserved sequence patterns but catalyze quite diverse reactions and are widespread
among prokaryotic and eukaryotic organisms (Cavener, 1992). All members with resolved
crystal structure have a PHBHK-Gydroxybenzoate hydroxylase)-like fold in common and
consist of a flavin-binding domain with an ADP-bindifigB-motif (Rossman fold) and a
substrag-binding domain. The latter is not as conserved as the flavin-binding domain,
possibly due to the diverse substrate specificity of GMC oxidoreductases ranging from
monosaccharides to cholesterol (Kiess et al, 1998; Mattevi, 1998; Zamocky et al, 2004).
Members of the GMC family that use sugars as substrate include glucose oxidase (GOx, EC
1.1.3.4), pyranose 2-oxidase (POx, EC 1.1.3.10), the flavodehydrogenase-domain of
cellobiose dehydrogenase (CDH, EC 1.1.99.18) and pyranose dehydrogenase (PDH, EC

1.1.99.29) (Peterbauer & Volc, 2010). Three of them will be introduced in more detail.

Pyranose dehydrogenase (PDH)

Pyranose dehydrogenase is a monomeric extracellular glycoprotein of around 75 kDa that
carries a covalently bound (843-histidyl) FAD cofactor (Figure 3) (Tan et al, 2013). PDH

was isolated from several members of the famtaricaceae including Agaricus bisporus,
Macrolepiota rhacodes, A. xanthoderma, A. meleagris and A. campestris, the enzyme
generally seems to be limited to litter-decomposing basidiomycetes. As a dehydrogenase,
PDH is unable to use dioxygen as an electron acceptor, (organo)metal ions and substituted
qguinones are preferred (Kujawa et al, 2007; Staudigl et al, 2013; Sygmund et al, 2008; Volc et

al, 2001; Volc et al, 1997). For this reason the proposed biological function is a role in



lignocellulosedegradation by reducincuinone or radical intermediates; a participation ir
Fenton’s reactions, but therie biologice function remains unknowfGiffhorn, 2000; Volc e

al, 1985).

Figure 3: Crystal structure of PDfIan et al, 201%. The image was created using PyMol (PDB code 4+

PDH is able to oxidize free, n-phosphorylated mono-, dand oligosaccharides in pyranc
form and glycosides to the corresponding deh- and didehydrosugars, the regioselecti
and substrate specificity depend on the source of the enzyme and tlitions of the
reaction (Figure 4)Oxidations at -1, C-2, C-3, C-1,2, C-2,3 and &4 have been observe
doubleoxidation occurs when the first oxidation step is nearly complete under exc

electron acceptqiPeterbauer & Volc, 2010; Sedmera € 2006).
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Figure 4: Oxidation ob-glucose to 3-dehydrp-glucose (1) and 2,3-didehydmglucose (2) and reduction of
the electron acceptor 1,4-benzoquinone (BQ) to the hydroquinone (HQ) by PDHMammolepiota rhacodes

(Peterbauer & Volc, 2010; Volc et al, 2001).

Due to the broad substrate spectrum, PDH can be regarded as a versatile biocatalyst for
diverseindustrial applications. Cheese-whey, the waste-product of cheese manufacturing,
contains high amounts of lactose. Tons of whey are discarded each year as effluent and have
become an environmental issue, therefore also biotechnological approaches for the
valorisation of this by-product are of major importance (Gonzalez Siso, 1996). PDH\from
campestris almost exclusively oxidizes lactose at C-1, the hydrolysis product of the resulting
lactobiono-1,5-lactone, lactobionic acid, is used in the cosmetic-, food- and pharmaceutical
industry (Gutiérrez et al, 2012). The C-2 oxidation product, 2-dehydrolactose, formed
amongst others by PDH frof xanthoderma andA. meleagris, represents a key intermediate

for the production of lactulose, a prebiotic carbohydrate used against obstipation and hepatic

encephalopathy (Schuster-Wolff-Buhring et al, 2010; Staudigl et al, 2013).

The intermediate for the synthesis of the non-cariogenic, prebiotic swebtéagatose, 2-
dehydo-D-galactose, can be produced Aymeleagris and A. bisporus PDH which have a
higher affinity for the substrate-galactose than POx (Sygmund et al, 2008; Volc et al, 1998).
In spite of the broad substrate specificity and high affinity for several substrates, one
disadvantage of PDH is the utilization of quinones or metal ions as electron acceptor. An
application in the (food) industry would lead to high cost and effort in redox mediator
regeneration and rigorous product purification. For this reasenw@uld be a more

favourabe electron acceptor.



The utilization in biofuel cells and biosensors represents another possible application of PDH.
A biofud cell directly transforms chemical into electrical energy using enzymatic catalysis
(Bullen et al, 2006). By wiring PDH with the help of osmium redox polymers to graphite
electrodes, amperometric biosensors for the detection of sugars or biofuel cell anodes can be
created (Tasca et al, 2007; Zafar et al, 2010). The utilization of the deglycosylated enzyme
was shown to improve the electron transfer and current output (Killyéni et al, 2013;
Yakovleva et al, 2012). In biofuel cells, meleagris PDH can be utilized as a bioanode, also

in combination withMyriococcum thermophilum CDH or the flavodehydrogenase domain of
Corynascus thermophiles CDH, increasing the output to six electrons from one molecule of
D-glucose due to the different oxidation regioselectivity of PDH and CDH (Shao et al, 2013;
Tasca et al, 2010). A successful combination witGlomerella cingulata glucose

dehydrogenase has also been reported (Zafar et al, 2013).

Pyranose 2-oxidase (POX)

POx is a homotetrametric flavoenzyme of 270 kDa carrying a covalentiN3&aistidyl)
bound FAD ofactor per subunit. The enzyme is presumable intracellularly and occurs in
many lignocellulose-degrading basidiomycetes. Its proposed biological function is a
participation in lignin degradation by providing hydrogen peroxid®gH(Daniel et al, 1994;
Danneelet al, 1992; Hallberg et al, 2004; Volc et al, 1985). Interestingly, none of the 76
strains of lignocellulose-degrading basidiomycete fungi screened by Volc and coworkers
exhibited simultaneous POx and PDH activity. PDH activity was detected in mainly litter-
degrading fungi whereas POx could be found in white-rot fungi Tikemetes sp. or

Phanerochaete sp. (Volc et al, 2001).

The reaction catalyzed by POx is the oxidation of aldopyranoses to the corresponding 2-
ketoaldose (dehydroaldose), the C-3 position is oxidized only in rare cases. The preferred

substrate isD-glucose, alsab-galactose,L-arabinose and-xylose are oxidized but with
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substantially lower efficiency. Molecular oxygen acts as the electron acceptor resulting in the
produdion of H,O, (Freimund et al, 1998; Kujawa et al, 2006). The high regioselectivity and
rather narrow substrate specificity make POx especially interesting for certain industrial
applications. The production of rare sugars is one example, bkgiiozose and 2-ketD-
galacbse can be used for the productiorbefructose and-tagatose in the so-called Cetus
processthe formation of by-products can be avoided by using POx (Haltrich et al, 1998;
Leitner et al, 1998). Biosensors for the determination of sugars or biofuel cells are other fields
of application where the high selectivity of POx is an advantage (Tasca et al, 2007). In this
context, the formation of #D. is detrimental for the enzyme and the redox polymer, therefore

a POx wth reduced oxygen reactivity would be of great interest for these applications.

Cellobiose dehydrogenase (CDH)

CDH is a monomeric, glycosylated protein of 90-100 kDa which consists of two domains:
The catalytically active flavodehydrogenase domain with a non-covalently bound FAD
cofactor and a cytochrome domain which contains a herhge as cofactor. These two
domains are connected via a flexible polypeptide linker (Cameron & Aust, 2001). CDH is
produced extracellularly by white-rot, brown-rot, phytopathogenic and saprophytic
basidomycete and ascomycete fungi. Similar to PDH, a role in lignocellulose breakdown and
a participation in a Fenton-type reaction are assumed as the physiological functions of CDH
(Zamocky et al, 2006). Recently an interaction of CDH with copper-dependent polysaccharide
monooxygenases (PMOs) involved in the degradation of cellulose was proposed (Phillips et

al, 2011; Sygmund et al, 2012).

The best substrates for CDH are cellobiose and lactose, which are oxidized at the anomeric C-
1 to the corresponding lactones and in agueous solution hydrolyzed to the carboxyle acid.
glucoseor other monosaccharides are rather poor substrates for CDH. Suitable one- or two-

electron acceptors are 2,6-dichloroindophenol (DCIP), 1,4-benzoquinone and other

9



(substituted) quinones, complexed metal ions or oxygen, this half-reaction usually takes place
at the dehydrogenase domain. The heme-domain can interact with cytochrome ¢ and other

one-electron acceptors (Zamocky et al, 2006).

CDH is one of the rare oxidoreductases where a direct electron transfer (DET) is possible
between the active site and an electrode surface due to the electron-transferring cytochrome
domain. The successful application of CDH in biosensors for the detection of several analytes
like lactose, glucose, noradrenalin or catechol or in biofuel cells (as mentioned above also in
combination with PDH) was studied extensively (Ludwig et al, 2010; Ludwig et al, 2013).
CDH is also suitable for the production of lactobionic acid (Ludwig et al, 2004) or for the
production of HO, in (cotton) bleaching. The latter could replace the conventional method
using HO, and sodium hypochlorite (NaOCI), which is problematic in terms of
environmenal issues (Pricelius et al, 2009; Pricelius et al, 2011). In this thesis, the rather low
oxygen reactivity of CDH was increased for an application in the textile- or paper and pulp

industry by means of semi-rational engineering approaches (Sygmund et al, 2013).

Oxygen reactivity in flavoproteins

Oxygen reactivity of flavoproteins is the matter of intensive research but up to date no clear
guideline or structural determinant was found (Mattevi, 2006). The supposed molecular
mechanism of the oxidative half reaction in flavoprotein oxidases and monooxygenases is
illustrated in Figure 5. In the first electron transfer step, a caged radical pair of O

(superoxde) and flavin semiquinone is formed. In oxidases, a subsequent second electron
transfer results in the oxidized flavin and hydrogen peroxide. Monooxygenases form a
covalent C(4a)-(hydro)peroxyflavin intermediate preceding the catalyzed monoxygenation
reaction, the insertion of an oxygen atom into the substrate (Chaiyen et al, 2012). Several
oxidases, like POx, are also capable of stabilizing such a covalent intermediate (Sucharitakul

et al, 2008).
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Figure 5: Reaction of the reduced flavin with oxygen (Chaiyen et al, 2012).

Several concepts emerged over the last decades about factors determining oxygen reactivity.
The exhange of an active site alanine to a glycine in L-galactelactone dehydrogenase
substantily increased oxygen reactivity, leading to the conclusion that the former, bulkier
residue blocked the access of dioxygen to the active site (Leferink et al, 2009). In aryl-alcohol
oxidase, phenylalanine 501 is forming a bottleneck in a narrow channel that was identified to
guide Q to the active site. Surprisingly, mutant F501A showed strongly reduced oxygen
reactvity whereas the replacement by a tryptophan resulted in slightly increased oxygen
reactivity. The authors supposed that a correct distance, dfo@® the flavin C(4a) was
importantin this context (Hernandez-Ortega et al, 2011). A positive charge in the active site
of flavoproteins (a histidine, lysine or the positively charged substrate) seems to influence
oxygen reactivity by electrostatically stabilizing the first, rate limiting electron transfer step

in glucose oxidase, monomeric sarcosine oxidase, fructosamine oxidase and choline oxidase.
In summary, all these findings are often only true for the single case and have to be viewed

with care (Gadda, 2012).
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Protein engineering

When the number oévailable X-ray structures of enzymes watowly growing and the
principlesof enzymatic catalysis were kno, the demand foa technique to elucidate tl
structurefunction relationship emerge In the early 1980s, sit#irectec mutagenesis, the
systematic exchange ah amino aci in a proteinwas reported for the first tir and the new
field of protein engineering weborn (Brannigan & Wilkinson, 2002; Dalbac-McFarland et
al, 1982; Winter et al, 1982The knowledge gained in mutagenesis studies was used 1
design of biocatalysts with desired properties such as higher t- or pH-stability, altered
substrate specificity or activity in n-physiological environment¢éBornscheuer & Poh
2001; Brannigan & Wilkinson, 200. As it is rarelypossible to predict the effects of cert
mutations, techniques offering a broader variety of more randomly introduced mutatior
developedDirected evolution mimics ttural evolution in the laby selecting a variant wita
desired property from kargepool of variants. Variation is generatey random mutagene
of the wholegene encoding the enzy or by recombination of gene fragms (Bornscheuer
& Pohl, 2001; Tao & Cornish, 20C. For this mutagenesis technique diepth understandin
of structure and function is not required. Its main limitation lies irrequiremer of a high-

throughput screening protor due to the very large library size (Figure 6).

Choce of method
| for enzyme engineering

|

T ——

Ze
[ | ND — Structuralfunctional - YES

| Funztonal infermation | — . i

| s ' v

| may te gained from small | ey niommaon aveilable) oo I
|

| library or point mutatiors | e =l
L . !

— o
- —— - —
_— ~_ - ~——
NGO High-throughput ~— NO - — High-throughput
T “*—h_x screaning available? L I ~— scraening available? e
— _— | ~— /_”
— - | - -

| YES |
v W

[ semrraTionaL DESIGN SEMI-RATIONAL DESICN
WHOLE GENE RANDOMIZATION E Rasional design Whole.gene randamization

Currert Opinicn in Bistechnology

Figure 6: Criteria for the choice of the enzyme engineering m¢Chica et al, 2005).
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A method that combines the advantages of both rational design and directed evolution is site-
saturation mutagenesis. This semi-rational approach is based on the exchange of selected
amino acids mostly in the active site of an enzyme with all other 19 proteinogenic amino
acids to create libraries of variants. The target area of the mutation is chosen based on the
structure of the enzyme and/or computational calculations, overcoming the limitation of
mutations in parts of the enzyme without any effect. Compared to directed evolution, the
library size is smaller and therefore the screening effort on a tolerable level (Chica et al, 2005;

Lutz, 2010).
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Oxidoreductases of the glucose-methanol-choline (GMC) family can be applied in a large
variety of bioprocesses in the food-, cosmetic-, medical or pharmaceutical industry due to
their unique properties. Pyranose dehydrogenase (PDH) is able to oxidize a broad range of
carbohydrate substrates at different C-atoms whereas pyranose 2-oxidase (POx) and
cellobiose dehydrogenase (CDH) are more specific concerning substrate and oxidation site
Severallimitations have to be overcome to provide highly valuable biocatalysts, starting with
the substrate specificity of the enzyme or the efficiency of the catalyzed reaction. Therefore
the aim of research was the characterization and engineering of these GMC oxidoreductases.
The thesis work was part of a project funded by the Austrian Science Fund (FWF) “Oxygen
reactivity of pyranose oxidoreductases” (P22094) and the doctoral programme “BioToP”
(W1224). Apart from providing fundamental research data on the oxygen reactivity of
flavoproteins, the goal of this project was to modify the oxygen reactivity of PDH and POx as
well as the reactivity with alternative electron acceptors for applications in the food industry

or in biosensors.

PDHs are secreted exclusively by fungi of the famiparicaceae but the catalytic properties

of the enzymes are highly heterogeneous. PDHs fAgaricus campestris (Ac) and A.
xanthoderma (Ax) (paper I) andA. meleagris (Am) (paper Il) were recombinantly expressed

in Pichia pastoris, purified and characterized with respect to their potential industrial
applicationsD-glucose turned out to be the preferred substrate for Ac- and AxPDH, AxPDH
also oxdizesD-xylose with a nearly equal efficiency. For AmPDH, the favoured substrate is
L-arabinose followed byp-glucose. Concerning electron acceptors, a surprisingly strong
preferece of AcPDH for 1,4-benzoquinone over 2,6-dichloroindophenol (DCIP) and
ferrocenium hexafluorophosphate was discovered, whereas the latter was preferred by
AXPDH and AmPDH. Batch lactose conversion experiments of Ac- and AXPDH revealed a
strong C-1 preference of AcPDH, yielding mainly lactobionic acid. AXPDH catalyzed the

oxidation at the C-1 and C-2 in a ratio of 2:1. The C-2 oxidation product, 2-dehydrolactose,
21



represents a key intermediate for the isomerisation to lactulose. In addition to enzyme
characteristics, paper Il focuses on a simple recombinant expression and purification protocol
using a 96-well plate activity pre-screening in order to detect the best expressing clone.
AmPDH was produced in 50 L scale in a stirred and aerated bioreactor and purified in a two-
step protocol, yielding more than 13 g of pure enzyme. The 1.6 A crystal structure of AmPDH
(paper 1) provided a scaffold for sugar docking experiments which confirmed the
experimentally determined preference for C-2 and C-3 oxidation mtiucose as a

substrée.

As a dehydrogenase, PDH is unable to use molecular oxygen as an electron acceptor.
Alternative acceptors like quinones or complexed metal ions, which are naturally present
during lignin degradation, are preferred. In paper IV, semi-rational engineering of twelve
active site amino acids of AmPDH towards increased oxygen reactivity is reported. The
libraries were expressed gaccharomyces cerevisiae and screened using a high-throughput
protocol. Only one mutation was found in variants showing increased oxygen activity: the
exchange of histidine 103 to tyrosine, phenylalanine, tryptophan or methionine. Mutant
H103Y was produced iRichia pastoris and characterized and revealed a five-fold increase in
oxygen reactivity. Although H103 covalently links the cofactor to the protein, the mutant was
still catalytically active and carried a tightly but non-covalently bound FAD. The reductive
half-reaction was mainly affected by the mutation and was decreased by three orders of
magnitude whereas the oxidative half-reaction remained mostly unaffected (paper V). Using
electron paramagnetic resonance (EPR) spectroscopy, an anionic semiquinone radical was
detected in the resting state of both the mutant and the wild-type protein. The EPR spectrum
of variant H103Y suggested a higher mobility of the cofactor in the active site. Furthermore,
the stability of AmPDH variant H103Y towards thermal and chemical denaturation was
reduced compared to the wild-type protein. These data support the role of covalent

flavinylation in tuning the reduction potential and increasing protein stability.
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In paper VI, an engineered CDH froMyriococcum thermophilum showing enhanced

hydrogen peroxide production is described. A semi-rational approach was conducted to
enable an application of CDH for biotechnological purposes like cotton bleaching or as a
laundry detergent. To facilitate the screening process in protein engineering of flavoproteins,

a convenient microtiter-plate based assay based on three redox-dyes was developed (paper

Vi),
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Abstract: Pyranose dehydrogenase (PDH) is a flavin-dependent sugar oxidoreductase that
is limited to a rather small group of litter-degrading basidiomycetes. The enzyme is unable
to utilize oxygen as an electron acceptor, using substituted benzoquinones and (organo)
metal ions instead. PDH displays a broad substrate specificity and intriguing variations in
regioselectivity, depending on substrate, enzyme source and reaction conditions. In
contrast to the related enzyme pyranose 2-oxidase (POx), PDHs from several sources are
capable of oxidizing a- or B-1—4-linked di- and oligosaccharides, including lactose. PDH
from A. xanthoderma is able to perform C-1 and C-2 oxidation, producing, in addition to
lactobionic acid, 2-dehydrolactose, an intermediate for the production of lactulose, whereas
PDH from A. campestris oxidizes lactose nearly exclusively at the C-1 position. In this
work, we present the isolation of PDH-encoding genes from A. campestris (Ac) and
A. xanthoderma (Ax) and a comparison of other so far isolated PDH-sequences. Secretory
overexpression of both enzymes in Pichia pastoris was successful when using their native
signal sequences with yields of 371 U-L™* for AxPDH and 35 U-L™* for AcPDH. The pure
enzymes were characterized biochemically and tested for applications in carbohydrate
conversion reactions of industrial relevance.
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1. Introduction

Pyranose dehydrogenase (PDH, EC 1.1.99.29) is a monomeric extracellular glycoprotein of around
75 kDa, carrying a covalently bound FAD cofactor (8a-N3-histidyl-FAD) [1]. It is a member of the
glucose-methanol-choline (GMC) family together with other sugar oxidoreductases like the catalytically
related enzymes glucose oxidase, cellobiose dehydrogenase and pyranose-2 oxidase. PDH was first
described in 1997 when it was isolated from the edible basidiomycete fungus Agaricus bisporus [2].
Later, the enzyme from other members of the family of Agaricaceae like Macrelepiota rhacodes [3],
A. xanthoderma [4] and A. meleagris [5,6] was investigated. Recently, the crystal structure of A. meleagris
PDH (AmPDH) was resolved and revealed a two-domain structure consisting of the ADP-binding
Rossman domain and a sugar-binding domain [1].

The biological function of PDH is still not fully clear. As the enzyme is limited to litter-decomposing
fungi of the family Agaricaceae and is not able to utilize molecular oxygen as electron acceptor, the
reduction of quinones and radicals formed during lignin degradation were proposed as its natural
role [3]. Other possible functions like a participation in Fenton’s reaction or the defense against
antimicrobial (quinone) substances produced by plants were reported [7].

As the production of the enzyme in basidiomycete fungi is quite laborious and time-
consuming [2,4,5], approaches for heterologous expression in Aspergillus nidulans and A. niger [8],
E. coli and P. pastoris [9] were tested. Attempts to solubly express PDH in E. coli did not succeed due
to the formation of inactive inclusion bodies whereas an expression in P. pastoris yielded high levels of
recombinant protein with properties equal to the wild-type [9]. Therefore, the methylotrophic yeast was
the expression host of choice for the heterologous production of A. campestris and A. xanthoderma
PDH in this study.

The oxidation products of PDH depend on the source of the enzyme, the substrate and the reaction
conditions. The enzyme is able to oxidize free, non-phosphorylated sugars in pyranose form,
heteroglycosides, disaccharides and glucooligosaccharides at the C-1, C-2, C-3 and also at C-1,2, C-2,3
and C-3,4 atom [2,3,10-14]. The oxidation products of D-glucose and D-galactose, 2-keto-D-glucose
and 2-keto-D-galactose, represent industrially relevant intermediates for the production of the high-value
sugars D-fructose and D-tagatose [15,16]. An easily available disaccharide lactose, can be oxidized by
PDH to the corresponding C-1, C-2 or C-2,3 product. Depending on the source of the enzyme,
2-keto-lactose and lactobionic acid, the hydrolysis product of lactobionolactone, are formed in
different ratios. VVolc and coworkers screened various Agaricus sp. for their PDH oxidation products
and observed that A. campestris PDH almost exclusively oxidizes lactose at the C-1 position, yielding
lactobionic acid, whereas 2-keto-lactose was the main product of A. xanthoderma PDH [12].
Lactobionic acid has numerous applications in the pharmaceutical-, cosmetic- and food-industry, such
as in organ preservation solutions and macrolide antibiotics, skin care cosmetics or as an acidulant or
flavor enhancer in food [17]. The C-2 oxidation product 2-keto-lactose can be used for the production
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of lactulose, a prebiotic carbohydrate administered against obstipation and hepatic encephalopathy
which has beneficial effects on the gastrointestinal microbiota [18]. Here, we describe for the first time
the heterologous expression of PDH genes from Agaricus campestris and Agaricus xanthoderma in the
methylotrophic yeast Pichia pastoris and present a detailed characterization of both enzymes.
Furthermore, we performed comprehensive studies on the conversion of lactose and present a novel
alternative for the production of lactobionic acid and 2-dehydrolactose, a key intermediate for the
isomerization to lactulose.

2. Results and Discussion
2.1. Expression of Acpdh and Axpdh in P. pastoris

To obtain the PDH-encoding gene from A. campestris, different oligonucleotide primers were designed
based on conserved regions from already known sequences (accession numbers are given in paragraph
3.8.). PCRs were performed using different forward primers, the anchor primer and first-strand-cDNA
as template. Resulting fragments were sequenced and used to design sequence specific primers for
identification of the 5°-flanking region by primer walking using the DNA Walking SpeedUp Premix
Kit. The nucleotide sequence of the AcPDH cDNA contains an ORF of 1,788 bp encoding a
polypeptide of 595 amino acids. Two primers based on the cDNA sequence and containing restriction
sites for ligation into the pPICZb vector were designed, and used to re-amplify the cDNA and
construct the expression vector under control of the methanol-inducible AOX promoter.

The previously unknown signal sequence and the 5°-flanking region of AXPDH were analogously
identified using the DNA Walking SpeedUp Premix Kit and three specific reverse primers (AXTSP1-3).
The purified fragments were sequenced, and based on these results, the full-length cDNA could be
amplified. The AXPDH encoding cDNA contains an ORF of 1,803 bp encoding a polypeptide of 600
amino acids. The cDNA fragment was re-amplified with two primers containing restrictions sites for
ligation into the pPICZb vector. The plasmids were transformed into E. coli NEB5a for proliferation.
Isolated plasmids were linearized with Sacl and transformed into the expression host P. pastoris and
cultivated in 96-well deep well plates and screened for PDH activity. To confirm the results from the
first round of screening, a rescreening experiment with multiple parallel determinations was
performed. The clones with the highest activity were selected for further studies.

2.2. Multiple Sequence Alignment

To compare the amino acid sequences of the PDHs isolated and characterized so far in our group
(A. meleagris PDH1 [5,6,9], A. bisporus (our unpublished information) A. campestris (this work) and
A. xanthoderma PDH [4]), a multiple sequence alignment was constructed using the MUSCLE
algorithm (Figure S1). The PDHs from different sources show a sequence identity between 74% and
78%. From the crystal structure of AmPDH1 [1], His 512 and His 556 were identified as the catalytic
pair of major importance for sugar substrate oxidation. These two amino acids and His 103, where the
FAD cofactor is covalently bound, are highly conserved among PDHs (Figure S1, highlighted in red).
Docking experiments with several electron donors in different oxidation poses revealed that the principal
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sugar interaction partners are the two catalytic histidines but also GIn 392 and Tyr 510 (Figure S1,
highlighted in green). The fact that these amino acids are conserved in all four PDHs supports these findings.

All PDHs are glycoproteins with different degrees of glycosylation. Putative N- and O-glycosylation
sites predicted by NetNGlyc 1.0 server and NetOGlyc 3.1 server [19] are highlighted in red and green,
respectively.

2.3. Heterologous Protein Production

The cultivation of P. pastoris cells expressing the acpdh- and axpdh-encoding gene was carried out
in a 7-L stirred and aerated bioreactor and lasted 187 and 161 h, respectively (Figure 1). The initial
glycerol batch phase produced 113 g-L™* and 75 g-L™* wet biomass in 27 h and 25 h (its end was
indicated by an increase in dissolved oxygen concentration). The following feed with 50% glycerol
was maintained for 17 h and 19 h and resulted in a final biomass of 156 g-L™* and 155 g-L 7,
respectively. A methanol feed was initiated for induction, and at the end of this phase, the biomass
reached a level of 260 g-L* and 293 g-L*. The activity of the extracellular enzyme fraction finally
reached 35 U-L™* for AcPDH and 371 U-L™* for AXPDH, while the level of extracellular protein
increased to 345 mg-L " and 350 mg-L .

Figure 1. Large scale production of pyranose dehydrogenases (PDHSs) in P. pastoris. Black
circles, wet biomass; grey triangles, extracellular protein concentration; black squares,
volumetric activity.
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2.4. Purification of Recombinant PDHs

Recombinant AcPDH was purified from the cultivation broth in a four-step protocol (Table 1)
including an additional hydrophobic interaction chromatography step (phenyl-source) compared to the
three-step purification of AXPDH, which consisted of hydrophobic interaction chromatography, anion
exchange chromatography and gel filtration as a polishing step. Before the AcPDH pool was loaded on
the phenyl-source column, solid ammonium sulfate was added to a saturation of 40%, similar to the
first purification step. Unexpectedly, the protein did not bind to the column in this case, and the whole
PDH activity was found in the flow-through. This purification step indeed increased the specific
activity from 0.4 U mg to 2.8 U mg™* but the flow-through still contained impurities due to the lack
of restrictive pooling. Therefore, a subsequent gel filtration step was conducted, resulting in apparent
homogeneity for both AcPDH and AxPDH (Figure 2), with final specific activities of 4.9 U mg™ and
16.6 U mg 7, respectively. For AcPDH, two pools with different specific activities were formed due to
rather low overall yields. Pool 1 represented the center of the elution peak and all further analyses were
performed with this enzyme preparation. The low purification yield for AcPDH corresponds to the fact
that PDH accounted only for 0.1% of the total protein in the extracellular fraction, whereas AxPDH
accounted for more than 2%. The purification step that decreased the yield most dramatically is the
first for both enzymes. As the starting volume for purification after centrifugation was around 4 L in
both cases, the calculation of the total activity based on the activity per mL could lead to imprecise
results. This is especially true in the case of AcCPDH, where the volumetric activity per mL was below
the detection limit of the standard ferrocenium/glucose activity assay and only represents an estimate.
A reduction of the volume and therefore concentration of the cultivation broth would have been useful
for more precise measurements of the initial volumetric activity. The higher degree of glycosylation of
AcPDH could also play a disadvantageous role for the purification (Figure 2, Table 2). All concentrated
protein pools showed the typical light yellow color of flavoproteins and were stable over several
months at 4 °C in 65 mM sodium phosphate buffer pH 7.5.

Table 1. Purification schemes of recombinant PDHs.

Pur:‘tlgstlon Tota[InS;;)teln Total[ﬁc]tlwty Spefglfnzci;wty Purification [-fold] Yield [%]

AcPDH

Crude extract 1730 154.4 0.1 1 100
Phenyl sepharose 124.4 27.4 0.2 2.5 18
DEAE sepharose 28.2 215 0.4 4.1 14
Phenyl source 5.5 15.2 2.8 31.0 10
Gel filtration pool 1 1.2 5.6 4.9 54.5 4
Gel filtration pool 2 0.4 15 3.7 41.9 1
AXPDH

Crude extract 1226.4 1298.9 11 1 100
Phenyl sepharose 109.9 538.6 4.9 4.6 41
DEAE sepharose 40.2 524.9 13.1 12.3 40
Gel filtration 25.8 428.8 16.6 15.7 33
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Table 2. Molecular properties of recombinant PDHs.

Mass Mass SDS-PAGE Theor. Glycan N-Glyc sites O_.G lye
PDH SDS-PAGE deglyc. [kDa] mass [kDa] mass [%] predicted sites
[kDa] predicted
Ac 98 68 61.8 31 6 3
AX 73 68 62.3 7 5 0

Figure 2. SDS-PAGE of purified PDHs. M, molecular marker; 1, AcPDH; 2, AcPDH
deglycosylated; 3, Ax PDH; 4, AXPDH deglycosylated.

2.5. Molecular Properties

The molecular masses of AcPDH and AxXPDH were determined by SDS-PAGE (Figure 2) and
native PAGE (Figure 3). AcPDH formed a diffuse band around 98 kDa (Figure 2, lane 1), after
deglycosylation with PNGase F under denaturing conditions, a sharp band at 68 kDa could be
observed (lane 2). AXPDH showed a band at 73 kDa (lane 4); after deglycosylation, the band shifted to
around 68 kDa (lane 5). The high degree of glycosylation of AcPDH compared to AXPDH (Table 2) is
also observed in native PAGE (Figure 3). From the migration difference of the glycosylated and
deglycosylated protein band in the gel, a glycan mass of 31% for AcPDH and 7% for AXPDH could be
calculated (Table 2). The native AXPDH [4] showed a slightly smaller mass on the SDS-PAGE
compared to the recombinant protein (around 65 kDa). This is most likely due to a difference in
glycosylation in basidiomycete fungi compared to the yeast P. pastoris. Whereas proteins in (homo)
basidiomycete fungi carry N-glycans of the oligomannosidic type (4-9 mannoses), P. pastoris tends to
produce hyper-mannosylated glycans [20-22]. The NetNGlyc 1.0 server found nine glycosylation
motifs in the sequence of AXPDH, five of them putatively glycosylated, and nine for AcPDH with six
of them likely to carry a glycan structure. Concerning O-glycosylation, NetOGlyc 3.1 server predicted
three sites for AcPDH with potential above the threshold and none for AXPDH. The potentially higher
degree of O-glycosylation of AcPDH compared to AXPDH cannot account for the large difference in
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glycan mass between the two proteins. The deglycosylation was carried out using PNGase F, which
exclusively removes N-glycans, and the deglycosylated proteins have a quite similar molecular mass.
Furthermore, O-glycans in P. pastoris mostly consist of up to three, rarely four, mannose units in
contrast to hyper-mannosylated N-glycans [23]. A substantial over-glycosylation with a comparable
glycan content of approximately 30% of protein expressed in P. pastoris was also observed for
AmPDH [9]. PDH is one of the rare flavoproteins carrying a covalently bound cofactor [24]. Covalent
incorporation was proven by the method of Scrutton [25], the flavin associated with the protein gives a
fluorescent signal when exposed to UV-light. The positive control (AmPDH), AcPDH and AxPDH
showed a bright band under UV-light whereas the negative control glucose oxidase (GOx) from
A. niger [26] did not give any signal (Figure S2).

Figure 3. Native PAGE of purified PDHs. M, molecular marker; 1, AcPDH; 2, AXPDH.

UV-Vis spectra of AcPDH and AxPDH in the oxidized state were recorded; typical flavoprotein
absorbance maxima around 450 nm and 340 nm could be observed (Figure S3; AXPDH: data not shown).

2.6. Kinetic Properties

Catalytic constants for selected sugar substrates and electron acceptors were determined and are
summarized in Tables 3 and 4. For both enzymes, D-glucose represents the preferred electron donor.
This is mainly due to the K, value, which displays a more than 10 times higher affinity for this
substrate compared to e.g., D-galactose. The pentose sugar D-xylose is the second best substrate for Ac
and AxPDH. This finding stands in contrast to the catalytic efficiencies of other so-far characterized
PDHs like from Agaricus meleagris [5] and the native A. xanthoderma PDH [4], where L-arabinose
and D-galactose are preferred over D-xylose. The catalytic efficiency of AXPDH with D-xylose is more
than 75% of the catalytic efficiency for the main substrate D-glucose, whereas for AcCPDH it is only
13%. The Kea/Km-values of AcPDH are in general lower for all sugar substrates. Remarkable here is that
the catalytic efficiencies of Ac and AXPDH are similar for lactose but the K, of AcPDH is 5.5-times
lower than the K, of AXPDH, whereas the k., behaves the opposite way.
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Table 3. Apparent kinetic constants for selected electron donors determined at 30 °C with

0.2 mM ferrocenium hexafluorophosphate as the electron acceptor.

AcPDH AxPDH
Km Keat Keat/Km K Keat Keat/Km
[mM] [s”] MM~ s™'] [mM] [s”] [MM s
D-glucose 0.35 + 0.06 4.10+0.19 11.7 0.49 £ 0.03 13.02 £ 0.38 26.6
D-galactose 7.13+0.19 5.23+0.53 0.7 499 +0.16 24.77 +2.23 5.0
D-xylose 419 +0.26 6.37 £ 0.05 15 1.44 + 0.07 29.16 £ 0.25 20.3
L-arabinose 4.23 +0.02 3.05+0.04 0.7 4.16 +0.58 22.90 +2.23 55
Lactose 53.16 £0.10 3.12+0.17 0.1 293.84 +8.00 24.65%0.37 0.1

Table 4. Apparent kinetic constants for selected electron acceptors determined at 30 °C
with 25 mM D-glucose as the electron donor.

AcPDH AxPDH
K Keat Keat/Km Km Keat Keat/Km
[mM] [s”] [MM7s™]  [mM] [s”] [MM 5™
Fc'PFs(pH 8.5) 1.19+0.17 19.92 +2.87 16.7 0.03+0.00 22.07 +0.05 735.7
1,4-BQ(pH4) 0.12+0.01 34.82+1.02 302.8 325051 12.89+1.56 4.0
DCIP (pH4) 0.11+0.00 10.56 £0.57 96.0 0.09+0.01 7.65+0.66 85.0

Concerning the kinetic constants for the electron acceptors, the two enzymes have quite different
preferences (Table 4). For AcPDH 1,4-benzoquinone is the favored substrate whereas AXPDH shows a
clear preference for ferrocenium hexafluorophosphate. All PDHs that have been characterized to date
show a higher catalytic activity with ferrocenium compared to 1,4-benzoquinone; AcPDH is the first
PDH where a clear preference for 1,4-benzoquinone was observed [4,5]. The catalytic efficiencies for
DCIP are nearly equal for both PDHSs. In general, PDH shows activity only with a limited group of
electron acceptors whereas it oxidizes a very broad range of sugar substrates. Many major mono- and
oligosaccharide components of lignocellulose can be utilized as substrates, giving evidence for the
putative biological function of PDH in lignin degradation [7]. Recently, the molecular mechanism of
glucose oxidation by A. meleagris PDH was explored using MD simulation; the findings support the
experimentally observed promiscuity of PDH concerning sugars [27].

The pH dependence of PDH activity was tested for the electron acceptors ferrocenium
hexafluorophosphate and 1,4-benzoquinone with D-glucose as the electron donor (Figure 4). Using
1,4-benzoquinone as the electron acceptor, AcPDH displayed maximum activity at pH 7 (phosphate
buffer) and already reached 95% activity at pH 5.5 (citrate buffer). AXPDH showed the highest activity
at pH 5.5 (citrate buffer). With ferrocenium hexafluorophosphate, the optimum pH for AcPDH was 8.5 and
9 for AXPDH (borate buffer). Compared to the native AXPDH [4], the pH optimum for ferrocenium
hexafluorophosphate is comparable but with 1,4-benzoquinone the native AXPDH exhibited highest
activity at pH 2.5 and around 70% activity at pH 8. The recombinant AXPDH showed less than 2.5%
activity at pH 2.5. In general, it can be observed that the pH optimum is highly dependent on the
electron acceptor used. PDHs from Agaricus sp. showed pH optima in the basic region when using
ferrocenium hexafluorophosphate whereas with 1,4-benzoquinone the enzymes were more active
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under acidic conditions and in some cases showed a second maximum in the alkaline region, which
could be due to high blank readings caused by the formation of quinhydrone [2,4,5].

Figure 4. pH optima of AcPDH (black squares) and AxPDH (grey triangles) with the
electron acceptors ferrocenium hexafluorophosphate and 1,4-benzoquinone; D-glucose as
electron donor.
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2.7. Batch Carbohydrate Conversion Experiments

Both enzymes were used for the conversion of 25 mM lactose together with equimolar amounts of
the electron acceptor 1,4-benzoquinone in 1 mL batch experiments and the reaction products were
analyzed by HPLC (Figure 5). Conversions were carried out in water due to interference of buffer salts
with the HPLC analysis. 10 U of AxPDH converted lactose to nearly 100% (97%), producing 69%
(67%) lactobionic acid and 31% (30%) 2-dehydrolactose (Figure 5a). Due to the fact that the
cultivation yield of AcPDH was quite low, only one unit of the purified protein was used for the
conversion experiment. Therefore, only 48% of the lactose was converted and yielded 88% (42%)

37



Biomolecules 2013, 3 544

lactobionic acid and only 12% (6%) 2-dehydrolactose (Figure 5b). These results confirm the
preference for C-1 oxidation in AcPDH-catalyzed conversions of lactose (the ratio of C-1 to C-2
oxidation is 7:1), compared to the AXPDH-catalyzed reaction where the ratio of C-1 to C-2 oxidation is
only 2:1. C-2,3 oxidation, which can occur when oxidation at C-2 is complete under excess of
1,4-benzoquinone, could not be observed [12]. For industrial use, there is still need for improvement of
the conversion yield. Acidification due to spontaneous hydrolysis of lactobionolactone to lactobionic
acid slowed down the enzyme activity at the end of the conversion but could be avoided by buffering.

Figure 5. (a) HPLC analysis of lactose conversion by AcPDH; (b) and AXPDH at 0 h (A),
1h(B),3h(C)and 7 h (D) incubation. Peaks: I, residual salt from enzyme preparation; II,

lactobionic acid; I, lactose; 1V, 2-dehydrolactose.
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3. Experimental Section
3.1. Chemicals and Microorganisms

All chemicals, sugar standards for HPLC and media components were purchased from Sigma
(Steinheim, Germany) unless otherwise stated and were of the highest purity available. Restriction
endonucleases, T4 DNA ligase and Phusion High-Fidelity DNA Polymerase were obtained from
Fermentas (St. Leon-Rot, Germany) unless otherwise stated and were used according to the
manufacturer’s instructions. Agaricus campestris (strain CCBAS 20649) and Agaricus xanthoderma
(strain CCBAS 225) were obtained from the Culture Collection of Basidiomycetes of the Academy of
Sciences (Prague, Czech Republic). Escherichia coli strain NEB5a (New England Biolabs, Ipswich,
MA, USA) was used for subcloning, Pichia pastoris strain X-33 (Invitrogen, Carlsbad, CA, USA) was
used for expression. Ferrocenium hexafluorophosphate and the various substituted quinones were
obtained from Aldrich (Steinheim, Germany). Phenyl-Sepharose Fast Flow resin was purchased from
Amersham Pharmacia Biotech (Uppsala, Sweden), DEAE Sepharose Fast Flow resin and Sephacryl
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S300-HR resin were from GE Healthcare (Chalfont St. Giles, UK). GOx from Aspergillus niger was
from Sigma.

3.2. Isolation of Genomic DNA and RNA

For DNA- and RNA-isolation, approximately 10 mL liquid Sabouraud medium was inoculated with
mycelial fragments from freshly grown malt extract agar plates. The cultivations were performed in
petri dishes at 25 °C without shaking over 3 weeks. Mycelia were harvested, squeezed dry between
filter paper and shock-frozen in liquid nitrogen. Portions of approximately 100 mg of mycelium were
used for DNA- and RNA-isolation. Genomic DNA extraction was performed according to Liu et al. [28].
Total RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer’s
instructions. To remove genomic DNA, the samples were incubated with DNAsel as recommended by
the manufacturer. The isolated mMRNA was reverse-transcribed using RevertAid First Strand cDNA
Synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) and the anchor primer (Table S1).

3.3. Cloning and Sequencing of AcPDH Encoding Gene

Nucleic acid amplifications were done using Phusion High-Fidelity Polymerase, GC-Buffer, ANTP
mix, oligonucleotide primers (VBC Biotech, Vienna, Austria) and a BioRad C-1000 thermocycler
(BioRad, Vienna, Austria). Nucleotide sequences of all primers used in this work are shown in
Table S1. To obtain the PDH-encoding gene from A. campestris degenerate primers (AcPDHfwd1-3)
were designed according to a sequence analysis of conserved regions in pdh genes from A. meleagris
and A. bisporus and used for the amplification of cDNA fragments of various lengths. 35 PCR cycles
at temperatures of 98 °C (10 s), 57 °C (20 s) and 72 °C (1 min) and an initial denaturation at 98 °C
(2 min) and a final extension at 72 °C (7 min), were employed with cDNA as template and “universal”
as reverse primer. The amplicons were purified and sequenced by a commercial sequencing service
(LGC Genomics, Berlin, Germany). For identification of the 5 flanking region, including the native
signal sequence, the DNA Walking SpeedUp Premix Kit (Seegene, Seoul, South Korea) was used.
Target-specific reverse primers (AcTSP1-3) were designed, genomic DNA was used as template and
the PCRs were done according to the manufacturer’s guidelines. The resulting PCR products were
purified by using the illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare) and
sequenced. To obtain full-length cDNA clones a PCR was performed with the primer pair AcPDHfwd
and AcPDHrev and cDNA as template. The resulting fragment was cloned into the pJET1.2 vector
(Fermentas) according to the instructions in the manual and sequenced.

3.4. Cloning and Sequencing of AxPDH Encoding Gene

To obtain the 5°- flanking region, including the native signal sequence, the DNA Walking SpeedUp
Premix Kit (Seegene) was used. Target-specific reverse primers (AXTSP1-3) were designed according
to A. xanthoderma PDH gene sequence, genomic DNA was used as template and the PCRs were done
according to the manufacturer’s guidelines. The resulting PCR products were purified and sequenced.
To obtain full-length cDNA clones a PCR was performed with the primer pair AXPDHfwd and
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AxPDHrev and cDNA as template. The amplified sequence was temporarily cloned into the pJET1.2
vector (Fermentas) according to the instructions in the manual and sequenced.

3.5. Construction of Expression Vectors for P. pastoris

The acpdh gene (in the pJET1.2 vector) was re-amplified with the primers AcPDHKpnlfwd and
AcPDHNotlrev. The re-amplification of the axpdh gene was performed using the primer pair
AxKpnlfwd and AxNotlrev. The resulting PCR products were digested with Kpnl and Notl and ligated
into the equally treated vector pPICZb (Invitrogen). After transformation into chemically competent
E. coli NEB5a, according to the manufacturer’s instructions, the plasmids were proliferated, linearized
with Sacl and transformed into electrocompetent P. pastoris, which were prepared according to
Lin-Cereghino et al. [29]. For selection the Luria Bertani (LB) medium contained 25 ug mL™* Zeocin
in case of E. coli, while the YPD-medium contained 100 pg mL ™. The resulting colonies were picked
and grown in 96-well deep well plates.

3.6. Microscale Screening for High-Producing PDH Transformants

Microscale cultivation and expression in 96-well deep well plates was done according to
Weis et al. [30] with some modifications. Cells were grown in 250 pL BMD1 (13.4 g-L™* yeast
nitrogen base, 0.4 mg-L " biotin, 10 g-L™* D-glucose, 200 mM potassium phosphate [pH 6.0]) at 25 °C,
385 rpm and 60% humidity for approximately 60 h to reach the stationary growth phase. Induction was
started by the addition of 250 pL of BMM2 medium (13.4 g-L™ yeast nitrogen base, 0.4 mg-L ™
biotin, 1% methanol, 200 mM potassium phosphate [pH 6.0]) to reach a final concentration of 0.5%
methanol. After 70, 82, and 108 h of incubation, 50 uL BMM10 (BMM2 with 5% methanol) were
added to maintain inducing conditions. The cultivation was stopped after 130 h by centrifugation of the
deep-well plates at 3000 rpm at room temperature for 20 min. PDH activity was measured using
2,6-dichloroindophenol (DCIP, €520 = 6.8 mM ™ cm™) as electron acceptor and D-glucose as donor.
Fifty L of the supernatant were transferred to the 96-well screening plates and the time-dependent
reduction of 300 uM DCIP in 100 mM sodium acetate buffer pH 4 containing 50 mM D-glucose was
followed at 520 nm with a PerkinElmer EnSpire plate reader. The reaction was started by addition of
150 uL of the DCIP assay mixture to the screening plate and end-point measurements were carried out
after incubation at 30 °C for 2 and 4 h.

3.7. Sequence Analysis

The translated amino acid sequences of the obtained cDNAs were analyzed using the programs
Translate, Compute pI/MW and SignalP at http://www.expasy.org/ [31]. A multiple sequence
alignment of AmPDH1, AbPDH, AcPDH and AxPDH was created using the MUSCLE algorithm
(EMBL-EBI, Cambridgeshire, UK). Sequence identities were determined by BLAST search [32].
Predictions for N- and O-glycosylation sites were performed on the NetNGlyc 1.0 Server and the
NetOGlyc 3.1 Server [19] of the Center for Biological Sequence Analysis (CBS) at the Technical
University of Denmark (http://www.cbs.dtu.dk/services/). All predicted N- and O-glycosylation sites
with a threshold above 0.5 except for Asn-Pro-sites were displayed.
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3.8. Nucleotide and Protein Sequence Accession Numbers

The NCBI accession numbers for the sequences in this work are: AY53306, AY753308, DQ117577,
AAWS82996, AAWS82997, AAWB2998, AAWSB2999, AAZ94874, AAZ94875 (A. meleagris PDHS);
AY764148, AAW92124, EKV41672 (A. bisporus PDH); AY764147, AAW92123, KF534751 (A.
xanthoderma PDH); KF534750 (A. campestris PDH).

3.9. Recombinant Protein Production in P. pastoris

AXPDH and AcPDH were produced in a 7-L bioreactor (MBR, Wetzikon, Switzerland) with an
initial volume of 4 L basal salts cultivation medium, according to the “Pichia Fermentation Process
Guidelines” (Invitrogen) with slight modifications. After autoclaving the bioreactor, the temperature
was set to 30 °C, the pH was adjusted to 5 and maintained by addition of 28% ammonium hydroxide
solution during the cultivation. Dissolved oxygen was regulated to 4% by supplying filtered air and
adjusting the stirrer velocity (around 800 rpm). Two shaking flasks with 20 mL YPD-Zeocin medium
each were inoculated with the colony-PCR-verified P. pastoris clones and grown overnight at 30 °C
and 120 rpm. The cultures were transferred to two shaking flasks with 200 mL YPD medium each and
again grown overnight at 30 °C and 120 rpm. This culture (400 mL) was used to inoculate the
bioreactor. After consumption of the glycerol in the batch medium (indicated by an O, spike), a feed of
50% glycerol containing 12 mL L™ PTM1 trace salts was initiated with around 20 mL h™* over night.
Protein production was induced by changing to a feed of 100% methanol containing 12 mL PTM1
trace elements per liter. The feed rate was adjusted to maintain a dissolved oxygen concentration of
around 4%. Samples were taken at least twice a day and biomass wet weight, PDH activity and total
protein concentration was determined. The formation of foam was avoided by daily manual addition of
approximately 10 mL a 10% antifoam 204 solution (Sigma). When no further increase in the specific
activity could be observed, the bioreactor was harvested and the cultivation broth was centrifuged at 4 °C
and 6000 rpm in a Sorvall Evolution RC centrifuge (Thermo Fisher Scientific).

3.10. Protein Purification

Solid ammonium sulfate was added to the cultivation supernatants to a saturation of 40%. The
crude extracts (approximately 4 L) were applied to a 750 mL phenyl-sepharose FF column (GE
Healthcare), and washed with binding buffer (50 mM potassium phosphate, pH 6.5 containing 1.5 M
ammonium sulfate). The protein was eluted using a linear gradient from 0-100% elution buffer (50 mM
potassium phosphate, pH 6.5) in 1 column volume (CV). Prior to the next purification step, the pooled
fractions were desalted using cross-flow filtration (SpectrumLabs, Houston, TX, USA) to a
conductivity equal to or less than 2 mS/cm. The pools of desalted fractions were loaded to a 60 mL
DEAE sepharose column (GE Healthcare), washed with binding buffer (50 mM BisTris, pH 6) and
eluted with a linear gradient from 0-100% elution buffer (50 mM BisTris, 1 M NaCl, pH 6) in 4 column
volumes. For AcPDH, the concentrated pool from the anion exchange chromatography was subjected
to a second hydrophobic interaction chromatography step using a 70 mL phenyl-source column (GE
Healthcare). The purification was conducted similar to the first hydrophobic interaction chromatography
step except for the elution of the protein, which was carried out in 5 CV.
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The fractions with the highest Ax- and AcPDH activities were pooled and concentrated to a volume
of around 2 mL using an Amicon Ultra Centrifugal Filter Unit (EMD Millipore, Billerica, MA, USA).
The concentrated pools were applied to a 190 mL Sephacryl S300 gel filtration column (GE healthcare)
equilibrated with 50 mM potassium phosphate buffer (pH 7.5) containing 150 mM NaCl. Fractions
with the highest purity were pooled, concentrated for buffer exchange (65 mM sodium phosphate
buffer, pH 7.5) and stored at 4 °C.

3.11. Enzyme Assay, Molecular Properties

Standard PDH activity was measured by following spectrophotometrically the D-glucose dependent
reduction of the ferrocenium ion (Fc+) to ferrocene at 300 nm and 30 °C as described before [4] with
modifications: The standard reaction mixture (1 mL) contained 50 pumol sodium phosphate buffer pH
7.5, 0.2 umol of ferrocenium hexafluorophosphate and 25 pumol D-glucose. Protein concentration was
determined using the method of Bradford using a BSA standard curve and a prefabricated assay
solution (BioRad). Enzymatic deglycosylation and SDS-PAGE were carried out as described in
Sygmund et al., using the Precision Plus Protein Unstained Standard (BioRad) [9]. 1.5-2 pg of the
protein samples were loaded in each lane. Native PAGE was performed using 10% and 5%
polyacrylamide as the separation and stacking gels, respectively, and Tris-glycine buffer (pH 8.3) as
the electrode buffer [33]. 5-10 ug of the protein samples were loaded in each lane. Staining procedure
was carried out using Bio-Safe Coomassie (BioRad) according to the manufacturer’s instructions. For
determination of molecular weight, HMW Native Marker Kit (GE Healthcare) was used. To proof the
covalent linkage of the FAD cofactor an additional SDS-PAGE was performed according to
Scrutton [25]. 10 ug of the protein samples were loaded in each lane, the covalently linked FAD was
visualized by exposure of the gel to UV-light (A 302 nm, GelDoc2000, BioRad). As a positive
control, recombinant A. meleagris PDH was loaded [1]; glucose oxidase from A. niger was used as a
negative control.

Molecular masses of the proteins were calculated from their migration distances on the SDS-PAGE;
the theoretical mass was derived from EXPASy ProtParam tool (http://web.expasy.org/protparam/) [31].
The glycan mass in% was calculated from the difference of the masses of the glycosylated and
deglycosylated proteins on the SDS-PAGE.

UV-Vis absorbance spectra of 13 pM AcPDH and AxPDH were recorded in 65 mM sodium
phosphate buffer pH 7.5 at room temperature using a U-3000 spectrophotometer (Hitachi, Tokyo,
Japan) from 300-700 nm.

3.12. Kinetic Properties

Apparent kinetic constants for electron donors were measured using the standard activity
assay with ferrocenium hexafluorophosphate as described above. Kinetic constants for ferrocenium
hexafluorophosphate, 1,4-benzoquinone and 2,6-dichloroindophenol were determined using 25 mM
D-glucose as electron donor. The observed data were fitted to the Michaelis-Menten equation and
kinetic constants were calculated by nonlinear least-squares regression. Using the molecular mass,
turnover numbers (kcar) and catalytic efficiencies (kca/Knm) were calculated. The pH optima with the

electron acceptors ferrocenium hexafluorophosphate (0.2 mM) and 1,4-benzoquinone (2 mM) were
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determined with the following buffers: 100 mM citrate (pH 2.5-6), 100 mM potassium phosphate
(pH 6-8) and 100 mM borate (pH 8-10) and 25 mM D-glucose as the electron donor. Activities with
1,4-benzoquinone were not determined above pH 8.5 due to the formation of quinhydrone under basic
conditions.

3.13. Batch Conversion Experiments

Small-scale lactose conversions were carried out in 1.5 mL Eppendorf vials containing 25 mM
1,4-benzoquinone, 25 mM lactose monohydrate and 1 U of purified AcPDH or 10 U of purified
AXPDH in 1 mL deionized water. The vials were incubated at 30 °C and 400 rpm in a thermomixer,
samples were taken in regular time intervals (50 pL). Immediately after sampling, PDH activity was
stopped by heating the sample to 99 °C for 3 min. The samples were centrifuged, diluted 1:2 and
subjected to HPLC analysis.

3.14. HPLC Analysis of Batch Conversion Products

HPLC analysis of the batch conversion products was performed on a Dionex Summit HPLC system
(Thermo Fisher Scientific) fitted with a Shodex RI-101 refractive index detector (Shoko Scientific,
Yokohama, Japan) using an Aminex HPX 87-K column (BioRad) with a guard column. Samples and
standards were eluted at 80 °C with deionized water (0.5 mL min™*). For the calculation of lactose and
lactobionic acid concentrations, standards were included in the run. As there was no standard available
for 2-dehydrolactose, the ratio of 2-dehydrolactose to lactobionic acid was estimated by comparing the
peak areas.

4. Conclusions

This study demonstrates the successful expression of the PDH-encoding genes from the
litter-degrading basidiomycetes A. campestris and A. xanthoderma, in the eukaryotic host organism
P. pastoris. Small-scale conversion experiments with lactose as substrate revealed that AcPDH has a
strong preference for C-1 oxidation, resulting in the production of lactobionic acid. Compared to
AXPDH, which produces mixtures of C-2/C-1 oxidation products in a 1:2 ratio, AcPDH is a very
attractive biocatalyst for the production of lactobionic acid. Further research towards a better
expression yield is required for industrial applications/purposes.
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Supplemental Figure 1. Multiple sequence alignment of PDH protein sequences using the MUSCLE
algorithm. Black shaded areas indicate homology, grey shaded areas indicate amino acids with similar
properties. Amino acids discussed in the text and predicted glycosylation sites are marked in red and
green.
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Supplemental Table 1 Oligonucleotide primer sequences (restriction sites are underlined)

Primer Name Sequence 53"

Anchor GGCCACGCGTCGACTAGTACTTTTTTTTT
Universal GGCCACGCGTCGACTAGTAC

AXTSP1 CCAGTCTGAATTCTCACTGAGGC

AXTSP2 CCACCAGCAACGATGAAGTCGT

AXTSP3 CTGGGTGCTGGTACGTGATGGC

AcTSP1 CACCGCCAGCAACGATGAAG

AcCTSP2 ACATCACCAGGCAAATCATCTG

AcTSP3 AGGTGATCGCACTACGTGCAAC

AcPDHfwdl CTC(G/T)TTTC(C/T)CTCGCATTA(C/IT)TAGGC
AcPDHfwd2 TACTGGTCATCGAGGCCGG

AcPDHfwd3 TCAG(A/G)TCCTCATGAATTC

AcPDHfwd ATGGCGAGGTTCAACGCCCGGCTC

AcPDHrev TTAGTTGTAGCTCTTCGCTATCAC

AcPDHKpnlfwd TCCTGGGTACCATGGCGAGGTTCAACGCCCGGCT
AcPDHNotlrev AGGATGCGGCCGCTTAGTTGTAGCTCTTCGCTAT
AxKpnlfwd GTCAAGGTACCATGTTCCCTCGAGTGGCCG
AxNotlrev ATAATGCGGCCGCTCAGTGGTAGCTCGCCGCGA
AxPDHfwd ATGTTCCCTCGAGTGGCCGG

AxPDHrev TCAGTGGTAGCTCGCCGCGAT

SAcPDH GAGGCATCGCATCCTTGCGCAG
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Supplemental Figure 2. Identification of covalent flavoproteins by SDS-PAGE and fluorescence de-
tection. 1, AmPDH; 2, AcPDH; M, molecular marker; 3, AXPDH; 4, GOx from A. niger.
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Supplemental Figure 3. UV-Vis spectrum of oxidized AcPDH.
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Abstract Pyranose dehydrogenase (PDH) is a fungal
flavin-dependent sugar oxidoreductase that is highly inter-
esting for applications in organic synthesis or electrochem-
istry. The low expression levels of the filamentous fungus
Agaricus meleagris as well as the demand for engineered
PDH make heterologous expression necessary. Recently,
Aspergillus species were described to efficiently secrete
recombinant PDH. Here, we evaluate recombinant protein
production with expression hosts more suitable for genetic
engineering. Expression in Escherichia coli resulted in no
soluble or active PDH. Heterologous expression in the
methylotrophic yeast Pichia pastoris was investigated using
two different signal sequences as well as a codon-optimized
sequence. A 96-well plate activity screening for trans-
formants of all constructs was established and the best
expressing clone was used for large-scale production in 50-
L scale, which gave a volumetric yield of 223 mg L™' PDH
or 1,330 UL d! in space—time yield. Purification yielded
13.4 g of pure enzyme representing 95.8% of the initial
activity. The hyperglycosylated recombinant enzyme had a
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20% lower specific activity than the native enzyme;
however, the kinetic properties were essentially identical.
This study demonstrates the successful expression of PDH
in the eukaryotic host organism P. pastoris paving the way
for protein engineering. Additionally, the feasibility of
large-scale production of the enzyme with this expression
system together with a simplified purification scheme for
easy high-yield purification is shown.

Keywords Pyranose dehydrogenase - Pichia pastoris -
Heterologous expression - Agaricus - Large scale -
Microscale

Introduction

Pyranose dehydrogenase (PDH; pyranose/acceptor oxido-
reductase, EC 1.1.99.29) is a flavin-dependent sugar
oxidoreductase (Volc et al. 1997, 2001; Kujawa et al.
2007; Sygmund et al. 2008; Morrison et al. 1999). It is an
extracellular, glycosylated enzyme mainly found in a
relatively narrow group of litter-decomposing fungi belong-
ing to the Agaricaceae (Volc et al. 2001). The biological
role of pyranose dehydrogenase in fungi still remains
unclear although the enzyme is thought to participate in
lignocellulose degradation. The functions suggested for
PDH are the reduction of quinones or radical intermediates
formed during lignocellulose degradation preventing their
repolymerization (Ander and Marzullo 1997) as well as
the production of Fenton’s reagent via reduction of metal
ions (Kerem et al. 1999) which may attack cellulose,
xylan, and lignin.

Pyranose dehydrogenase catalyzes the oxidation of free,
nonphosphorylated sugars and the transfer of resulting
electrons to a number of (substituted) quinones and
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complexed metal ions rather than to molecular oxygen. It
exhibits extremely broad sugar substrate specificity, while
in contrast only a rather limited number of electron
acceptors are used by the enzyme. Unlike other sugar
oxidoreductases like cellobiose dehydrogenase or pyranose
2-oxidase, which exclusively oxidize sugars at the C-1 and
C-2, respectively, PDH is able to oxidize at C-1 to C-4 with
C-2 and/or C-3 predominating, depending on the structure
of the sugar (mono-, di-, oligo-saccharide, or glycoside) and
the source of the enzyme.

Because of these unique properties, PDH is of interest
for a number of technological applications, recently
reviewed by Peterbauer and Volc (2010). Among these is
the conversion of carbohydrates to interesting products for
the food industry, e.g., the conversion of D-galactose to D-
tagatose via 2-keto-D-galactose (Giffhorn 2000; Giffhorn et
al. 2000). Plain di/tricarbonyl sugars as the main reaction
products of PDH could serve as basis for the synthesis of
amino sugar moieties of homologues to amino glycoside
antibiotics (Reitz and Baxter 1990). The relaxed substrate
specificity of PDH makes it an attractive target for further
improvements of its reactivity with derivatives of already
established substrates such as aromatic glycosides, which
may provide new attractive building blocks for synthesis of
carbohydrate-based drugs.

A different, very promising application for PDH is its
use as anodic biocatalyst in enzymatic biofuel cells, which
transform chemical to electrical energy via electrochemical
reactions (Barton et al. 2004; Bullen et al. 2006). PDH was
successfully “wired” to electrodes using osmium redox
polymers and was shown to be suitable for this application
(Tasca et al. 2007; Zafar et al. 2010). Apart from being able
to provide a second pair of electrons per sugar molecule if
double oxidation occurs, PDH’s inactivity with molecular
oxygen can be considered an advantage. Unlike in biofuel
cells, employing glucose oxidase or pyranose oxidase no
harmful H,O, is being formed as a byproduct, avoiding
potential oxidative damage to the enzyme or the redox
polymer, thereby prolonging the endurance of the biofuel
cell. A possibility to increase the power output of a PDH
biofuel cell would be to lower the redox potential of the
enzyme. This, as well as increasing the activity of PDH
with technologically important substrates, could be targeted
by protein engineering.

In the past few years, rational and semirational design
approaches have shown to be very useful in improving
enzyme properties (Lutz 2010). Crucial for success is
expression of site-directed mutants or saturation mutagenesis
libraries of the target gene with high yields in a genetically
easy to manipulate expression host (bacteria and yeasts).

The gene of PDH1 from Agaricus meleagris was the first
identified and isolated PDH-encoding gene (Kittl et al.
2008) and was recently expressed in Aspergillus spp.
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(Pisanelli et al. 2010). Hereby, we describe for the first
time the successful heterologous expression of a PDH gene
in the methylotrophic yeast Pichia pastoris and the
scalability of production and purification of the enzyme
on larger scale.

Materials and methods
Chemicals and microorganisms

All chemicals were of the highest purity grade available and
were purchased from Sigma (St. Louis, MO, USA) unless
stated otherwise. Restriction endonucleases, T4 DNA ligase
and DNA-modifying enzymes were obtained from Fermen-
tas unless stated otherwise and were used as recommended
by the manufacturer. Nucleic acid amplifications were done
employing Phusion High-Fidelity DNA Polymerase (New
England Biolabs, Ipswich, MA, USA), dNTP mix, oligonu-
cleotide primers (Invitrogen, Carlsbad, CA, USA), and a
GeneAmp PCR System 2700 thermocycler (Applied Bio-
systems, Foster City, CA, USA). The pdhl gene coding for
pyranose dehydrogenase from the basidiomycete 4. melea-
gris (GenBank accession number AY753307) has been
previously isolated and cloned into the pCR Blunt II TOPO
vector (Kittl et al. 2008). Escherichia coli strain DH5-T1
was used for subcloning and BL21 DE3 for expression
(Invitrogen). P. pastoris strain CBS 7435 was used for
expression. Ferrocenium hexafluorophosphate and the sub-
stituted quinones were from Aldrich (Steinheim, Germany).
Phenyl-Sepharose Fast Flow resin was purchased from
Amersham Pharmacia Biotech (Uppsala, Sweden) while
DEAE Sepharose Fast Flow resin was from GE Healthcare
(Chafont St. Giles, UK). PNGaseF was purchased from
NewEnglandBiolabs.

Construction of a pdhl expression vector for E. coli

The pdhl gene from A. meleagris was amplified from the
published plasmid pdhl in pCR Blunt II TOPO vector
(Kittl et al. 2008) using the primers SpdhN-Nde and 3pdhN-
Hind. Nucleotide sequences of all primers used in this work
are shown in Table 1. The polymerase chain reaction (PCR)
fragment was cut with the restriction enzymes Ndel and
HindlIlI and ligated into the equally treated expression vector
pET21a. The resulting plasmid pET2lapdhl was trans-
formed into electrocompetent E. coli BL21 DE3 for
expression under control of the T7 promoter.

Expression of pdhl in E. coli

E. coli cells carrying the pET21apdhl plasmid were grown
in TB medium (12 gL' peptone from casein, 24 gL'



Appl Microbiol Biotechnol (2012) 94:695-704

697

Table 1 Oligonucleotide primer

sequences (restriction sites are Name

Sequence 5'-3’

underlined)
SpdhN-Nde

3pdhN-Hind
SpdhN-Asc
3pdhN-Not
SpdhS-Eco
3pdhS-Not
Salpha-Eco
Salpha-Asc
3alpha
5pdhN-alpha
SpdhS-alpha

TGCACATATGGCTATCACGTACCAACACC
CGAATAAGCTTAGTTATAACTCTTTGC
TCAAGGCGCGCCCGAAACGATGCTGCCTCGAGTGACC
AGATGCGGCCGCTTAGTTATAACTCTTTGCTATCAACG
ATTCAAGAATTCCGAAACGATG

AGATGCGGCCGCTTAATTG
AAAGAATTCCGAAACGATGAGATTCCC
AAAGGCGCGCCGAAACGATGAGATTCC
AGCTTCGGCCTCTCTCTTCTCG
CGAGAAGAGAGAGGCCGAAGCTGCTATCACGTACCAACACC
CGAGAAGAGAGAGGCCGAAGCTGCTATCACCTATCAACACC

yeast extract and 4 mL L™ glycerol in 100 mM potassium
phosphate buffer, pH 7.5) and induced with two concen-
trations of IPTG (0.01, 0.10 mM) as well as 0.5% lactose at
a 100-mL scale in baffled flasks at 140 rpm and 25 °C
overnight. Ten milliliter of the cultures were centrifuged at
4,000xg for 10 min at 4 °C, the cell pellets were
resuspended in breaking buffer (50 mM potassium phos-
phate buffer pH 6.5 supplemented with 300 uM PMSF) and
broken using a French press. After ultracentrifugation
(30,000%g, 30 min, 4 °C) the crude extract was tested for
enzyme activity and the pellet was analyzed for insoluble
PDH. Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed on commercial 8-
25% acrylamide gels with silver staining of protein bands.
Electrophoresis and the staining procedure were done with
the PhastSystem (Pharmacia) according to manufacturer’s
recommendations.

Codon optimization of pdhl for expression in P. pastoris

The open reading frame of the pdhl gene from A. meleagris
and the Saccharomyces cerevisiae o-factor sequence were
codon-optimized with the program GeneDesigner from
DNA2.0 (https://www.dna20.com/genedesigner2) employ-
ing the high-methanol codon usage of P. pastoris (Abad
et al. 2010), which was calculated based on the genes for
alcohol oxidasel (AOXI1), DAS, FLDI, and HbHNL
using the DOS program GCUA (http://gcua.schoedl.de).
Additionally, mRNA 3'-end processing signals and
restriction enzyme recognition sequences (EcoRI, Notl,
Bglll, Sacl) were eliminated. The resulting sequences
were checked with the program Letol.0 from Entelechon
(www.entechelon.com) for avoiding strong stem-loop
structures of the mRNA that were identified by GeneBee
(http://www.genebee.msu.ru/). The synthetic gene was
ordered from GenScript Corporation (Piscataway, NJ,
USA) with the native leader sequence and the flanking
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restriction sites EcoRI and Notl. For sequences, see
Electronic supplementary material.

Construction of pdhl expression vectors for P. pastoris

The pdhl cDNA and the synthetic gene were amplified
with the primer pairs SpdhN-Asc/3pdhN-Not and 5pdhS-
Eco/3pdhS-Not, respectively. Both PCR products were
digested with the respective restriction enzymes and ligated
into the equally treated vector pPpT2 (Abad et al. 2010;
Ruth et al. 2010). Replacement of the «-factor-derived
sequence with that of the native signal sequence was done
by overlap extension PCR. To this end, the whole «-factor
pre—pro leader sequence was amplified with the primers
Salpha-Eco and 3alpha for fusion with the synthetic gene
and with SalphaAsc and 3alpha for fusion with the native
gene. These PCR products were finally fused to the
corresponding sequences encoding the mature proteins that
were amplified with S5pdhS-alpha/3pdhS-Not or 5pdhN-
alpha/3pdhN-Not. The resulting PCR products were cut
with the respective restriction enzymes and ligated into the
equally digested shuttle vector pPpT2. An overview of the
constructs is presented in Table 2. After transformation of
the constructs into chemically competent E. coli DH5x-T1
cells, the plasmids were proliferated, linearized with the
respective restriction enzymes, and transformed into elec-
trocompetent P. pastoris. Electrocompetent Pichia cells
were prepared and transformed following the condensed
protocol of Lin-Cereghino et al. (2005). For selection,
Zeocin was used in a final concentration of 100 ug mL ™.
The resulting colonies were picked and grown in 96-well
deep well plates.

Microscale cultivation in deep well plates

Microscale cultivation and expression in 96-well deep well
plates was done according to Weis et al. (2004) with some
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Table 2 Overview of pdhl

constructs used for expression in Construct Leader Gene Number of screened Maximum activity
P. pastoris in deep-well plates transformants (UmL™)
«-PDH_nat «-Factor Native 176 nd
n-PDH_nat Native Native 352 0.57
«-PDH_syn «-Factor Synthetic 84 nd
n-PDH_syn Native Synthetic 252 0.36

nd Not detectable

modifications. Cells were grown in 250 pL BMDI
(1.34% yeast nitrogen base, 4x10 % biotin, 1% glu-
cose, 200 mM potassium phosphate, pH 6.0) at 28 °C,
320 rpm, and 80% humidity for approximately 60 h to
reach the stationary growth phase. BMM2 medium
(250 pL; 1.34% yeast nitrogen base, 4x10 °% biotin,
1% methanol, and 200 mM potassium phosphate, pH 6.0)
was added so that it gave a final concentration of 0.5%
methanol. About 70, 82, and 108 h after the start of the
cultivation, 50 uL BMM10 (BMM2 with 5% methanol)
were added to keep up induction. After a total of 130 h,
the cultivation was stopped. The deep-well plates were
centrifuged at 4,000 rpm and 4 °C for 10 min and the
supernatants were used for enzyme activity assays in
microtiter plates.

Large-scale production of recPDHI1 in P, pastoris

A fed-batch cultivation was carried out in a 60-L computer-
controlled stirred tank reactor (Applikon, Schiedam, The
Netherlands) with an initial volume of 40 L fermentation
basal salts medium (21 mL L' H3PO, (85%); 0.93 gL'
CaS0,42H,0; 14.9 gL' MgS0,4-7H,0; 18.2 gL' K,S04;
4.13 gL' KOH; 4% (v/v) glycerol) supplemented with
435 mL L' PTM1 trace salts (Invitrogen) and 10 mL
Antifoam 204 (Sigma, St. Louis, MO, USA).

Temperature, dissolved oxygen (DO), and pH were
monitored online by the Bio Controller ADI 1030
(Applikon). Oxygen concentration was regulated to a
minimum of 4% and kept constant by supplying sterile-
filtered air and adjusting stirrer velocity. Temperature
was set to 30 °C and the pH value was regulated to 5
and kept constant by addition of ammonium hydroxide
solution. Fifteen 1-L baffled shaking flasks containing
300 mL YPD-Zeocin medium each (10 gL™' yeast
extract, 20 gL~ peptone from casein, 4 gL' glucose,
and 25 mg L™ Zeocin) were inoculated with P. pastoris
strain n-PDH _natCC11 and grown overnight at 30 °C and
150 rpm. This preculture was used for inoculation of the
fermenter (10% v/v).

When the initially added glycerol was consumed
completely (indicated by a DO spike after 13.5 h), a
glycerol feed (50% glycerol supplemented with
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12 mL L' PTM1 trace salts) was started. Recombinant
protein production was induced after 40 h of fermentation
by feeding methanol (100% methanol supplemented with
12 mL L™' PTM1 trace salts). The feed rate was adjusted
at constant air flow rate and stirrer speed to a DO of 4%.
After 180 h of cultivation, the fermenter was harvested,
cells were separated from the culture medium by centri-
fugation at 4,000xg, 4 °C for 10 min (Sorvall Evolution
RC, Kendro Laboratory Products, Newtown, CT, USA)
and the supernatant was recovered as a crude enzyme
preparation.

Samples of the fermentation broth were taken
periodically; wet biomass was determined by centrifu-
gation (Eppendorf Centrifuge 5424, Hamburg, Germany)
for 10 min at 14,000xg and weighing of the pellet. PDH
activity was measured with the standard assay and
soluble protein concentration was determined according to
Bradford.

Purification of recombinant PDH1

recPDH1 was purified at room temperature by hydro-
phobic interaction chromatography and anion exchange
chromatography. (NH4),SO, was added to the crude
extract to 30% saturation, clarified by centrifugation and
the solution was loaded onto a Phenyl-Sepharose Fast
Flow column (8,500 mL; flow rate 330 mL minfl)
equilibrated with 50 mM phosphate buffer (pH 6.5,
1.5 M (NHy4),SO,4). After washing the column with 1
column volume (CV) of the same buffer, recPDHI1 was
eluted with a linear gradient of starting buffer to 50 mM
phosphate buffer (pH 6.5) in 1 CV and fractions were
collected.

Fractions with high PDH activity were concentrated
and desalted to a conductivity equal to or less than
2 mS cm ' using cross-flow filtration (Microza ultrafil-
tration module, Pall Austria Filter GmbH, Vienna,
Austria). A pool of the fractions containing highest activity
was loaded onto a DEAE Sepharose Fast Flow anion
exchange chromatography column (500 mL) equilibrated
with 50 mM Bis Tris buffer (pH 6) and washed with 1 CV of
this buffer. For elution, a linear salt gradient (0—1 M NaCl in
50 mM Bis Tris, pH 6) was run in 10 CV at 10 mL min .
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Fractions with the highest activities were pooled, concen-
trated (Vivaflow 50 module, Sartorius AG, Gottingen,
Germany), aliquoted, and stored at —30 °C.

Enzyme assay

Pyranose dehydrogenase activity was determined by fol-
lowing spectrophotometrically the D-glucose-dependent
reduction of the ferrocenium ion (Fc') to ferrocene at
300 nm (e300=4.3 mM ' cm™ ") for 3 min at 30 °C (Kujawa
et al. 2007). One unit of PDH activity was defined as the
amount of enzyme required for the reduction of 2 umol of
Fc' ion per minute.

Molecular properties

The protein concentration was determined by the
method of Bradford using a prefabricated assay from
Bio-Rad Laboratories (Hercules, CA, USA) and bovine
serum albumin as the standard. SDS-PAGE was carried
out using Mini-PROTEAN TGX precast gels with a
denaturing gradient of 4-20%. Protein bands were
visualized by staining with Bio-Safe Coomassie; Dual
Color Precision Plus Protein Standard was used for
mass determination. All procedures were done according
to the manufacturer’s recommendations (Bio-Rad).

Enzymatic deglycosylation

Deglycosylation of a 15-pg sample of PDH was
performed with peptide/N-glycosidase F, which cleaves
the bond between N-acetyl-glucosamine. All procedures of
the enzymatic deglycosylation of PDH with PNGaseF
under denaturing conditions were done according to the
manufacturer’s recommendations.

Kinetic properties

Apparent kinetic constants for D-glucose, D-maltose, L-
arabinose, and lactose were measured using the standard
ferrocenium assay as described earlier. Kinetic constants
for the electron acceptors 1,4-benzoquinone, 2-chloro-1,4-
benzoquinone, and Fc* hexafluorophosphate were deter-
mined with 25 mM glucose as electron donor. The pH
dependence of PDH activity with different electron
acceptors was determined with the following buffers:
100 mM citrate (pH 2.5-6.0), 100 mM phosphate
(pH 6.0-8.0), and 100 mM borate (pH 8.0-9.0). All
kinetic constants were calculated by nonlinear least-
squares regression, fitting the observed data to the
Henri—Michaelis—Menten equation. Turnover numbers
(keay) and catalytic efficiencies (k../K,,) were calculated
using the molecular mass.
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Results
Expression of pdhl in E. coli

The E. coli expression plasmid pET2lapdhl was con-
structed by cloning the nucleotide sequence of mature
PDHI into the pET21a expression vector under control of
the T7 promoter. Transformed E. coli BL21 (DE3) cultures
carrying the plasmid were grown under different inducing
conditions. Cultures were harvested 16 h after induction
with 0.01 and 0.1 mM IPTG as well as with 0.5% lactose,
reaching an ODggo of roughly 11. Harvested cells were
resuspended in lysis buffer (three times the weight of the
wet biomass of the sample) and disrupted using a French
press. Disruption efficiencies were compared by measuring
total protein concentration of the cleared lysate and varied
between 1.1 and 2.0 mg/mL (corresponding to 4.4-8.0 mg
of protein per gram of cell paste). Crude extracts were
tested for PDH activity using the standard enzyme assay.
Unspecific background of a crude extract from an equally
treated culture of E. coli BL21 (DE3) cells carrying the
empty pET21la vector was subtracted from the measure-
ments. No significant PDH activity was measured in any of
the cultures. SDS-PAGE analysis of the total soluble
proteins of the crude extract showed no band at the
expected size (62 kDa) of PDH (data not shown). The
insoluble part of the crude extract was tested for the
possible existence of inclusion bodies of PDH on an SDS-
PAGE gel (data not shown). The majority of insoluble
proteins were roughly the size of purified native PDH.

Expression of pdhl in P. pastoris

Several constructs for extracellular expression of pdhl
in P. pastoris were designed, all of them under control of
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Fig. 1 Large-scale fermentation of P. pastoris n-PDH_ natCCl11.
Circles wet biomass, squares specific activity, diamonds volumetric
activity. The measurements were done in duplicates and the error was
always less than 5%
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Table 3 Purification of recombinant PDH1 from 4. meleagris

Total activity Total protein Volume Specific activity Purification Activity yield
L) (2 @) (Umg ") (-fold) (o)
Culture supernatant 517,000 22.6 51.5 22.9 1.0 100
Phenyl Sepharose FF 675,000" 19 15.4 35.5 1.55 130.6*
DEAE Sepharose FF pool 1° 48,100 1.1 0.98 43.7 1.90 10.7
DEAE Sepharose FF pool 2 440,000 12.3 1 35.8 1.57 85.1

#PDH activity is higher when ammonium sulfate is present

® Determination of kinetic constants was done with protein from this fraction

the inducible AOX1 promoter. For extracellular expres-
sion with the native signal sequence, the full-length open
reading frames of pdhl and the gene sequence optimized
for expression in P. pastoris (synpdhl) were cloned into
the vector pPpT2 (Abad et al. 2010; Ruth et al. 2010). To
test the efficiency of the native leader sequence, it was
exchanged to a codon optimized «-factor pre—pro leader
peptide of S. cerevisiae by overlap extension PCR.

All resulting constructs were transformed into P.
pastoris strain CBS 7435, cultivated in 96-well deep well
plates, and screening for PDH activity (Table 2). On day 6
of the cultivation with approximately 72 h of induction by
methanol, supernatants were tested for PDH activity.
Constructs with the x-factor leader sequence showed no
significant PDH activity. In contrast, constructs with the
native leader sequence resulted in P. pastoris transform-
ants secreting active recombinant PDH1 (recPDHI1).
Overall, no significant difference in average activity could
be observed when comparing the expression levels of all
tested native with synthetic gene constructs. The standard
deviation within one group of constructs was always
approximately 10%, which shows the uniformity of the 96-
well deep well plate screening and proves its suitability for
high-throughput screening. To confirm the results from the
first round of screening, a rescreening experiment with
multiple parallel determinations was performed. The three
synthetic gene transformants selected for the rescreen yielded
an average volumetric PDH activity of around 0.31 UmL™".
Three native gene transformants showed a slightly lower
average PDH activity of 0.28 UmL™' but clone n-
PDH_natCC11 had a volumetric activity of 0.47 UmL .
This clone was selected for large-scale fermentation.

Scale up of recPDH1 production

P, pastoris clone n-PDH _natCCl1, expressing extracellular
recPDH1, was cultivated on a 50-L scale in a fed-batch
fermentation for a total of 181 h (Fig. 1). The initial
glycerol batch phase lasted for 13.5 h and its end, i.e.,
the exhaustion of the carbon source, was indicated by a
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sharp increase of the dissolved oxygen level. At this
time point, a glycerol feed was started to further
increase the cell density. After 40 h of cultivation,
when the wet biomass had reached 111 gL', the
glycerol feed was stopped and induction with methanol
started by continuously supplying this inducer. Levels of
wet biomass reached 159 gL' during the induction
phase and the concentration of soluble protein in the
culture supernatant increased from 70 to 440 mg L.
Volumetric PDH activity in the culture supernatant reached
a value of 10,040 UL at the time of harvest (corresponding
to ~230 mg of recPDHI per liter) with a specific activity of
22.9 Umg ' total protein.

Purification of recombinant PDH]1

recPDH1 was purified by a two-step chromatographic
procedure as outlined in Table 3. Hydrophobic interac-
tion chromatography was followed by an anion exchange
chromatography step resulting in two pools containing
active PDH. Pool 1 represented the center of the elution
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Fig. 2 Effect of pH on the activity of recombinant pyranose
dehydrogenase using 25 mM glucose as electron donor and different
electron acceptors. Maximum activity measured for each electron
acceptor corresponds to 100%. Empty square 1,4-benzoquinone, filled
circle ferrocenium hexafluorophosphate, filled diamond 2-chloro-1,4-
benzoquinone
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Table 4 Apparent kinetic constants of recPDH1 from A. meleagris for selected electron acceptor

Substrate Recombinant PDH1 Native AmPDH?*

pH kc'dl (Sil) Km (mM) kcat Km (mM71 Sil) kc'dl (Sil) Km (mM) kcat/Km (mM71 Sil)
1,4-Benzoquinone 40 654+55 138+028 544 76.0£23%  1.82£0.11°  57.5°
2-Chloro-1,4-benzoquinone 50  129+1.2 0.62+0.11 209 15.1+£1.0 0.55+0.11 25.5
Ferrocenium hexafluorophosphate 8.5  130+11 0.16+£0.04 812 104£8 0.13+0.03 802

Kinetic data were determined at 30 °C with 25 mM D-glucose as the electron donor

#Data from Sygmund et al. (2008)

® Measurements were done at pH 3.0

peak and contained a homogenous enzyme preparation as
judged by SDS-PAGE. Only 10% of the starting activity
could be found in this amber-colored enzyme preparation
with a specific activity of 43.6 Umg ' representing a 1.9-
fold purification from the culture supernatant. Protein
from this pool was used for all further analyses. Since the
emphasis of this purification procedure was put on high
purification yields, aiming at possible subsequent applica-
tions of the enzyme, all other fractions containing PDH
with relatively high specific activity were combined in
pool 2 resulting in a recovery of 85% with a specific
activity of 35.9 Umg . In total, 13.4 g of more than 80%
pure recPDHI1 were obtained.

Catalytic properties

The pH/activity profiles of recPDHI were measured for
the electron acceptors 1,4-benzoquinone, Fc* hexafluor-
ophosphate, and 2-chloro-1,4-benzoquinone, using glu-
cose as electron donor (Fig. 2). recPDHI showed a
virtually identical pH behavior compared to the wild-
type protein with benzoquinones having their pH optima
in the acidic range whereas activity with Fc* continually
increased with pH in the range of pH 3-9. Apparent
kinetic constants for these electron acceptor substrates
were determined at those pH values that were previously

used for wild-type PDH1 (Table 4). In addition, apparent
kinetic constants were determined for selected sugar
substrates and compared to those of the wild-type enzyme
from A. meleagris (Table 5). Catalytic properties of
recPDH1 expressed in P. pastoris are almost identical to
those of the wild-type enzyme (Sygmund et al. 2008).

Molecular properties

The molecular mass of recombinant PDH1 overexpressed in
P pastoris was determined to be ~93 kDa by SDS-PAGE
(Fig. 3). Deglycoslylation under denaturing conditions using
PNGase F reduced the mass of the protein to 64 kDa. This
mass corresponds very well to the theoretical molecular mass
0f 61,967 Da based on the cDNA sequence of mature PDH]1.
Based on these results, the level of glycosylation of recPDH1
was calculated to be approximately 30%.

Discussion

Production of PDH activity in its natural source, A.
meleagris, is extremely tedious and time consuming as
these cultivations have to be performed in resting shallow
cultures for up to 6 weeks. Recently, the PDH1-encoding
gene from A. meleagris was successfully expressed in

Table 5 Apparent kinetic constants of recPDH1 from A. meleagris for selected electron donor substrates

Substrate Recombinant PDH1 Native AmPDH?*
kear 57 K, (mM) Kea/ Ky mM ™" s71) kear (57 K,, (mM) keadK (mM ' 57"
D-Glucose 37.8+1.1 0.69+0.09 54.8 45.9+0.3 0.824+0.03 57.5
D-Galactose 47.3+3.0 1.07+£0.13 44.2 48.5+0.6 1.05+£0.05 46.2
D-Xylose 62.4+1.6 1.92+0.14 32.5 43.44+0.8 1.93+0.17 22.9
L-Arabinose 34.7+1.6 0.49+0.05 70.8 37.2+0.6 0.54+0.08 62.1
Lactose 41.0+8.1 128+11.9 0.32 39.6+0.8 134+6.3 0.29

Kinetic data were determined at 30 °C with 0.4 mM ferricenium as the electron acceptor

#Data from Sygmund et al. (2008)
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Fig. 3 SDS PAGE analysis of glycosylated and deglycosylated
recombinant pyranose dehydrogenase expressed in P. pastoris and
PDHI1 purified from A4. meleagris. 1 PDHI1 from A. meleagris, 2
deglycosylated PDH1 from A. meleagris, 3 molecular mass marker
(Precision Plus Protein Standards, Bio-Rad); 4 recPDHI1 expressed in
P. pastoris (purification pool 1), 5 deglycosylated recPDH1 expressed
in P. pastoris (purification pool 1); 6 molecular mass marker. The gel
was stained with Coomassie blue

Aspergillus nidulans and Aspergillus niger. By using this
approach, the final volumetric activity as well as the space—
time yield could be increased significantly with 4. nidulans
as expression host (Pisanelli et al. 2010) compared to
production by the natural producer. However, time-
consuming transformation protocols and complicated genetic
manipulation of Aspergillus spp. severely hamper any
protein-engineering attempts. Therefore, other microbial
expression systems that are better amenable to protein
engineering approaches were tested for their ability to produce
soluble and active PDH1. Both the prokaryotic host E. coli as
well as the eukaryotic host P. pastoris were selected for
expression studies.

The E. coli expression construct was designed for
expression of PDH1 without N-terminal signal peptide. To
reduce the possible formation of insoluble recombinant
protein cultivation, temperature was lowered to 25 °C and
the concentration of the inducer IPTG was varied. Still,
PDHI could only be found as insoluble protein fraction
without any enzymatic activity under all tested conditions.
One possible reason for the failure of expressing PDH in a
prokaryotic system could be the need of glycosylation for
correct protein folding as observed previously with other
enzymes (Weis et al. 2007). On the other hand, there are
examples where random mutagenesis was used to achieve
functional expression of fungal proteins in E. coli (Sun et
al. 2001). A similar strategy could possibly be used for
successful expression of PDH1 in E. coli. Another key
factor that seems to have major impact on PDH expression
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is the 25-amino acid long signal peptide. As reported
earlier, expression levels of PDHI in A. nidulans were
much higher compared to the gla4 signal sequence when its
native signal sequence was used (Pisanelli et al. 2010). The
same effect was observed in P. pastoris, and here it was
even more pronounced. No PDH activity could be detected
when using the a-factor pre—pro signal sequence although
identical constructs containing the native signal sequence
showed relatively high expression levels. A similar effect,
although less pronounced, was observed for the expression
of other proteins in P. pastoris before (Colao et al. 2006). A
possible reason could be the formation of secondary
structures in the mRNA when the o-factor is fused to the
pdhl gene. However, analysis of the mRNA sequences of
the four tested constructs using the program GeneBee
(Brodsky et al. 1995) showed that constructs containing the
«-factor leader sequence neither have a lower calculated
total free energy nor do they form stronger stem—loop
structures compared to the sequences with the native signal
sequence. The only significant difference with regard to
stem—loop formation was between the synthetic gene and
the noncodon-optimized sequence. This effect can be
explained by the removal of regions capable of forming
secondary structures during gene optimization.

A second possible explanation for the failure of
expressing PDHI1 with the «o-factor could be inefficient
processing of this signal sequence in combination with the
PDH protein sequence. Three proteolytic cleavage steps are
necessary to fully process the o-factor pre—pro leader
sequence, and especially the efficiency of the last step can
be influenced by the amino acids surrounding the cleavage
site (Goda et al. 2000; Almeida et al. 2001). Isoleucine and
tyrosine at position 2 and 4 of the mature protein can cause
steric hindrance to the access of proteases, and thus affect
processing of the protein by the Kex2 or the Stel3 protease.
Another possible cause for inefficient processing of the
protease cleavage sites could be glycosylation close to the
N-terminus of the protein (Weiss et al. 1998). One
possibility to solve this problem is to remove the Glu-Ala
repeats by cloning the target gene flush with the Kex2
cleavage site. Another approach could be random muta-
genesis in the entire secretion leader, which has been
recently reported as a suitable strategy for the functional
expression of a foreign laccase in yeast (Maté et al. 2010).
Expression levels of both constructs with the native signal
sequence in 96-well deep well cultivations were similar and
in the range of 0.3 UmL™". Because of this relatively high
and uniform expression level the, 96-well deep well
cultivations can be used to screen for mutated enzymes
produced by semirational design approaches. The use of the
optimized synthetic gene did not increase the expression
level; indeed, the highest volumetric activity was achieved
by a transformant, n-PDH natCCl1, with native pdhl



Appl Microbiol Biotechnol (2012) 94:695-704

703

sequence. A large-scale laboratory fermentation of clone n-
PDH natCC11 was performed to obtain large amounts of
homogenous protein for protein crystallography and fast
kinetic studies as well as to demonstrate the feasibility of
industrial scale production of PDH for biotechnological
applications. The 50-L fermentation resulted in a volumet-
ric activity of 10,040 UL™" or 1,330 UL™" d™! in space—
time yield. This is a 28-fold improvement of the space—time
yield compared to the wild-type producer and a 1.6-fold
improvement compared to A4. nidulans expression yields
(Pisanelli et al. 2010). The cultivation yielded 223 mg L™"
of recombinant protein, which corresponds to 52% of total
extracellular protein. Because of the high specific activity
(22.9 Umg ") of PDH in the culture supernatant, the
previously established purification protocol (Sygmund et
al. 2008) was changed to a two-step procedure with focus
on fast high-yield purification. This represents another
major advantage over expression in Aspergillus spp. where
the presence of a large number of secreted proteins
considerably reduces purification yields. The purification
resulted in an apparently pure protein preparation with a
specific activity of 43.7 Umg ' that was used for the
subsequent biochemical characterization of the enzyme. To
show that recombinant PDH1 can be purified in very high
yields with this simple purification protocol for biotechno-
logical applications, where a purity of the target protein of
80% is sufficient, other fractions with high specific activity
were pooled resulting in a recovery of 85% of the initial
activity and 12.3 g of PDHI. For applications where higher
purity is required, the activity yield of 10.7% of pool 1 might
be too low and then an additional purification step would be
necessary. The specific activity of recombinant PDHI1
obtained with P. pastoris is about 20% lower compared to
wild-type PDH1. A possible reason for the reduced specific
activity might be the higher degree of glycosylation of
recPDHI expressed in P, pastoris (30% compared to 7%), or
inactive, not correctly folded protein that could not be
separated from the active form. In contrast to S. cerevisiae,
hyperglycosylation is not common for proteins expressed in
P pastoris. The high degree of glycosylation of PDHI1 is a
hint that the transit from the endoplasmic reticulum to the
Golgi apparatus might be a bottleneck for the expression.
The kinetic properties are essentially identical to those
measured for the wild-type enzyme isolated from its natural
source A. meleagris.

This study demonstrates the successful expression of
PDH in the ecukaryotic host organism P pastoris and
thus offers the possibility to easily produce and screen for
genetically engineered PDH variants paving the way for
future protein engineering. Additionally the feasibility of
large-scale production of the enzyme using this expression
system together with a simplified purification scheme for easy
high-yield purification is shown.
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Abstract

Pyranose dehydrogenases (PDHs) are extracellular flavin-dependent oxidoreductases secreted by litter-decomposing fungi
with a role in natural recycling of plant matter. All major monosaccharides in lignocellulose are oxidized by PDH at
comparable yields and efficiencies. Oxidation takes place as single-oxidation or sequential double-oxidation reactions of the
carbohydrates, resulting in sugar derivatives oxidized primarily at C2, C3 or C2/3 with the concomitant reduction of the
flavin. A suitable electron acceptor then reoxidizes the reduced flavin. Whereas oxygen is a poor electron acceptor for PDH,
several alternative acceptors, e.g., quinone compounds, naturally present during lignocellulose degradation, can be used.
We have determined the 1.6-A crystal structure of PDH from Agaricus meleagris. Interestingly, the flavin ring in PDH is
modified by a covalent mono- or di-atomic species at the C(4a) position. Under normal conditions, PDH is not oxidized by
oxygen; however, the related enzyme pyranose 2-oxidase (P20) activates oxygen by a mechanism that proceeds via a
covalent flavin C(4a)-hydroperoxide intermediate. Although the flavin C(4a) adduct is common in monooxygenases, it is
unusual for flavoprotein oxidases, and it has been proposed that formation of the intermediate would be unfavorable in
these oxidases. Thus, the flavin adduct in PDH not only shows that the adduct can be favorably accommodated in the active
site, but also provides important details regarding the structural, spatial and physicochemical requirements for formation of
this flavin intermediate in related oxidases. Extensive in silico modeling of carbohydrates in the PDH active site allowed us to
rationalize the previously reported patterns of substrate specificity and regioselectivity. To evaluate the regioselectivity of D-
glucose oxidation, reduction experiments were performed using fluorinated glucose. PDH was rapidly reduced by 3-
fluorinated glucose, which has the C2 position accessible for oxidation, whereas 2-fluorinated glucose performed poorly (C3
accessible), indicating that the glucose C2 position is the primary site of attack.
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Introduction tion is up-regulated during limiting oxygen supply, suggesting that
PDH may substitute for oxidases under oxygen-deprived condi-

Pyranose dehydrogenase (PDH; pdhl gene; pyranose:acceptor tions [1]. PDHs can be differentiated from P20s based on: ¥ PDH
oxidoreductase; EC 1.1.99.29; sequence UniProt: Q3L.245_9A- is a glycosylated, extracellularly secreted enzyme, whereas P20 is
GAR [1]) from the litter-decomposing fungus Agaricus meleagris non-glycosylated and located in the hyphal periplasmic space; ¥

(synonym Leucoagaricus meleagris, Agaricus praeclaresquamosus, California PDH is rather inert towards oxygen, while P20 is a typical
Jungus) is an extracellular, monomeric flavin-dependent oxidore- flavoprotein oxidase; and  PDH oxidizes D-glucose at both the
ductase, with one flavin adenine dinucleotide (FAD) prosthetic C2 and C3 position, whereas P20 is strictly regioselective for the
group covalently bound per polypeptide chain [2]. glucosyl C2 position [3-6].

Like several other fungal sugar oxidoreductases, AmPDH Interestingly, the two enzymes PDH and P20, which catalyze
belongs to the glucose-methanol-choline (GMC) oxidoreductase closely related reactions, appear to be mutually exclusive. Of all

family [1]; and as the fungal pyranose 2-oxidase from Trameles fungal strains screened for P20 and PDH activity, they were
multicolor (TmP20), AmPDH produces aldoketose or diketose found to express either PDH or P20, but never both [7].
derivatives from non-phosphorylated sugars [2]. PDH transcrip- Moreover, the enzyme requirement of a particular fungus appears
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to be coupled to the macroscopic substrate. Volc and co-workers
showed that P20 is expressed mainly by wood-decaying white-rot
fungi (e.g., Phanerochaete, Trameles elc.), while PDH expression is
limited to the Agaricales 7], which are typical litter-degrading fungi
that live in forest and grassland soil and are the primary
decomposers of residual plant material (leaves, needles, twigs,
bark, grass) in the uppermost soil layer. It should be noted that
P20-encoding genes were also found and experimentally
confirmed in some members of the genus Aspergillus, which does
not degrade lignocellulose, notably in species where a glucose 1-
oxidase (GOX) is absent [8].

At present, the biologically relevant function of PDH is not
clear. One possible role of PDH would be the reduction of
quinone compounds or reactive radical species generated during
lignin depolymerization, possibly to prevent re-polymerization or
to prevent exposure of the cell to toxic quinones. A similar role has
been suggested for basidiomyceteous P20 and cellobiose dehy-
drogenase (CDH) for wood-degrading fungi [9-11]. Although A.
meleagris feeds mainly on lignocellulose-rich forest litter like straw
or bark, and compact wood is usually not degraded [12], one may
hypothesize that PDH performs a similar function in litter-
decomposing fungi to that of CDH. The ability of PDH to oxidize
at comparable activities a wide range of carbohydrates present in
wood, e.g., D-xylose, L-arabinose D-glucose, D-galactose, cellobi-
ose, and others [13,14], together with its up-regulation once easily
metabolizable carbohydrates are depleted from the medium,
strongly support a role in the degradation process.

The fungus A. meleagris carries three genes that putatively encode
pyranose dehydrogenases, pdhl, pdh2 and pdh3. The latter two
genes are transcribed on a much lower level than pdh! [1], and the
PDH protein isolated and characterized from cultures of A.
meleagris in previous studies [2,13,15] also corresponds exclusively
to pdhl. The product of pdhl, AmPDH, is a glycoprotein with a
molecular mass of 66.5 kDa and an estimated 7% glycan content
[2]. The FAD cofactor displays typical absorption peaks at 371 nm
and 464 nm for the oxidized enzyme, whereas the reduced
enzyme lacks the 464 nm peak [2]. The optimal pH stability range
is broad (pH 4-10), and the temperature optimum is 63°C under
standard assay conditions [16]. The enzyme has a broad electron-
donor substrate specificity (Fig. 1), including a range of mono- and
oligosaccharides where D-glucose, D-galactose, L-arabinose, and
D-xylose are all highly competent electron donors when
ferricenium is used as an eclectron acceptor. Suitable electron
acceptors are either complexed metal ions or substituted quinones.
Of the electron acceptors tested, ferricenium performs best,
followed by 3,5-di-tert-butyl-benzoquinone and 2,6-dichloroindo-
phenol [2].

Regioselectivity in sugar oxidation strictly differs depending on
the substrate used. An extensive study by Sedmera and co-workers
[13] has shown that PDH is able to oxidize sugar substrates
through monooxidation reactions at the C1, G2, C3 positions, or
double-oxidations at C1/3, C2/3, or C3/4. Whereas D-glucose is
double-oxidized at C2 and C3 to yield 2,3-didehydro-D-glucose,
D-galactose (the C4 epimer of glucose) is oxidized exclusively at
C2 to give 2-dehydro-D-galactose. Similar to D-galactose, L-
arabinose is oxidized at (G2 yielding 2-dehydro-L-arabinose.
Cellobiose, maltotriose, D-xylose and maltose are all double-
oxidized at C2 and C3. The double-oxidation reactions of
cellobiose and maltose resulted in the novel compounds 2,3'-
didehydrocellobiose and 2,3’-didehydromaltose, respectively. Lac-
tose is oxidized at the reducing-end C1 or C2 position to give
lactobionolactone and 2-dehydrolactose [17]. The monosaccha-
rides D-ribose, D-allose (C3 epimer of glucose), D-gulose (C3
epimer of galactose), and D-talose (C2 epimer of galactose) are
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oxidized exclusively at C1 to the corresponding aldonic acids.
Interestingly, AmPDH has been shown to perform double-
oxidation of a number of aromatic glycosides, of which B-D-
glucopyranosides and a P-D-xylopyranoside are converted to
novel sugar compounds corresponding to the 3,4-didehydro-f-D-
aldopyranoside forms [15]. The reactions carried out by PDHs
can be summarized as:

(1) pyranoset+acceptor = 2-dehydropyranose (or 1-dehydropyra-
nose or 3-dehydropyranose or 2,3-didehydropyranose)+re-
duced acceptor

(2) pyranoside+acceptor = 3-dehydropyranoside (or 3,4-didehy-
dropyranoside)+reduced acceptor

Based on its primary structure, PDH belongs to the same
flavoenzyme family as the oxygen-activating enzymes 7mP20,
Aspergillus niger glucose 1-oxidase (AnGOX), which oxidizes B-D-
glucose to D-gluconolactone [18], and Arthrobacter globiformis
choline oxidase (4¢gCHO), which oxidizes choline to glycine
betaine [19]. Unlike AmPDH, the oxidases TmP20, 4¢CHO and
AnGOX use molecular oxygen as electron acceptor to generate
hydrogen peroxide. Given the structural, functional and mecha-
nistic kinship between these enzymes, the crystal structure of
AmPDH also gives us the opportunity to identify structural features
that may help rationalize the difference in oxygen reactivity, t.e.,
structural determinants underlying the designation of a GMC
enzyme as an oxidase or a dehydrogenase.

Here we report the crystal structure of AmPDH (the translated
product of pdhl), refined at 1.6 A resolution, featuring a C(4a)-
modified flavin ring. Based on the PDH structure, we rationalize
the observed pattern of sugar substrate preference and regioselec-
tivity, and discuss the relevance of the flavin adduct species with
respect to the biological function of PDH. The surrounding
environment of the C(4a)-flavin adduct in PDH is compared with
those of related flavoprotein oxidases and monooxygenases.

Results

Activity on 2- and 3-Fluorinated Glucose

When mixing 3-fluoro-3-deoxy-D-glucose (3FG) and 4mPDH,
the reaction mixture monitored at 30 s after mixing was colorless
(Fig. 2) showing that AmPDH was rapidly reduced, presumably by
a hydride moiety at glucose C2. The rate of reduction of PDH by
2-fluoro-2-deoxy-D-glucose (2FG) was significantly slower because
the reduction kinetics could be monitored over a period of 1000 s
(Fig. 3a). Fig. 3b shows the reduction kinetics of PDH by 2FG
monitored at 463 nm, which is consistent with an observable rate
constant (ko) of 0.0091 s™".

Oxygen Activity

The absorption spectra of AmPDH undergoing oxidation by
oxygen at air-saturation over a time period of 15 h are shown in
Fig. 4. The reaction proceeded slowly, and the enzyme was still
only partially oxidized after 15 h. After 15 h, enzyme denaturation
occurred as judged by increased turbidity of the solution. The
spectra in Fig. 4 indicate absorption peaks ~370 nm and resolving
shoulders around 395 and 495 nm, which are characteristic of a
flavin anionic semiquinone.

Overall Structure

The overall structure of AmPDH features the classical p-
hydroxybenzoate hydroxylase (PHBH)-like fold of members of the
GMC oxidoreductase family with two intimately associated
domains, an ADP-binding Rossmann domain, and a substrate-
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Figure 1. Electron-donor substrates modeled in the active site of AmPDH. Carbons are colored yellow and numbered. Apostrophes indicate
carbons on the non-reducing end sugar. Hydrogen atoms have been omitted for the purpose of clarity.

doi:10.1371/journal.pone.0053567.g001

binding domain (Fig. 5a). Data collection and model refinement
statistics are given in Table 1. The GMC member most
structurally similar to PDH returned by the Dali server (DaliLite
v.3; http://www.ebi.ac.uk/Tools/dalilite/[20]) is aryl-alcohol
oxidase (AAO; PDB code 3FIM [21]) with a root-mean-square
distance (r.m.s.d) of 1.6 A for 544 of 575 aligned Cot atom pairs,
and a sequence identity of 38% (Fig. 5b, c). Of the GMC members
using carbohydrates as electron-donor substrates, optimized
structural alignments with PDH were obtained using the
LSQ_IMPROVE option in the program O [22], giving r.m.s.d.
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Figure 2. Reduction of oxidized AmPDH by 3-fluoro-3-deoxy-D-
glucose. The upper spectrum represents the absorption spectrum of
the oxidized PDH (20 pM), and the lower spectrum shows the reduced
enzyme after incubation with 20 uM 3FG for 30 sec at 25°C. The
reduction by 3FG (presumably by a hydride transfer from C2-H) is very
rapid and cannot be followed kinetically by manual mixing in an
anaerobic cuvette.

doi:10.1371/journal.pone.0053567.g002
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values of 1.5 A for GOX (PDB code 1CF3 [23], 461 Co pairs);
1.6 A for CDH (PDB code 1NAA [24], 387 Ca pairs), and 2.0 A
for P20 (PDB code 3PL8 [6], 313 Ca pairs).

Active-Site Structure

Of closely related GMC members that use sugars as electron-
donor substrates, three-dimensional structural information exists
for two oxidases (P20 and GOX) and two dehydrogenases (PDH
and CDH). A structural overlay of PDH with GOX, P20 and
CDH (Fig. 64, b, ¢) highlights the similarities and differences
between the enzyme active sites. For the purpose of discussing
oxygen reactivity, CHO has been included (Fig. 64). CHO does
not oxidize sugar substrates, but its structure has been determined
with a covalent C(4a) flavin modification that is probably an
artifact introduced during data collection. Although the overall
similarity of the active sites is high, some differences are noted
(Fig. 6, Table 2): 7) PDH and GOX contain a His-His catalytic
pair, whereas P20, CDH and CHO use a His-Asn constellation;
i) PDH, P20 and CHO are flavinylated (8o-(V3)-histidyl-FAD),
while GOX and CDH carry non-covalently bound FAD; and )
PDH, GOX and CDH lack a si-face N(5) partner, ze., the side
chain close to N(5) that forms hydrogen bonds with the N(5)/O(4)
locus, but P20 and CHO contain a Thr and Ser, respectively.
Unexpectedly for a flavoprotein dehydrogenase, the flavin ring in
AmPDH is modified at C(4a) by an unidentified atomic species
(fag. 7). The covalently bound atom (probably an oxygen species) is
tightly coordinated by the two active site histidines (512 and 556).

Comparison of Flavin C(4a)-Adduct Geometry in Existing
Crystal Structures

The C(4a)-modified flavin in 4mPDH shows an sp*-hybridized
C(4a) atom, and a relatively subtle conformational change
compared with a planar isoalloxazine ring (Fig. 7). A detailed
analysis of the flavin geometry is provided in Table S1, where the
AmPDH adduct 1s compared with the flavin C(4a) adduct of
AgCHO (PDB code 2]BV [25]), and the available crystal structures
of artificial synthetic isoalloxazine oxygen-nucleophile adducts, O-
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Figure 3. Reduction of oxidized AmPDH by 2-fluoro-2-deoxy-
D-glucose. (A) Reduction spectra of PDH (20 uM) reduced by 2FG
(20 uM) at 25°C. The top spectrum represents the absorption spectrum
of the oxidized PDH. Spectra were recorded at intervals during the
reaction. The upper spectrum represents the start of the reaction, and
the lowest spectrum the end (t=1000 sec) showing PDH in its fully
reduced state. (B) Reduction kinetics of PDH with 2FG was monitored at
463 nm. The reaction kinetics corresponds to a kops value of
0.0091 sec .

doi:10.1371/journal.pone.0053567.g003

adducts [26]. Specifically, the structures of two flavin C(4a)-OH
adducts (1AOH, CCDC code 784805; 1BOH, CCDC code
784806) allow a detailed characterization of the adduct geometry.
The two flavin OH-adducts, IAOH and 1BOH, correspond to
isoalloxazine and alloxazine (lacking the C7 and C8 methyl
groups), respectively. To stabilize the flavin adducts, the (iso)al-
loxazine rings were modified at N(5) to yield the 5-alkyl flavin
analogs prior to adduct formation [26]. As a result, these artificial
C(4a) O-adducts are formed at the si-face of the flavin rather than
the re-face observed in the crystal structures of the flavoprotein
oxidases, but we do not expect this difference to be of any major
importance for a comparison of O-adduct geometry. The
substituted C(4a) atoms in 1AOH and 1BOH display sp character
with an average value for the bond angles at C(4a) close to 109.5°
(expected for a tetrahedral carbon), resulting in a flavin-ring
distortion with a small but distinct deviation from planarity [26].
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Figure 4. Absorption spectra of reduced AmPDH reacting with
molecular oxygen. Oxidation of PDH by oxygen at air-saturation as a
function of time at 25°C. Line 1: reduced PDH at start of the reaction
which lacks the flavin absorption shoulder around 490 nm; line 5, the
spectrum of partially oxidized PDH (~40% oxidation); line 10, the
absorption spectrum of partially oxidized PDH after the reaction
proceeded for 15 h.

doi:10.1371/journal.pone.0053567.9g004

For the purpose of analyzing the differences in flavin ring
conformation for different O-adducts, we find the dihedral angle
N(10)-C(10)-C(4a)-C(4) to be useful in that it provides a measure
of the distortion of the pyriminoid ring (the ring that is most
affected by O-substitution in the 1BOH, AmPDH and CHOx
adducts). This torsion angle relates the N(10) atom of the
pyrazinoid ring to the C(4) atom of the pyriminoid ring, and a
value of =180 would mean that these atoms are in one plane, and
trans to each other. The values reported for the two si-face O-
adducts IAOH and 1BOH are 174.5° and 139.7° [26]. For re-face
flavin O-adducts (as those in AmPDH and CHO) these values
would translate into the counterclockwise rotations of —174.5° and
—-139.7°.

For A¢CHO, Orville and co-workers reported the crystal
structure of a trapped flavin C(4a) adduct, as well as density
functional theory (DFT) calculations. Based on the DFT calcula-
tions, values for the N(10)-C(10)-C(4a)-C(4) angle for the C(4a)—
OH, C(4a)-OOH, FAD semiquinone, and FADH" fall in the
range —130° to —156°, whereas the value of this dihedral angle in
the 4gCHO crystal structure (PDB code 2JBV) is 86°. The
observed value of —152° for the N(10)-C(10)-C(4a)-C(4) dihedral
angle in the AmPDH adduct (Table S1) agrees reasonably well with
those generated by DFT calculations [25] and with the synthetic
flavin O-adducts [26], but is distinct from the modified flavin in
AgCHO. Thus, the adduct geometry in the AgCHO structure
differs about 40° from the DFT values for C(4a)-OH/C(4a)—
OOH, and 50-90° from those of the synthetic adducts and
AmPDH. Indeed, this torsion angle emphasizes the fundamentally
different conformation of the pyriminoid ring in A¢CHO
compared with that in 4mPDH (Fig. 8), and synthetic flavin O-
adducts.

Modeling of Monosaccharide Electron-Donor Substrates
in the AmPDH Active Site

Electron-donor substrates (saccharides) were docked in the
AmPDH active site to rationalize the observed patterns of substrate
specificity and regioselectivity [2,13]. Only substrates for which the
activity exceeds 50% of the activity for D-glucose, and with

January 2013 | Volume 8 | Issue 1 | 53567



Table 1. Data collection and crystallographic refinement
statistics for AmPDH.

Data collection®

Cell constants a, b, ¢ (A) 51.94, 74.64, 139.29

Space group/molecules P2:2,2,/1

per asymmetric unit
Beamline, A (A) 1911-5, 0.90772
48.7-1.60 (1.70-1.60)

72,035 (11,811)

Resolution range, nominal (A)

Unique reflections

Multiplicity 7.3 (7.3)
Completeness (%) 99.7 (99.8)
<l/cl> 16.4 (2.6)
Reym” (%) 7.5 (84.1)
cc(1/2)¢ 99.9 (80.1)

Crystallographic refinement

Resolution range (A) 50-1.60 (1.686-1.600)

Completeness, all % (outer bin) 99.7 (99.8)
Rtactor/work reflns, all 0.171/69,857
Rpee/free reflns, all 0.201/2,177
Non-hydrogen atoms 5017

Mean B (A2) protein all/mc/sc 15.6/14.5/16.7
Mean B (A?) solvent/N°. mol. 29.9/541
Rmsd bond lengths (A), angles (°) 0.016, 1.853
Ramachandran: favored/allowed (%)© 97.2/100

*The outer shell statistics of the reflections are given in parentheses. Shells were
selected as defined in XDS [54] by the user.

bRsy,,,= [Zpn Zi |I—</>I/th1 N |I| 1 x 100%.

€CC(1/2) =Percentage of correlation between intensities from random half-
datasets. Values given represent correlations significant at the 0.1% level [66].
“Rractor="Zhit | [Fol-IFe| 1/Zhid |Fol-

€As determined by MolProbity [62].

doi:10.1371/journal.pone.0053567.t001

experimentally determined site(s) of oxidation, were considered
(according to compiled data [13]; Fig. 1). A summary of possible
protein-sugar hydrogen bonds for monosaccharide and disaccha-
ride substrates is given in Table S2 and Table S3, respectively.
Based on our structural modeling, AmPDH should be able to
oxidize C1, C2, C3 and C4 of D-glucose and D-xylose [27] (the
only difference being that xylose lacks the C6-O6 group) without
any obvious problems (Fig. S1 and S2). All oxidation-binding
modes generate similar sets of possible hydrogen bonds, which
explain the more promiscuous oxidation activity of AmPDH
compared with 7mP20 for these monosaccharides. Single
oxidations at C1 and C4 have not been observed experimentally,
but should be possible from a purely structural point of view (Fig.
Sla,d and S2a,d). For all sugar-binding modes, the principal
interactions are provided by the catalytic histidine pair (His512/
His556), the backbone carbonyl oxygen of Tyr510, and the side
chain of GIn392. The C6 hydroxyl group does not form any
interactions in either of the modeled binding modes. Since the two
binding modes, the C2-oxdiation and C3-oxidation modes,
generate similar sets of interactions (Fig. S1b,¢), their difference
in kinetics (see above) is difficult to rationalize at the structural
level.

Unlike D-glucose and D-xylose, oxidations of L-arabinose (Fig.
S3) and D-galactose, the C4 epimer of glucose, (Iig. S4) are highly
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regioselective reactions, targeting only the C2 position and
strongly discriminating against C1, C3 and C4. Thus, for D-
galactose, only 2-dehydro-D-galactose is produced [28], and for L-
arabinose, which is identical to D-galactose except for the absence
of an exocyclic C6-O6 group, only 2-dehydro-L-arabinose [13].
The reason for the observed product outcome is easily rationalized
at the structural level using modeling.

When L-arabinose and D-galactose are oriented for oxidation at
C2, the axial O4 is easily accommodated in the active site, whereas
in all other orientations, i.e., oxidation at Ci1, C3 and C4, the axial
O4 group would experience steric hindrance and generate clashes
(qualititatively defined as a distance less than the sum of the van
der Waals radii for any two non-bonded atoms, and not
participating in short-strong hydrogen bonds or low-barrier
hydrogen bonds). In orientation for C1 (Fig. S3a and S4a) or C3
(Fig. S3¢ and S4c¢) clashes are observed with the aromatic ring of
Tyr510 in subsite C, and binding for oxidation at C4 results in
equally unfavorable clashes, but with the flavin ring (Fig. S34 and
S4d). In contrast, the C2-oxidation mode enables four possible
protein-sugar hydrogen bonds (Fig. S36 and S44), and no
unfavorable interactions, yielding L-erythro-pentos-2-ulose [13]
and D-lyxo-hexos-2-ulose [2,28] from L-arabinose and D-galac-
tose, respectively.

Oxidations of PDH by the glucopyranosides methyl-o-D-
glucopyranose [29] (methyl-o-D-Glep; Fig. S5) and methyl-B-D-
glucopyranose (methyl-B-D-Glcp; Fig. S6) are also highly
regioselective, favoring oxidation at C3, all of which is
substantiated by our modeling (Fig. S5¢ and S6¢). For oxidation
at other positions of methyl-a-D-Glcp (Fig. Sba, b, d) the axially
configured methoxy group will generate clashes with either the
flavin ring or the tyrosine 510 ring. In principle, the same
applies to methyl-B-D-Glcp: in the Cl-oxidation mode, the
methoxy group experiences steric problems with the flavin ring
(Fig. S6a), and in the CG2-oxidation mode it clashes with Val511
(Fig. S64). Although C4-oxidation has, to our knowledge, not
been shown for methyl-B-D-Glep, this nonetheless appears
possible from a structural point of view (Fig. S6d).

Modeling of Disaccharide and Glucopyranoside Electron-
donor Substrates in the AmPDH Active Site

For binding of disaccharides or glucopyranosides substituted
with large aglycons, we use the subsite-naming convention
previously defined for CDH [24,30]. According to this
convention, the innermost site where oxidation takes place is
referred to as subsite C (indicating that this is the catalytic site),
and the second binding site is named Bl (“B” for binding).
Longer oligomers would then involve additional subsites, B2, B3
etc. 'The disaccharides cellobiose and maltose consist of two
linked glucosyl units, but with different glycosidic linkages: a
B(1—4) glycosidic bond in cellobiose, and an o(1—4) linkage in
maltose. In both cases, PDH catalyzes single oxidations at C1
and G2 of the reducing-end glucosyl unit, ze, 1- and 2-
oxidation; and at C3 of the non-reducing glucosyl terminus, i.e.,
3’-oxidation [13] (positions denoted by an apostrophe refer to
positions in the non-reducing end sugar). In addition to the
single oxidations, PDH also catalyzes the sequential double-
oxidation reactions 1,3" (C1 oxidation of reducing-end glucosyl
and C3 oxidation of non-reducing end glucosyl) or 2,3" (C2
oxidation of reducing-end glucosyl and C3 oxidation of non-
reducing end glucosyl), to yield the 1,3’ or 2,3'-double-oxidation
products [2]. The products from 1,3’-double-oxidation reactions
are 3'-dehydrocellobionic acid and 3'-dehydromaltobionic acid,
and from 2,3'-double-oxidation, products 2,3'-didehydrocello-
biose and 2,3’-didehydromaltose are obtained.
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Figure 5. Overall structure of AmPDH and similarity to AAO. Ribbon drawing of AmPDH (a) and aryl-alcohol oxidase (b), showing a-helices as
spirals and B-strands as arrows. The covalently bound flavin cofactor is depicted as a stick model with carbon atoms in yellow. An overlay picture of
the active site in AmPDH (beige carbon atoms) and AAO (green carbon atoms) is shown in (c).

doi:10.1371/journal.pone.0053567.g005

The product outcome is straightforward to rationalize based sugar unit is oriented for oxidation at C1 or C2 (Fig. S7q4, b and
solely on structural considerations (cellobiose, Fig. S7; maltose, S8a, b). The 3- (Fig. S7¢ and S8¢) and 2'-oxidations (Fig. S7d and
Fig. S8): favorable interactions are only possible when the C-site S8d) are discriminated against due to severe steric clashes
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Table 2. Comparison of related GMC dehydrogenases and oxidases.

Physiol. N-N distance Physiol. flavin si-face N(5)

Enzyme® (PDB code) O, activity Catalytic pair catalytic pair (A) C(4a) adduct Flavin attachment partner

AmPDH (this work) No His512 Ne2, His556 N&1 3.5 No, radiation 8a-(N3)-histidyl-FAD Gly105
artifact

PcCDH (1KDG [30]) No His689 N&2, Asn732 33 No Non-covalent Gly310

N&2

TmP20 (1TTO [46]) Yes His548 Ne2, Asn593 N&2 4.2 Yes 8a-(N3)-histidyl-FAD Thr169

AgCHO (3LJP [67]; Yes His466 N&2, Asn510 N&2 4.0 No, radiation 8a-(N3)-histidyl-FAD Ser101?

2JBV [25]) artifact

AnGOX (1CF3 [23]) Yes His516 Ne2, His559 N3&1 4.8 No Non-covalent Gly108

2AmPDH, A. meleagris pyranose dehydrogenase; PcCDH, P. chrysosporium cellobiose dehydrogenase; TmP20, T. multicolor pyranose 2-oxidase; AnGOX, A. niger glucose
1-oxidase; AgCHO; A. globiformis choline oxidase.

PThe AgCHO mutant S101A shows increased efficiency in the oxidative half-reaction [68], stressing that the function of this side chain is different in AgCHO compared
with the sugar-oxidizing enzymes.

doi:10.1371/journal.pone.0053567.t002

Figure 6. Comparison of AmPDH with GOX, CDH, P20 and CHO. Structural superpositioning of the AmPDH active site (beige carbon atoms)
with those of (a) GOX (PDB code 1CF3 [23]), green carbons; (b) CDH flavoprotein domain (PDB code 1KDG [30]), light blue carbons; (c) P20 (PDB 1TTO
[46]), pink carbons; and (d) CHO (PDB 3LJP [67]), pale cyan carbons. For each equivalent pair, that of AmPDH is given first.
doi:10.1371/journal.pone.0053567.9g006
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Figure 7. Structural evidence for a flavin C(4a)-adduct. (a) The AmPDH active site showing the relevant amino acids including the catalytic His-
His pair. The FAD molecule is covalently linked through the C8M atom to His103 Ne2, and features a modification at the C(4a) locus. The adduct-
stabilizing imidazole nitrogens of His512 and His556 are pictured with dashed lines indicating hydrogen bonds. (b) Zoom in at the monoatomic
flavin-adduct species, presumably a covalently bound oxygen atom, overlaid by a 5000 K simulated annealing omit electron density map calculated

using PHENIX [63], contoured at the 3o level.
doi:10.1371/journal.pone.0053567.g007

incompatible with substrate binding: in the case of 3-oxidation,
extreme clashes are observed between the non-reducing end sugar
and the Tyr510-Val511 backbone (Fig. S7¢ and S8¢); and for 2'-
oxidation, clashes are formed between the reducing end glucose
and Tyr510 (Fig. S7d and S84).

In the case of the 3'-oxidation mode for cellobiose (C3 of the
non-reducing end glucosyl positioned for oxidation in subsite C;
Fig. S7¢), we observe no possible interactions for the reducing-end
glucosyl unit in site B1, however, a minor pivotal rotation of the
subsite B1 glucosyl together with a concomitant rotamer shift of
the Ser64 side chain generates a possible additional hydrogen
bond O1-Ser64 Oy. In the case of maltose, the 3'-oxidation
activity is more difficult to rationalize at the structural level since
most positions appear to result in clashes either with the Gly105 or
Ser64 backbone in subsite B1 (Fig. S8¢). The clashes are however
not severe, and small adjustments of the protein backbone regions
could easily relieve unfavorable energies.

Although the 4'-oxidations of cellobiose (Fig. S7/) or maltose
(Fig. S8f) have not been reported for AmPDH, these reaction
may be possible from a purely structural point of view. Analysis
of the maltose 4'-oxidation mode (Fig. S8f) indicates that this
mode may be somewhat difficult to accommodate with respect
to the Tyr510 ring, which forms a “floor” below the sugar ring
positioned for oxidation in subsite C. The steric hindrance does
not seem severe, but considering the potentially important role
of Tyr510 to ensure optimal induced fit, even minor spatial
problems in this region are likely to be incompatible with
productive substrate-binding modes. Thus, for the disaccharides
cellobiose and maltose, the 1 and 2 positions in the reducing-
end glucosyl unit are indeed the only sites easily accessible for
oxidation. Moreover, placing the non-reducing end glucosyl unit
of cellobiose, or maltose, in subsite C unambiguously shows that
only C3 and C4 are possible, i, 3'- and 4'-oxidation.

Salicin is a glucopyranoside substituted at O1 with an ortho-
benzylic alcohol ring present in willow bark and known for its
properties as a natural analgesic. In the Cl- and C2-oxidation
modes (Fig. S9q, b), the benzylic ring of salicin forms severe clashes
with either the flavin ring or the Tyr510 backbone. Favorable
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interactions are formed only when the non-reducing end glucose
unit is positioned in site C for 3- or 4-oxidation (Fig. S9c, d).

Discussion

Electron-donor Substrate Preference

The similarity in electron-donor substrate and active-site
structure of AmPDH, GOX and P20 offers a framework to study
substrate selectivity and regioselectivity. The active site of AmPDH
is more similar to that of AnGOX than to 7TmP20, however,
regioselectivity differs for the sugar substrate: AnGOX oxidizes
exclusively at the glucosyl C1 position, whereas AmPDH can
perform single oxidations at the endocyclic glucosyl-ring positions
C1, C2 and C3, as well as double oxidations at C1/3, C2/3, or
(C3/4 of various sugars [14] and of certain aromatic glycosides
[15]. The active sites of AmPDH and 7mP20O are also relatively
similar, and their substrate preference is partly overlapping for the
reductive half-reaction.

Modeling D-glucose in orientation for oxidation at Cl, C2,
C3 or C4 shows that the principal interactions are provided by
the catalytic histidine pair and the backbone carbonyl oxygen of
Tyr510 (Table S2; Fig. S1). In agreement with observed activity
data [7,28], the G2 and C3 oxidation modes appear very
favorable (Fig. S1b, ¢). TmP20 has been shown to strongly favor
the D-glucose C2 position for oxidation [4,5]. In addition, our
previous crystallographic studies on fluorinated glucose deriva-
tives bound to 7mP20 provided a rationale for the discrimi-
nation of this enzyme against oxidation at the glucosyl C3
position [6]. With D-glucose as substrate, PDH was previously
shown to display a slight preference for C3 over C2 [7,16]. To
evaluate the relative preference of AmPDH for D-glucose
oxidation at C2 or C3, we performed reduction experiments
using 3FG (C2 accessible) or 2FG (C3 accessible). Reduction of
AmPDH by 3FG was considerably faster than by 2FG, showing
that G2 is the preferred site of oxidation. Although, theoreti-
cally, the fluorine might influence the outcome of site attack,
the pattern of regioselectivity for fluorinated and non-fluorinated
glucose was consistent in the case of 7mP20 indicating that the
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Figure 8. Comparison of the flavin C(4a) adduct in AmPDH and
CHO. The active site in (@) AmPDH (this work; beige carbons) and (b)
AgCHO (rerefined model of 2JBV [38], unpublished; light blue carbons)
highlighting the modified FAD cofactor. (c) Overlay of the images in (a)
and (b). The distortion of the flavin ring accompanying adduct
formation is more subtle in AmMPDH compared with AgCHO.
doi:10.1371/journal.pone.0053567.9g008
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fluorine does not
mechanism.

We may conclude that the observed substrate preferences of
AmPDH can be satisfactorily rationalized by the crystal
structure, and that steric clashes are less well tolerated in
subsite C than in subsite B1l. Subsite Bl is further out from the
flavin pocket, and there is likely to be an increased ability for
the protein to adjust and reposition loop regions to accommo-
date different substrates. In this context, it should be noted that
only one structural conformer has been determined of 4mPDH,
and ligand-induced conformational changes may, as in the case
of TmP20 where regioselectivity is governed by active-site loop
movements, recruit other protein groups to offer additional and
differential interaction possibilities. However, the temperature
factors are typically low for protein backbone atoms in site Bl,
and the electron density is well defined for all parts of the
AmPDH active site, indicating that the conformer observed here
is heavily dominating the conformational ensemble, at least in
the present crystal form and in the absence of ligand. It should
also be noted that extensive attempts have been made to
capture ligand complexes of PDH using fluorinated glucoses,
but without success so far.

significantly change the regioselectivity

Oxygen Reactivity

Due to the potential generation of reactive oxygen species by
molecular oxygen, biological redox processes involving oxygen are
tightly controlled. The two-electron reduction of Oy by reduced
singlet flavin is a spin-forbidden reaction, and to overcome this
barrier, flavoenzymes have developed precisely tuned mechanisms
to enable efficient catalysis of the one-electron Oy reduction
reaction [31]. As pointed out recently [32,33], any one single
structural determinant in a flavoenzyme is unlikely to be solely and
sufficiently responsible for oxygen reactivity. An identical side
chain, equivalently positioned and oriented near the flavin, may be
important for oxygen activation in one enzyme, but not in
another, emphasizing the importance of context-dependent
function.

In the case of flavoproteins, formation of a covalent flavin C(4a)-
hydroperoxide adduct is one of the means for the enzymes to carry
our monooxygenation (monooxygenase) or hydrogen peroxide
elimination (oxidase) [34,35]. This flavin species was considered to
be limited to the monooxygenase reaction, but was recently
reported also for the flavoprotein oxidase 7mP20 [36,37]. A flavin
Ci(4a)-adduct has also been detected in a crystalline state of the
GMC enzyme choline oxidase [25,38]. In the case of GOX, it has
been suggested that the hydroperoxyflavin intermediate 1is
bypassed in the oxygen activation mechanism, and instead, the
superoxide anion is stabilized through direct interactions with
protonated His516 [39,40].

Suggested determinants of oxygen reactivity include thermody-
namic and kinetic considerations, specifically the rate-limiting
nature of the first thermodynamically unfavorable one-electron
transfer to oxygen; as well as the possible presence of discrete
oxygen channels and pockets for oxygen movement and capture
[33,39]. In the case of GOX, the positively charged His516 would
offer stabilization to the superoxide, thus supporting sufficient rate
enhancement of the oxygen reaction, while preventing the risk of
accumulating toxic oxygen species [39]. Although these are clearly
insightful and important observations, the structural origin of such
effects is inherently difficult to assess and remain elusive.

Other studies emphasize the volume restriction of the
flavoenzyme active site as a determinant of oxygen reactivity.
One study concerns L-galactono-y-lactone dehydrogenase
(GALDH), a member of the p-cresol methylhydroxylase family
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of oxidoreductases [41]. GALDH displays some oxygen activity
but performs poorly as an oxidase, however a single Ala—Gly
replacement at position 113 was sufficient to convert the
enzyme from a very poor oxidase to a highly competent oxidase
[42]. This led the authors to suggest that Alall3 acts as a
gatekeeper to prevent oxygen binding in wild-type GALDH,
whereas the absence of a side chain creates enough space for
oxygen to access the flavin ring. The authors provide an
extensive analysis of amino-acid occurrences at this position in
related enzymes, which implicated that the dehydrogenases
feature Ala/Pro/Thr/Ser/lle/Leu, whereas the oxidases have
Gly/Ala/Pro [42].

A comparison of the position of the Alal05 Cf atom in the
enzyme alditol oxidase (PDB code 2VFS [43]) with that of Pro186
CB in cholesterol oxidase (type BCO2; PDB code 1119 [44]) shows
that they superimpose within 1 A, a displacement that is correlated
with the precise positioning of the isoalloxazine pyrimidine ring.
Thus, the proline ring should be just as efficient in preventing
oxygen binding as is the alanine side chain in a dehydrogenase.
Moreover, cholesterol oxidase features a second proline (188)
opposite to Prol86 which appears to restrict the space for a
hypothetical oxygen molecule even further. These observations
seriously challenge the assignment of this region as a general
determinant of oxygen reactivity, and provide little support for the
gatekeeper hypothesis, beyond possibly being relevant for
GALDH. Nonetheless, the data mining carried out by Leferink
and co-workers highlights the difficulties in generalizing structural
determinants of oxygen activity even within a family of highly
homologous structures. Recently, site-directed mutagenesis studies
of aryl alcohol oxidase have shown the opposite effect when
replacing a bulky sidechain (Phe501) with an alanine led to a
~120-fold decrease in the oxygen activity, while the oxygen
reactivity was increased ~2-fold by the introduction of a larger
Trp side chain [45].

Because of the obvious complexity of context dependency, great
care has to be taken when analyzing structure, as well as
biophysical and biochemical data. Preferably, enzymes that
evolved structurally very similar active sites, but different oxygen
reactivity, should be compared to simplify analysis of contextual
interaction networks. The GMC family of oxidoreductases
includes FAD-dependent oxidoreductases that share a common
subunit fold, but represents a spectrum of electron-donor and
clectron-acceptor substrate specificities. Several members use
sugars as electron donors, but display differences in electron-
acceptor preference. The enzymes PDH, GOX and P20
represent an interesting triad where the active sites and electron-
donor substrate specificities are sufficiently similar, and the oxygen
reactivity significantly different, to allow a comparison: ¢) P20
displays oxygen reactivity and stabilizes a flavin C(4a) intermedi-
ate; 1) GOX displays oxygen reactivity but no flavin C(4a) adduct;
and ) PDH has no physiological oxygen reactivity but is able to
physically form and stabilize a flavin C(4a) adduct.

As we show here, the oxygen reactivity of PDH is negligible,
confirming that this reaction is not likely to be important
physiologically and functionally. Notwithstandingly, it is inter-
esting to note that Y PDH shows a red anionic flavin
semiquinone, and that ? the reduced enzyme forms a stable,
long-lived flavin C(4a) adduct with an unidentified mono- or
diatomic species under the conditions of the X-ray experiment.
At this point, we make no claims that the flavin C(4a) adduct is
a functionally relevant intermediate during the oxidative half-
reaction of AmPDH, but rather, an artifact arising from attack
by reactive oxygen species on the C(4a) position during
irradiation of the protein crystal. The protein used for
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crystallization was in the reduced state, making such reactions
possible. Presumably, the AmPDH preparation was reduced by
sugars already inside the cell. The importance of the presence
of the adduct species in AmPDH lies not in its tentative role, but
in its well-defined structure, which provides insight regarding
the structural details of this type of flavin intermediate in the
site of the closely related ‘oxygen-active” GMC
members. Thus, this information can be extrapolated to the
closely related active sites of GOX (PDB code 1CF3 [23]) and
P20 (PDB code 1TTO [46]) to evaluate possible structural
requisites for oxygen reactivity, and activation (i.e., flavin C(4a)-
adduct formation and stabilization).

In AnGOX, His516 has been pointed out as the critical residue
for oxygen activation [40,47], however, no spectral evidence has
been obtained for a hydroperoxy-flavin intermediate. This
histidine is conserved throughout the GMC family and it has
been confirmed as the catalytic base in P20 [48]. If this histidine
constitutes a general mechanism for oxygen activation, why would
GMC members like PDH and CDH show no, or poor ability to
activate oxygen? (see comparison in Table 2) The histidine may
represent a necessary condition for Oy activation in the GMC-type
flavoprotein oxidases (and possibly others), but is clearly not
sufficient. Further comparison of related GMC flavoenzymes
shows that neither of the determinants hitherto suggested in the
literature is by itself a sufficient condition for oxygen reactivity
(Table 2); i.e., the principal histidine of the catalytic pair, protein
flavinylation, formation of a flavin C(4a) adduct, or a stabilizing si-
face N(5) factor.

In contrast to GOX, oxygen activation by 7mP20 has been
confirmed to proceed via a flavin-C(4a)-hydroperoxide intermedi-
ate [36]. Indeed, we have shown previously that in order to
support formation of a flavin-C(4a)-hydroperoxide intermediate in
P20, a fine-tuned environment around the flavin re-face below
N(5) is critical for flavin C(4a)-adduct formation since replacing
Thrl69 by Ser, Ala or Gly effectively abolished C(4a)-hydroper-
oxy-flavin formation [49]. Similar results have also been observed
in an FMN-dependent monooxygenase [50]. Using the reduced
FAD specifically labeled at the flavin N(5) in P20 and solvent
kinetic isotope effects, it was shown that the bond breakage of the
flavin N(5)-H controls the overall process of HyOy elimination
[37]. The fine-tuned environment around the flavin N(5) is also
important for enzyme flavinylation [51]. Without stabilizing
flavin-C(4a)-hydroperoxide, the oxygen-activation mechanism of
GOX has been suggested to involve a pre-organized superoxide
anion-binding site [40,47]. Based on the AmPDH adduct structure,
one may conclude that there is definitely enough space in GOX to
accommodate this intermediate, ruling out space limitation as a
reason for lack of adduct formation in GOX.

active

An interesting observation is that 7mP20, which is capable of
both oxygen reactivity and flavin C(4a)-intermediate stabilization,
features a distance of ~4 A between the side-chain nitrogen atoms
of the catalytic pair, i.e., the N-IN distance (Table 2). This distance
is considerably shorter in the two sugar-oxidizing dehydrogenases
that are unable to react with oxygen (~3 A in PDH and CDH),
and longer in AnxGOX (~5 A), which reacts readily with oxygen
but does not form a C(4a)-flavin intermediate. It should be noted
that AgCHO also displays an N-N distance of about 4 A, but due
to the uncertain relevance of the crystallographically observed
adduct, we refrain from drawing any further conclusions regarding
this enzyme.

Although it is too early to speculate on the general
mechanistic significance of the N-N distance, undoubtedly, the
intimate association of these two active-site side chains in the
dehydrogenases leads to closer interaction not only with each
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other, but also with a hypothetical C(4a) adduct, however
without generating steric hindrance or clashes. This is confirmed
by the tight association of His512 Ne2 and His556 NJ1 atoms
with the C(4a)-oxygen species in AmPDH. At least for these
GMC flavoenzymes, the N-N distance probably needs to be
precisely controlled to offer the proper magnitude of interme-
diate stabilization needed for formation and decomposition of
the adduct. A long N-N distance would offer no or little
stabilization, whereas a very short distance would either abolish
adduct formation altogether, or provide too strong stabilization.
Clearly, electrostatic interactions [39,52], and space require-
ments [41,42] are likely to be of general importance for oxygen
reactivity and the oxygen reaction mechanism. At least in the
case of TmP20, which makes use of an oxygen-activation
mechanism that takes place via the collapse of a caged radical
pair to form the covalent flavin C(4a) intermediate that
eventually leads to HyOy elimination [37], the si-face partner
(Thr169) constitutes a structural determinant for flavin C(4a)
intermediate formation by stabilizing interactions at the flavin
N(5)/O4) locus [49]. A finely tuned interatomic distance
between the two nitrogen atoms of the catalytic pair at the re-
side of the N(5) locus may constitute an additional structural
determinant. Drawing on its close structural and functional
relationship to the sugar oxidases P20 and GOX, we anticipate
that future mutagenesis and kinetic analyses of AmPDH, GOX
and P20 will advance our understanding regarding oxygen
reactivity and oxygen activation for this group of GMC
oxidoreductases.

Materials and Methods

Expression and Purification

The pdhl gene from A. meleagris was heterologously expressed
in Pichia pastoris under control of the inducible AOX promoter,
and AmPDH was purified from the culture supernatant of a 60-
L fed batch cultivation in principle as previously described [53].
In short, the purification protocol is based on hydrophobic
interaction chromatography and anion exchange chromatogra-
phy. A final step of size exclusion chromatography on a
Superdex-75 column (GE Healthcare Life Sciences) equilibrated
with 100 mM KH,yPO,, pH 7.0 buffer containing 100 mM KCI
added to this published protocol to
impurities. Iractions containing AmPDH activity were pooled,
diafiltrated in 100 mM KHyPO, buffer (pH 7.0) and concen-
trated.

was remove minor

Re-oxidation of Reduced AmPDH

AmPDH is isolated mainly as the reduced enzyme. To generate
the oxidized enzyme, AmPDH was mixed with 1 mM 2,6-
dichlorophenol-indophenol (DCIP). The solution was centrifuged
at 15,000 rpm for 10 min to remove precipitation of DCIP, and
then passed through a gel-filtration column (Sephadex G25) pre-
equilibrated with 100 mM NaH,PO, (pH 7.5) to remove DCIP.

Activity of Oxidized AmPDH with 2- and 3-Fluorinated
Glucose as Electron Donor

To measure the reduction of AmPDH by fluorinated glucoses,
either 20 uM 3FG or 20 uM 2FG, was added to 20 uM oxidized
PDH in 100 mM NaH,PO,, pH 7.5 (prepared as above) in an
anaerobic cuvette at 25°C. Absorption spectra of the reduction

process were monitored at various intervals over a period of
1000 s.
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AmPDH Reactivity with Oxygen as Electron Acceptor

A solution of oxidized AmPDH (23 uM) was reduced with an
equal amount of D-glucose to generate the reduced enzyme, and
left at air-saturation ([Oy] =0.26 mM) for 15 hrs at 25°C.
Absorption spectra of the reduced PDH reacting with 0.26 mM
oxygen were recorded.

Deglycosylation and Crystallization

A concentrated preparation of 90 mg AmPDH (60 mg/ml) was
deglycosylated using a 30:1 mass ratio of AmPDH and Jack bean o-
mannosidase (Sigma-Aldrich®), specifically, 90 mg PDH and
3.1 mg (68 U) a-mannosidase. The reaction was performed in a
solution containing 50 mM sodium acetate (pH 5.5) and 0.4 mM
7ZnCly. The sample was incubated overnight at 37°C. Following
digestion, the sample was applied onto a Superdex-75 column (GE
Healthcare Life Sciences) in 50 mM HEPES (pH 6.5), 150 mM
NaCl. Fractions containing AmPDH were pooled, diafiltrated in
50 mM HEPES buffer (pH 6.5) and concentrated. The purified
protein was screened for crystallization under aerobic conditions
using Crystal Screen (Hampton Research). Good quality crystals
were obtained from formulation 42 with the addition of 2-methyl-
2,4-pentanediol (MPD) [50 mM KHyPO,, 5% MPD, and 20%
(w/v) polyethylene glycol 8,000], and microseeding. Prior to
vitrification in liquid nitrogen, crystals were transferred to a cryo
solution containing 50 mM KHyPO,, 5% MPD, 35% (v/w)
polyethylene glycol 8,000. The crystals belong to space group
P2,2,2, with one molecule in the asymmetric unit and cell
dimensions a=52.315 A, 56=75.170 A, ¢=140.212 A. Intensity
data were collected to 1.6 A resolution at beamline 1911-5
(2=0.90772 A), MAX-lab, Lund, Sweden. Data were processed
and scaled using the XDS package [54].

Crystallographic Phasing and Refinement

The AmPDH  structure was determined by molecular
replacement using the fully automated BALBES pipeline [55]
as implemented in CCP4 [56,57], starting with diffraction and
sequence data. Automated search model generation in BALBES
tested five template models: 2JBV, 1CF3, 1GPE, 1JU2, 1IKDG;
with sequence identities to PDH of 26.1, 27.0, 25.3, 25.3, and
21.5%, respectively. The best Q value after all model
calculations (0.5395) was obtained for 2JBV, which resulted in
a suggested structure of 82% probability of being correct. After
the integrated refinement with REFMACS [58], the initial R/
Ry values of 0.539/0.538 for this model decreased to 0.448/
0.491. Following structure solution, the resulting partially
refined model from BALBES was submitted for automated
model building using the online ARP/wARP web service [59]
available at the EMBL Hamburg website (http://www.embl-
hamburg.de/ARP). Automatic model building resulted in a
nearly complete model of 554 assigned residues (of 577) in eight
chains and R/Rp.. values of 0.225 and 0.269, respectively.
Refinement was performed using REFMACS [56,58], including
anisotropic scaling, calculated hydrogen scattering from riding
hydrogen atoms. Individual anisotropic B-factor refinement was
performed for all atoms. Atomic displacement parameter
refinement was performed using the translation, libration,
screw-rotation (TLS) model. Eight TLS groups were defined,
as determined by the TLS Motion Determination server,
TLSMD [60]. Rebuilding and model manipulation were done
using O [22] and Coot [61], guided by os-weighted 2F,~F, and
F—F, electron-density maps. Model validation was performed
using MolProbity [62]. The 5000 K simulated annealing omit
map shown in Fig. 7 was calculated using PHENIX [63]. Data
collection and model refinement statistics are given in Table 1.
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All pictures showing structures were generated with PyMOL™

[64] (DeLano Scientific LLC, www.pymol.org). The atomic
coordinates and structure factors (code 4H7U) for the AmPDH
model have been deposited with the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics, Rutgers
(http://www.rcsb.org).

Modeling of Substrates in the AmPDH Active Site

To rationalize the observed patterns of substrate selectivity
and regioselectivity for AmPDH [13], i silico modeling analyses
were performed using substrates for which 7 the relative activity
is >50% of the activity for D-glucose, and ¥ the site(s) of
oxidation have been determined. The modeled substrates are
shown in Iig. 1 and include: D-glucose, D-xylose, L-arabinose,
D-galactose, methyl-a-D-glucose, methyl-B-D-glucose, cellobiose,
maltose, and salicin [13,14]. Modeling was performed by
docking the individual substrates in the AmPDH active site
using the program O [22], and identifying possible hydrogen
bonds. The modeling was guided by the known binding modes
for C2 and C3 oxidation of D-glucose determined for 7mP20
(PDB code 3PL8 [6] and 2IGO [3], respectively). Protein-sugar
interactions were considered possible if appropriate hydrogen-
bond donor and acceptor atoms are present within a distance of
3.3 A. The coordinates for carbohydrate
retrieved using the HIC-Up database at Uppsala Software
Factory (http://xray.bmc.uu.se/ust/), or in the case of salicin,
generated from the published coordinates [65].

structures were

Supporting Information

Figure S1 Modeling of D-glucose in position for 1-, 2-, 3-
and 4-oxidation. The active site in AmPDH with D-glucose
modeled in orientation for oxidation at (a) C1, (b) C2, (c) C3, and
(d) C4. The protein is shown with beige carbon atoms, and the
FAD cofactor and sugars in yellow and green, respectively.

(TTF)

Figure S2 Modeling of D-xylose in position for 1-, 2-, 3-
and 4-oxidation. The active site in AmPDH with D-xylose
modeled in orientation for oxidation at (a) C1, (b) C2, (c) C3, and
(d) C4. The protein is shown with beige carbon atoms, and the
FAD cofactor and sugar in yellow and green, respectively.

(TIF)

Figure $3 Modeling of L-arabinose in position for 1-, 2-,
3- and 4-oxidation. The active site in AmPDH with L-
arabinose modeled in orientation for oxidation at (a) C1, (b) C2, (c)
C3, and (d) C4. The protein is shown with beige carbon atoms,
and the FAD cofactor and sugar in yellow and green, respectively.
(TIF)

Figure S4 Modeling of D-galactose in position for 1-, 2-,
3- and 4-oxidation. The active site in AmPDH with D-galactose
modeled in orientation for oxidation at (a) C1, (b) C2, (c) C3, and
(d) C4. The protein is shown with beige carbon atoms, and the
FAD cofactor and sugar in yellow and green, respectively.

(TIF)

Figure S5 Modeling of methyl-0-D-glucose in position
for 1-, 2-, 3- and 4-oxidation. The active site in AmPDH with
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methyl-o-D-glucose modeled in orientation for oxidation at (a) C1,
(b) C2, (c) C3, and (d) C4. The protein is shown with beige carbon
atoms, and the FAD cofactor and sugar in yellow and green,
respectively.

(TTF)

Figure S6 Modeling of methyl-f-D-glucose in position
for 1-, 2-, 3- and 4-oxidation. The active site in AmPDH with
methyl-B-D-glucose modeled in orientation for oxidation at (a) C1,
(b) C2, (c) C3, and (d) C4. The protein is shown with beige carbon
atoms, and the FAD cofactor and sugar in yellow and green,
respectively.

(TIF)

Figure S7 Modeling of cellobiose in position for 1-, 2-, 3-
5 2'-, 3'- and 4'-oxidation. The active site in AmPDH with
cellobiose modeled in orientation for oxidation at (a) C1, (b) C2, (c)
C3, (d) C2', (e) C3', and (f) C4'. The protein is shown with beige
carbon atoms, and the FAD cofactor and sugar in yellow and
green, respectively.

(TIF)

Figure S8 Modeling of maltose in position for 1-, 2-, 3-,
2'-, 3'- and 4'-oxidation. The active site in AmPDH with
maltose modeled in orientation for oxidation at (a) C1, (b) C2, (c)
C3, (d) C2', (e) C3', and (f) C4'. The protein is shown with beige
carbon atoms, and the FAD cofactor and sugar in yellow and
green, respectively.

(TIF)

Figure S9 Modeling of salicin in position for 1-, 2-, 3-
and 4-oxidation. The active site in AmPDH with salicin
modeled in orientation for oxidation at (a) C1, (b) C2, (c) C3, and
(d) G4. The protein is shown with beige carbon atoms, and the
FAD cofactor and sugar in yellow and green, respectively.

(TIF)

Table S1 Geometry of flavin C(4a) O-adducts in known
crystal structures.
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Table $2 Computational modeling of monosaccharides
in the AmPDH active site.
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Table S3 Computational modeling of disaccharides in
the AmPDH active site.
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Introduction

The flavoenzyme pyranose dehydrogenase (PDH, EC
1.1.99.29), a monomeric, extracellular fungal glycoprotein of
around 65 kDa, catalyzes the oxidation of a broad range of mono-,
oligosaccharides and glycosides at different sites to the corre-
sponding aldoketose or diketose derivatives. Dependent on the
sugar, the source of the enzyme and the reaction conditions, C-1,
C-2, C-3 and dioxidations at C-1,2, C-2,3 and C-3,4 can be
performed. Unlike the closely related enzyme pyranose 2-oxidase
(POx), PDH is unable to utilize Oy as an electron acceptor,
(substituted) quinones and complexed metal ions are used instead
(1].

PDH was first isolated from the edible basidiomycete Agaricus
bisporus and subsequently from other members of the Agaricaceae
family [2-6]. The fungus 4. meleagris was found to possess three
pdh-genes, with pdhl being transcribed in higher levels than pdh2
and pdh3, especially in stages of oxygen deprivation [7]. POx- and
PDH-encoding genes were found to occur mutually exclusive in
Basidiomycetes and have not been detected in one species. Wood-
degrading white rot fungi (e.g. Trameles sp., Phanerochacte sp.)
generally possess POx whereas PDH seems to be limited to the
mostly litter-decomposing fungi of the family Agaricaceae [3]. The
biological function of the enzyme is not clear, due to the narrow
range of electron acceptors one role of PDH could be the
reduction of reactive radicals and quinone compounds emerging
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during lignin decomposition to prevent their repolymerization and
protect the cell from damage [8-10].

Its substrate promiscuity renders the enzyme a promising
biocatalyst for the synthesis of high-value carbohydrate com-
pounds in the pharmaceutical-, cosmetic- and food industry
[5,6,11,12]. Removal of the (mostly) undesirable electron accep-
tors would increase costs of product purification significantly and
limit the application of PDH in industrial scale, especially for the
production of food ingredients. Despite the disadvantageous effects
of the produced hydrogen peroxide, an enzyme with the broad
sugar substrate specificity of PDH utilizing O, as a nonhazardous
electron acceptor could substantially simplify production process-
es.

The overall structure of PDH shows a typical p-hydroxybenzo-
ate hydroxylase (PHBH)-like fold that is shared by the members of
the glucose-methanol-choline (GMC) family of oxidoreductases
like POx, glucose oxidase (GOx) or cellobiose dehydrogenase
(CDH). PDH consists of a Rossman-domain where the FAD
cofactor 1s covalently bound and a substrate binding domain [13].

Several structural characteristics in flavoprotein oxidases
apparently contribute to oxygen reactivity, but a general
mechanism why a protein does or does not react with oxygen
remains unknown [14]. The chemistry of the reaction with oxygen
is believed to start with an initial electron transfer from the
reduced flavin to oxygen, which forms O," and flavin semiqui-
none. In flavoprotein oxidases an immediate second electron
transfer occurs, resulting in the reoxidized flavin and HyO,.
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Monooxygenases and certain oxidases like POx form a transient
C(4a)-(hydro)peroxyflavin intermediate [15,16]. In the recently
resolved crystal structure of PDH, such a C(4a) adduct is visible as
well. Although considered a radiation artifact, it shows that PDH is
able to form and stabilize such an adduct [13].

A protonated histidine in the active site of GOx was identified to
be crucial for the first and rate-limiting electron transfer step
[17,18]. Studies on other flavoprotein oxidases showed a positive
charge in the active site to be a general prerequisite [19]. Not only
amino acids, like a lysine in monomeric sarcosine oxidase [20], but
also a charged substrate like in choline oxidase can fulfill this
requirement [21]. Furthermore, a nonpolar site close to the flavin
Ci(4a) in addition to the positive charge seems to maximize these
electrostatic effects by desolvation of the active site [19,22]. The
accessibility of the active site through tunnels and channels is
another important aspect for oxygen reactivity [23-25]. All these
observations indicate that the microenvironment of the flavin,
especially of the C(4a)N5 locus, and subtle changes therein, are of
major Importance concerning oxygen reactivity [26].

For this reason a semi-rational approach using site-saturation
mutagenesis of twelve amino acids in the active site of A. meleagris
PDH (AmPDH) was chosen for this work. We show for the first
time the expression of site-saturation libraries of AmPDH in S.
cerevisiae and the high-throughput screening for increased oxygen
reactivity using an Amplex Red/horseradish peroxidase based
assay. Amino acid substitutions only at position H103 to tyrosine,
phenylalanine, tryptophan and methionine showed increased
oxygen reactivity. Variant H103Y was produced in 5 L scale
and partially characterized in order to gain further insight into the
oxygen reactivity of flavoproteins.

Material and Methods

2.1 Chemicals and vectors

All chemicals were of the highest purity available and purchased
from Sigma Aldrich (St. Louis, MO), Roth (Karlsruhe, Germany),
and VWR (Radnor, PA). Primers were from LGC genomics
(Vienna, Austria), restriction endonucleases, T4 DNA ligase and
phusion polymerase from Thermo Fisher Scientific Biosciences
(St. Leon-Rot, Germany). GoTaq polymerase was obtained from
Promega (Madison, WI). The uracil independent and ampicillin
resistance-encoding shuttle vector pYES2/CT and the Zeocin
resistance-encoding shuttle vector pPICZB were purchased from
Invitrogen (Carlsbad, CA).

2.2 Strains and media

P. pastoris strain X33 was purchased from Invitrogen, the
protease-deficient S. cerevisiae strain BJ5465 from LGC Promo-
chem (Barcelona, Spain) and Escherichia coli strain NEB5a from
New England Biolabs (Ipswich, MA). YPD plates contained 10 g
L' peptone, 20 g L™ yeast extract, 10 ¢ L™ D-glucose, 20 g
L~ " agar and 100 mg L.™" Zeocin. LB low salt medium contained
10 g L™" peptone from casein, 5 g L™" yeast extract, 5 g L™
NaCl and 25 mg L.”" Zeocin. Basal salts medium (Invitrogen) was
used for fermentation, containing 0.93 ¢ L™ calcium sulfate,
18.2 ¢ L' potassium sulfate, 14.9 g L' magnesium sulfate
heptahydrate, 4.13 g L™" potassium hydroxide, 40 g L™ ' glycerol,
26.7 mL 85% phosphoric acid and 4.35 mL PTM, trace salts per
liter. SC-dropout plates contained 1.92 ¢ L™' Y1501 (synthetic
dropout medium without uracil), 20 g L™ " agar, 100 mL L™" 20%
D-glucose, 100 mL L™ 10x YNB and 1 mL L™ chloramphen-
icol. For the preparation of the liquid medium (without agar), D-
glucose was replaced by raffinose. SG/R-CAA expression medium
[27] contained 5 g ™' casein hydrolysate, 9.67 g L.”" NaH,-
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P0O,.2H,0, 6.77 ¢ L' Na,HPO4.2H,0, 50 mL L™' 10x YNB,
100 mL ™" 20% D-galactose, 100 mL L.”' 20% raffinose and
5mL L' 20% D-glucose.

2.3 Construction of plasmids for expression in P. pastoris
and S. cerevisiae

The internal BamHI restriction site of the Agaricus meleagris pdhl
gene [7] in the vector pCR Blunt II TOPO (Invitrogen) pdhl was
removed by site-directed mutagenesis following the Dprl-method
[28] using the overlapping mutagenesis primers AmFw/AmRev
(Table S1). The PCR-product was purified from an agarose gel,
digested with Dpnl for 2 h at 37°C to degrade methylated
template-DNA, and 5 pL of the PCR product were transformed
into chemically competent E. coli NEB5o.. The presence of the
mutation was confirmed by sequencing. The pdil gene was then
amplified using the primer pairs AmApnlfw/AmXbalrev and
AmBamHIfw/AmNofrev. The purified product was digested with
the respective restriction endonucleases and ligated into the
equally treated vectors pPICZB and pYES2/CT, respectively.
The resulting plasmids pPICZB_AmPDH and pYES2/
CT_AmPDH were transformed into chemically competent E. coli
NEB5a (New England Biolabs), proliferated and stored at —20°C.

2.4 Heterologous expression of A. meleagris PDH in
S. cerevisiae

Plasmid pYES2/CT_AmPDH was transformed into S. cerevisiae
BJ5465 using the yeast transformation kit (Sigma) based on the
lithium acetate/ss-DNA/PEG method [29]. Transformed cells
were plated onto SC-dropout plates and incubated at 30°C for 4
days. Transformants were picked into 96-well deep-well plates
(Ritter, Schwabmiinchen, Germany) containing 200 uL. of SC-
dropout minimal medium. As a negative control, transformants
carrying the empty vector pYES2/CT were used (four wells per
plate in row 8). The plates were sealed with BreatheEasy
membranes (Diversified Biotech, Dedham, MA) to avoid evapo-
ration of the liquid. After 48 h incubation at 25°C and 365 rpm,
500 pL of SG/R-CAA expression medium were added to each
well, followed by seven days of incubation under the same
conditions.

2.5 Site saturation library construction

The plasmid pYES2/CT_AmPDH was used as a template for
site-saturation library generation using the overlap extension
method [30]. The codon NNK (N=A, G, C, or T and K=G or
T) was used to reduce the necessary library size to statistically
cover 99% of all possible substitutions [31]. A complementary pair
of inner primers was designed for each of the twelve selected
positions (Table S1) as well as a pair of outer primers producing
overlaps with the vector (RMLN-sense, RMLC-antisense [32]).
Two separate PCR reactions were carried out, producing
fragment 1 (RMLN-sense and mutagenic reverse-primer) and
fragment 2 (mutagenic forward-primer and RMLC-antisense).
The two fragments were fused in a third PCR-reaction with the
outer (RMLN-sense and RMLC-antisense) primers and the
purified PCR-product was transformed to S. cerevisiae BJ5465
together with the digested vector pYES2/CT (BamHI, Nod) for in-
vivo recombination in a 4:1 ratio. The variant libraries were
expressed as described above (section 2.4) for the wildtype enzyme
with some modifications: As a negative control two wells in row 8
were inoculated with S. cerevisiae transformed with the empty vector
pYES2/CT, three wells with S. cerevisiae transformants expressing a
cellobiose dehydrogenase (CDH) gene from AMpyriococcum thermo-
plalum [33] as a positive control for the Amplex Red oxygen
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screening assay and three wells with transformants expressing

wild-type AmPDH.

2.6 High throughput screening assay

One hundred pL of the culture were transferred to a sterile
96-well plate (Greiner, Kremsmiinster, Austria) and OD600 was
measured. After addition of 100 uL of 30% (v/v) glycerol the
plates were stored at —70°C as master plates. The remaining
cultures in the deep-well plates were centrifuged for 20 min at
3,000 rpm and room temperature and the screening assay was
performed with the supernatant. For each target position 352
clones were screened.

PDH dehydrogenase activity was determined with an assay
containing  2,6-dichloroindophenol (DCIP, &590=6.8 mM ™!
em™ ") and D-glucose. Fifty uL of the culture supernatant were
transferred from the deep-well plate to the 96-well screening plates
using the JANUS liquid handling workstation (PerkinElmer,
Waltham, MA). The reaction was started by addition of 150 pL
of the DCIP assay mixture (300 uM DCIP in 100 mM sodium
acetate buffer pH 4 containing 50 mM D-glucose) and the time-
dependant reduction of DCIP was followed at 520 nm with an
EnSpire plate reader (PerkinElmer). End-point measurements
were carried out after 2 h and 4 h incubation at 30°C and the
difference in absorbance (AAbs) was calculated in relation to wild-
type AmPDH. For calculation of the number of active clones all
clones with AAbs values higher than the negative controls for each
screening plate were considered active.

Oxygen reactivity was determined using a fluorimetric assay
based on detection of the hydrogen peroxide formed by PDH. N-
acetyl-3,7-dihydroxyphenoxazine (Amplex Red reagent) and
horseradish peroxidase react with hydrogen peroxide and produce
highly fluorescent resorufin [34,35] which was measured at
550 nm excitation and 587 nm emission wavelength. The assay
in 50 mM sodium phosphate buffer pH 7.4 contained 25 uM
Amplex Red reagent, 10 mM D-glucose, 0.1 U mL ™" horseradish
peroxidase and 100 pL. of culture supernatant. The screening
plates were incubated at 30°C for 5 h only in the presence of D-
glucose, end-point measurements of the fluorescence were carried
out immediately after addition of the Amplex Red reagent.

2.7 Rescreening

Aliquots of 5 pL of the best variants from the master plates were
used to inoculate 96-well deep-well plates containing 200 pLL SC-
dropout minimal medium. Five wells were inoculated per clone, in
row 6 positive and negative controls were included and the plates
were cultivated and screened as described in section 2.5. The
clones showing improved oxygen reactivity again were identified
by colony-PCR using Tag polymerase and the primers RMLN-
sense and RMLC-antisense and sequencing of the PCR-product
(LGC genomics).

2.8 Heterologous expression of H103Y variant in
P. pastoris

The mutation H103Y was introduced to the plasmid pPICZ-
B_AmPDH by site-directed mutagenesis as described in section
2.3 using the overlapping primers H103Yfw and H103Yrev. Prior
to transformation into electro-competent P. pastoris strain X33 the
plasmid was linearized with Pmel at 37°C for at least 2 h and
purified. Transformants were selected on YPD-Zeocin plates and
the integration of the gene was verified by colony PCR. PDH
variant H103Y was produced in a 7-L fermenter (MBR, Wetzikon,
Switzerland) with an initial volume of 4 L basal salts fermentation
medium and purified in a 3-step protocol as described before [6].
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Fractions of the highest purity were pooled, concentrated and
frozen in liquid nitrogen for storage at -30°C. Gel filtration pool 1
was used for all characterizations. Wild-type AmPDH protein was
produced and purified as described previously [36]. In contrast to
mutant H103Y, AmPDH 1s present in the reduced state after
purification, oxidized enzyme was generated according to [13]
except using a Superose 12 column (GE Healthcare, Chalfont St.
Giles, UK) and 50 mM potassium phosphate buffer pH 7.5
containing 150 mM NaCL

2.9 Enzyme assay, molecular properties

PDH activity was measured using the standard assay with
ferrocenium hexafluorophosphate as described before [6]. Protein
concentrations were determined using the method of Bradford
with a pre-fabricated assay (BioRad, Hercules, CA), SDS-PAGE
and enzymatic deglycosylation using PNGase I were carried out
as described previously [36].

Protein concentrations of the samples in the oxidized state were
adjusted to an absorbance at 450 nm of around 0.2 with 65 mM
sodium phosphate buffer pH 7.5 and an initial spectrum from 300
to 600 nm was recorded using a U-3000 spectrophotometer
(Hitachi, Tokyo, Japan). Precipitation was carried out by mixing
the double-concentrated protein solution with 10% (v/v) trichlor-
oacetic acid and 40% (v/v) acetone followed by an incubation on
ice for 10 min. The samples were centrifuged at 13,000 rpm for
5 min, spectra of the supernatants were recorded.

2.10 Steady-state kinetics

Apparent kinetic constants for the electron donors D-glucose,
D-galactose and lactose were measured using the standard assay
with ferrocenium. Kinetic constants for the electron acceptors
DCIP, 1,4-benzoquinone and ferrocenium hexafluorophosphate
were determined using 25 mM D-glucose as electron donor. The
observed data were fitted to the Michaelis-Menten equation and
kinetic constants were calculated by nonlinear least-squares
regression (Sigma Plot 11, Systat Software, Chicago, IL). Turnover
numbers (k.,,) and catalytic efficiencies (k.../A.,) were calculated
using the molecular mass.

2.11 O, reactivity

The oxygen reactivity of the purified enzymes was determined
using a fluorimetric assay with Amplex Red/horseradish perox-
idase as described in section 2.6 with some modifications. The
assay was carried out in black 96-well plates using 0.5 mg mL ™" of
the purified enzymes, 50 uM Amplex Red, 25 mM D-glucose,
0.1 U mL™" horseradish peroxidase and 50 mM sodium phos-
phate buffer pH 7.4. The increase in fluorescence of the wild-type,
variant H103Y, two negative controls (assay without enzyme and
assay without D-glucose) and an internal standard (2.5 uM
hydrogen peroxide) was measured over 60 minutes and the slope
per minute was determined. A calibration curve with hydrogen
peroxide standards was prepared (Fig. S1) containing 50 pM
Amplex Red, 50 mM sodium phosphate buffer pH 7.4 and
hydrogen peroxide concentrations from 0-5 uM. Oxygen activity
was calculated via the formed hydrogen peroxide per minute and
milligram of enzyme by fitting the curve and solving the 3-
parameter logarithmic equation.

Results and Discussion

3.1 Expression of PDH in S. cerevisiae

The production of PDH from its native host organism Agaricus
sp. 1s laborious and time-consuming [4,5]. Therefore several
attempts for heterologous expression of PDH in different
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organisms like Aspergillus sp. [37], E. coli and P. pastoris [36] were
made. Due to glycosylation and solubility issues, PDH could only
be sucessfully expressed in eukaryotic systems with P. pastoris being
the host of choice for large-scale fast and efficient protein
expression [36]. For protein engineering and mutagenesis,
different requirements have to be considered. Expression of pdhl
in P. pastoris using the constitutive GAP promoter yielded only low
amounts of recombinant protein (our unpublished information),
and using the strong inducible A40X! promoter requires repeated
feeding with methanol, which is a cumbersome and contamina-
tion-prone procedure. Furthermore, vectors available for P. pastoris
are integrated into the genome, vyielding significantly fewer
transformant colonies [38]. S. cerevisiae can maintain and replicate
plasmids and is therefore the most commonly used eukaryotic
organism for extensive mutagenesis studies [39]. In addition to
higher transformation efficiencies, S. cerevisiae is able to perform -
viwo overlap-recombination of the vector and a library of inserts,
which facilitates fast and simple library construction [40].
Therefore the expression of A. meleagris pdhl in S. cerevisiae under
the control of the GALI promoter in the vector pYES2/CT was
established. The native signal sequence of PDH was used for
expression in S. cerevisiae, as this was successful in other eukaryotic
host organisms as well. With a combination of SC-dropout
minimal medium as preculture medium to grow the cells to a
uniform density and the SG/R-CAA expression medium contain-
ing the inducer D-galactose, activity levels high enough to
sufficiently distinguish between active and inactive variants could
be reached.

3.2 Site-saturation mutagenesis library construction and
high-throughput screening

According to the crystal structure of 4. meleagris PDH (PDB code
4H7U) twelve amino acids immediately surrounding the flavin
1soalloxazine Ci(4a), the site of oxygen activation in flavoenzymes
[14,19,41], and interacting with carbohydrate substrates in
docking experiments [13] were targeted for site-saturation
mutagenesis. Positions T102, H103, N104, G105, M106, Q392,
5509, Y510, V511, H512, H556 and Q558 were selected (Fig. 1),
and 352 clones were screened per position. Standard PDH activity
was monitored with a DCIP-based assay and the libraries were
screened for increased oxygen reactivity with an Amplex Red/
horseradish peroxidase-based assay via the formed hydrogen
peroxide. While the two catalytic histidines H512 and H556 are
supposed to play an important role in the interaction of PDH with
the sugar substrate and act as catalytic bases, H103 is the amino
acid where the FAD cofactor is covalently bound to [13,42].
Substitution of these three histidines resulted in the highest
number of inactive variants in the screening using the DCIP/D-
glucose assay with only 7.4% (H512), 20.7% (H556) and 7.1%
(H103) active clones (Fig. 2), suggesting essential functions for
these amino acids. Due to appropriate distances and hydrogen
bonding interactions with the sugar both H512 and H556 showed
the ability to act as catalytic base in molecular dynamics
simulations of the interaction of AmPDH with D-glucose [42].
Graf and coworkers concluded that the two histidines could have
similar roles to H502 and H546 in aryl-alcohol oxidase (AAO)
[43], the GMC family member that shows the highest structural
similarity to PDH, where H502 (H512 in PDH) is of higher
importance for catalysis than H546 (H556 in PDH). This is
reflected in the number of active variants with 7.4% for H512,
which may all be represented by the wild-type amino acid, and
20.7% for H556. In Trametes multicolor POx, the equivalent of H556
is N593, indicating that asparagine can fulfill the same or similar
functions at this position [44]. It is noteworthy that for H556 no
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variant with increased oxygen reactivity could be identified. In
contrast, a mutation of the corresponding position N700 in
Mpyriococcum thermophilum CDH to serine led to higher hydrogen
peroxide production [33]. This illustrates that the generation of a
favorable micro-environment for oxygen reactivity around the
flavin C(4a)N5 locus is complex and cannot readily be achieved
with single amino acid exchanges. All other amino acid positions
showed a number of active variants higher than 50% except for
N104 (28.7%) and G105 (47.3%). The highest variety of amino
acids was tolerated at position T102 and V511 with more than
80% active clones. For position T102 this finding is not surprising
as the side chain is pointing away from the FAD isoalloxazine but
V511 occupies a prominent position in the active site, next to the
catalytic histidine H512 (Fig. 1). Molecular dynamic simulation
detected hydrogen bonding interaction of the sugar substrate with
V511 but only with the backbone and not with the side chain [42].
This could be an explanation for the high tolerance for
substitution of this very central amino acid position.

Variants with at least the two-fold oxygen reactivity of the wild-
type were chosen for the rescreening. When the increased oxygen
reactivity was confirmed in the rescreening, the amino acid
exchange was identified by sequencing. All sequenced variants
showed a substitution of the amino acid H103 to tyrosine,
phenylalanine, tryptophan and methionine and an increase in
oxygen reactivity of 2.0-2.6-fold in the screening compared to the
wild-type AmPDH. These four amino acids have in common that
they are all large to very large, aromatic (except for methionine),
uncharged and (rather) hydrophobic [45]. All substitutions were
encoded by all possible codons, a confirmation for the reliability of
the mutagenesis technique. Due to the fact that the substitution to
tyrosine was the most abundant and showed the highest increase
in oxygen reactivity, variant H103Y was chosen for further
characterization.

3.3 Large scale protein production and purification of
PDH variant H103Y

P. pastoris was chosen for the larger scale production of variant
H103Y [36]. Variant HI103Y was produced by site-directed
mutagenesis and plasmid pPICZB_H103Y was transformed to

Figure 1. PDH active site. The covalently bound FAD cofactor is
shown in yellow, the mutated amino acid positions (green) and HIS103
(red) are highlighted. The image was created using PyMOL (PDB code
4H7V), for clarity a few amino acids were omitted.
doi:10.1371/journal.pone.0091145.g001
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Figure 2. Active clones (in %) of site-saturation mutagenesis
target positions. Activity was determined using a screening assay
containing 0.3 mM DCIP and 50 mM D-glucose in 100 mM sodium
acetate buffer pH 4 at 30°C. Libraries were expressed in S. cerevisiae. wt:
wild-type A. meleagris PDH.

doi:10.1371/journal.pone.0091145.g002

competent P. pastoris X33 cells. A colony-PCR-verified clone of
variant H103Y was used for large-scale protein production in a 7-
L aerated and stirred bioreactor. During cultivation wet biomass,
extracellular protein concentration and volumetric activity were
monitored by taking samples in regular time intervals (Fig. 3). A
level of wet biomass of 217 ¢ L' could be obtained after the
glycerol batch and fed-batch phase. The fermentation lasted for
163 h in total and a wet biomass of 405 g L™, 0.45 mg mL ™"
extracellular protein concentration and 0.13 U mL ™" of volumet-
ric PDH activity were reached at time of harvest. The
recombinant protein was purified in a 3-step protocol to apparent
homogeneity, a hydrophobic interaction chromatography step was
followed by anion exchange chromatography and a final gel
filtration step (Table 1). The purified protein showed a bright
yellow color, gel filtration pool 1 represents the purest enzyme
preparation with a yield of 34% which was used for all further
analyses. Together with the second pool 70% of the enzyme
activity could be recovered. Recombinant wild-type AmPDH was
produced in 60 L scale and purified as described in [36].

3.4 Molecular properties

Both the recombinant wild-type AmPDH and variant H103Y
showed a broad smear around 90 kDa on SDS-PAGE (Fig. 4).

Table 1. Purification of PDH variant H103Y.
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Figure 3. Large scale production of PDH variant H103Y in P.
pastoris. Fermentation was carried out in a 7 L aerated and stirred
bioreactor with 4 L starting volume of basal salts cultivation medium.
Circles, wet biomass; squares, extracellular protein; diamonds, volumet-
ric activity.

doi:10.1371/journal.pone.0091145.g003

Deglycosylation with PNGase I under denaturing conditions
reduced the mass of both enzymes to around 64 kDa, which gives
a degree of glycosylation of around 30%. This value is in good
agreement with other PDH glycoproteins produced so far in P.
pastoris [6,36]. The high degree of glycosylation is due to the
additon of glycans of the high-mannose type by the yeast [46]. The
molecular properties of the mutant appear unchanged in SDS-
PAGE compared to the wild-type.

The mutation of H103 to a tyrosine raised the question whether
the FAD-cofactor was still covalently attached to the enzyme. The
proteins were precipitated with 10% TCA and 40% acetone and
spectra of the protein solution before and the supernatant after the
treatment were recorded (Fig. 5). Due to the colorless supernatant
lacking the flavin peak and the bright yellow protein pellet it could
be clearly seen that the wild-type protein did not release the
covalently bound FAD. Precipitation of variant H103Y resulted in
a bright yellow supernatant with a spectrum typical for free FAD
and a colorless protein precipitate. In none of the purification steps
described above yellow fractions without PDH activity could be
found, confirming that the mutant did not lose FAD during
purification. When stored at 4°C, the activity of the mutant
remained stable over several weeks, otherwise this would be a sign
for weak incorporation of the FAD cofactor. These findings
indicate that the variant H103Y carries a tightly but non-
covalently bound FAD cofactor.

Comparing the spectra of the unprecipitated proteins, a shift
towards blue (hypsochromic shift) of the second flavin peak
(around 370 nm) can be observed for the wild-type enzyme. This

Purification step Total protein Total activity Specific activity Purification Yield
[mg] [v] [Umg "] [-fold] [%]
Crude extract 1440.5 1746.2 1.21 1.00 100
Phenyl sepharose 407.4 1582.2 3.88 3.21 91
DEAE sepharose 209.1 1268.0 6.06 5.01 73
Gel filtration pool 1 31.3 597.6 19.09 15.78 34
Gel filtration pool 2 49.4 635.7 12.88 10.64 36

doi:10.1371/journal.pone.0091145.t001
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Figure 4. SDS-PAGE. Recombinant A. meleagris PDH and variant
H103Y were expressed in P. pastoris and purified in a two- and three-
step protocol. M, molecular marker (Precision Plus Protein Standard,
BioRad); 1, wild-type AmPDH; 2, wild-type AmPDH deglycosylated
(PNGase F); 3, AmPDH variant H103Y; 4, AmPDH variant H103Y
deglycosylated.

doi:10.1371/journal.pone.0091145.g004

is typical for an 8a-modified FAD in contrast to the unmodified
cofactor of variant H103Y [47]. A covalent bond formation in
PDH specific for (the N3 of) H103 can be concluded, which is not
possible with a tyrosine at this position. A similar observation was
made for vanillyl-alcohol oxidase (VAO) [48].

3.5 Steady-state kinetics

To examine the effect of the mutation, steady-state kinetics for
electron donors were determined using ferricenium as the electron
acceptor (Table 2). Catalytic efficiencies (ke./An) for the
monosaccharides D-glucose and D-galactose are around eight-
fold lower for variant H103Y compared to the wild-type due to
higher A,,-values and lower turnover numbers (k.,,). The mutation
also decreased the catalytic efficiency for the disaccharide lactose
about three-fold, indicating a negative effect of the mutation on
sugar substrate turnover. A disruption of the covalent FAD-linkage
leads in most cases to a decrease in reduction potential of the
mutant and therefore impaired substrate-mediated flavin reduc-
tion [48-50]. AmPDH has a relatively high midpoint potential of
+150 mV [51], it is very likely that non-covalent mutant H103Y

with 0.2 mM ferricenium as electron acceptor at 30°C.
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Figure 5. TCA/acetone precipitation of wild-type AmPDH and
variant H103Y. Precipitation was carried out using 10% TCA and 40%
acetone on ice, spectra of the oxidized proteins before (solid lines) and
the supernatants after precipitation are shown (dashed lines).
doi:10.1371/journal.pone.0091145.g005

exhibits a lower potential. A detailed electrochemical character-
ization of the mutant H103Y is a matter of ongoing studies.
Kinetic constants for electron acceptors were measured with
25 mM D-glucose as the electron donor (Table 3). Catalytic
efficiencies of variant H103Y for electron acceptors other than
oxygen are generally lower compared to the wild-type protein. FFor
ferrocenium hexafluorophosphate and DCIP variant H103Y
showed a lower Kj,-value (higher affinity) but also a lower
turnover number (k) than the wild-type AmPDH. Catalytic
efficiencies are reduced around three- and two-fold for these

Table 2. Apparent kinetic constants of recombinant A. meleagris PDH and variant H103Y for selected electron donors, determined

AmPDH? H103Y
Km kcat kcat/ Km Km kcat kcat/ Km
[mM] sl MM~ s [mM] s MM~ s
D-glucose 0.69:0.09 37.8%1.1 54.8 3.85*+0.35 27.4*0.5 71
D-galactose 1.07*+0.13 47.3*3.0 44.2 5.29+0.39 289*2.1 5.5
Lactose 128*£11.9 41.0%8.1 0.32 395.90*+16.27 247*04 0.1
Data from [36].
doi:10.1371/journal.pone.0091145.t002
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Table 3. Apparent kinetic constants for selected electron acceptors and oxygen reactivity of recombinant A. meleagris PDH and
variant H103Y, determined with 25 mM D-glucose as electron donor at 30°C.

AmPDH H103Y
Ken keat keat Kim K keat keat! Kn
[mM] s mM " s77] [mM] s mM's7]
Fc*PFs (pH 8.5) 0.16+0.04° 130+£11° 8125 0.10%0.01 26.0+0.9 260.0
1,4-BQ (pH 4) 1.38+0.28° 65.4+55° 474 3.64+0.47 13.6+1.1 4.0
DCIP (pH 4) 0.14+0.01 40.7+4.1 290.7 0.02+0.01 28+0.5 140.0
0, [UM min~" mg™"] 0.095+0.003 0.500+0.033

“Data from [36].
doi:10.1371/journal.pone.0091145.t003

electron acceptors whereas 1,4-benzoquinone showed a nearly
twelve-times reduced catalytic efficiency, due to a higher A -value
of variant H103Y for 1,4-benzoquinone.

Oxygen reactivity was assessed indirectly via the formed
hydrogen peroxide in the Amplex Red/horseradish peroxidase
fluorimetric assay. To calculate the amount of HyOs, a calibration
curve was established and a 3-parameter logarithmic function
(y =y0+a*In(x—x0)) turned out to give the best fit (R*=0.999).
The standard curve showed a slight offset due to background
fluorescence (Fig. S1). Wild-type AmPDH produced 0.095 pM of
hydrogen peroxide per mg enzyme and minute whereas variant
H103Y produced 0.500 uM per mg and minute, representing a
5.3-fold increase in oxygen reactivity (Table 3, Fig. 6). As the
fluorimetric assay of the protein samples did not start with
identical RFU values (depending on sample handling times and
“dead time” of the plate reader), the slope per minute was used for
the calculation of the formed hydrogen peroxide. The calibration
curve is not linear and flattens off towards higher hydrogen
peroxide concentrations, therefore the more than five-fold increase
in oxygen reactivity cannot be directly estimated from Figure 6.
Due to the still low reactivity of PDH with oxygen, catalytic
constants (A, kea) could not be determined.

Figure 6. Oxygen reactivity of wild-type AmPDH and variant
H103Y. Oxygen reactivity was determined using an Amplex Red/
horseradish peroxidase based assay. The assay contained 0.5 mg/mL of
the purified enzyme, 50 uM Amplex Red, 25 mM D-glucose, 0.1 U mL™!
horseradish peroxidase and 50 mM sodium phosphate buffer pH 7.4.
Error bars represent the standard deviation of three repeats.
doi:10.1371/journal.pone.0091145.g006
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Position H103 is located on the si-side of the flavin isoalloxazine
and covalently links the cofactor to the enzyme. A disruption of
this covalent bond could lead to an altered arrangement of the
FAD isoalloxazine in the active site and create more space or form
channels to facilitate Oy diffusion. In a study of Hernandez-Ortega
and coworkers [52], the replacement of a phenylalanine located in
a narrow oxygen channel of AAO by alanine decreased oxygen
reactivity substantially. A substitution with an even bulkier
tryptophan resulted in a two-fold increase, suggesting that volume
restrictions as determinants of oxygen reactivity should be viewed
with care. Only mostly unpolar, uncharged residues (tyrosine,
phenylalanine, tryptophan and methionine) were found replacing
H103 in oxygen-active clones. This points towards the importance
of a nonpolar site near the flavin C(4a), as observed for choline
oxidase [22]. As already mentioned in the introduction, in the
recently published crystal structure of AmPDH, a C(4a)-adduct on
the si-side of the isoalloxazine was observed. This observation
shows that AmPDH is able to stabilize this oxygen species which is
tightly coordinated by the catalytic histidines H512 (Ne2) and
H556 (N&1). The distance between this catalytic pair is shorter in
AmPDH (3.5 A) than in TmPOx (4.2 A), which was found to
show a physiological C(4a) adduct [13,16]. The shorter distance
might lead to an “overstabilization” of the C(4a)-hydroperoxide
and limit oxygen reactivity in wild-type AmPDH, the non-
covalently bound FAD in AmPDH HI103Y variant could create
more space and lead to a destabilizing effect, therefore increase
oxygen reactivity. Crystallographic data of mutant H103Y would
be of interest to support this hypothesis. In summary, the study
provides a starting point for engineering efforts with PDH and
valuable insight on the catalytic importance of the amino acid
environment surrounding the FAD cofactor of PDH. The large
distance of position H103 to the C(4a) and the lack of a crystal
structure of the H103Y variant make providing a rationale for the
increased oxygen reactivity challenging. Further engineering
attempts and studies towards increased or altered oxygen reactivity
of PDH and other flavoproteins will be required.

Supporting Information

Figure S1 Calibration curve HyO, Amplex Red assay.
The curve was fitted with a 3-parameter logarithmic function
(y = yO+a*In(x-x0)). The assay contained the indicated concentra-
tion of hydrogen peroxide, 50 uM Amplex Red, 0.1 U mL™"
horseradish peroxidase and 50 mM sodium phosphate buffer
pH 7.4. Error bars show the standard deviation of six repeats.

(TIF)
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restriction or mutagenesis are indicated in bold letters. N=A, T,
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1,6x105
1,4x105 A
1,2x10° A

10% A

RFU

8,0x10% A
6,0x10% 1
4,0x10* A
2,0x104 A

0
0 1 2 3 4 5

H,0, [uM]

Figure S1. Calibration curve H,O, Amplex Red assay. The curve was fitted with a 3-
parangter logarithmic function (y = yO+a*In(x-x0)). The assay contained the indicated
concentration of hydrogen peroxide, 50 pM Amplex Red, 0.1 U'thbrseradish peroxidase
and 50 mMsodium phosphate buffer pH 7.4. Error bars show the standard deviation of six

repeats.
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Table S1: Nucleotide sequences of the primers. Sites of restriction or mutagenesis are

indicated in bold letters. N=A, T, G, C; K=G, T.

Name Sequence 5’ — 3’

AmKpnlfw CATAGGGTACCATGCTGCCTCGAGTGACCA
AmBamHIiw | ATTAA GGATCCATGCTGCCTCGAGTGACCA
AmXbarev CGTGA CTAGATTAGTTATAACTCTTTG
AmNotlrev CGTGWGCGGCCGCTTAGTTATAACTCTTTG
AmFw CCTTCGAGTGGCAAGAATTCACCACATATT
AmRev CACTCGAAGGSTCCTGTCCGTTCAGTTTG
AmT102fw | CCTGGGTGGCTGCAGNNKCATAATGGAATGGTG
AmT102rev | CACCATTCCATTAT@AINNACTGCAGCCACCCAGG
AmH103fw | GTGGCTGCAGTACNNKAATGGAATGGTGTAC
AmH103rev | GTACACCATTCCATMNNAGTACTGCAGCCAC
AmN104f GCTGCAGTACTCANNKGGAATGGTGTACACCCG
AmN104rev | CGGGTGTACACCATTCUMNNATGAGTACTGCAGC
AmG105fw | GCAGTACTCATAATMNNKATGGTGTACACCCGAG
AmG105rev | CTCGGGTGTACACCAMNNATTATGAGTACTGC
AmM106fw | GTACTCATAATGGANNKGTGTACACCCGAGGTT
AmM106rev | AACCTCGGGTGTACABGINNTCCATTATGAGTAC
AmQ392fw | CCACATATTGAGTTANNKTTTGCACAAATCACC
AmQ392rev | GGTGATTTGTGCAAMNNGAACTCAATATGTGG
AmS509fw | GCGATCTTCAACATTAINKTACGTGCATGGTGT
AmS509ev ACACCATGCACGTMNNGAATGTTGAAGATCGC
AmY510fw | CTTCAACATTCTCANNKGTGCATGGTGTGGG
AmY510rev | CCCACACCATGCAMNNTGAGAATGTTGAAG
AmV511fw | CAACATTCTCATACNNKCATGGTGTGGGAACG
AmV511lrev | CGTTCCCACACCATMNNGTATGAGAATGTTG
AmH512fw | CATTCTCATACGTANNKGGTGTGGGAACGTTG
AmH512rev | CAACGTTCCCACACMINNCACGTATGAGAATG
AmH556fw | CATGCTCCGGCCGCANKACTCAACTACCTGT
AmH556rev | ACAGGTAGTTGAGMNNTGCGGCCGGAGCATG
AmQ558fw | GGCCGCACACACNNKCTACCTGTTTACGCA
AmQ558rev | TGCGTAAACAGGTAGBINNAGTGTGTGCGGCC
H103Yfw AATGGAATGGTGTACACCCGAGGTTC

H103Yrev CCATTCCATRATAAGTACTGCAGCCACCCA
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Abstract

Pyranose dehydrogenase (PDH) is a monomeric flavoprotein belonging to the glucose-
methanol-choline (GMC) family of oxidoreductases. It catalyzes the oxidation of free, non-
phosphorylated sugars to the corresponding ketosugars. The enzyme harbours an FAD

cofactor that is covalently attached to His'®

via an 8a-N(3) histidyl linkage. Our previous
work showed that variant H103Y was still able to bind FAD (non-covalently) and perform
catalysis but steady-state kinetic parameters for several substrates were negatively affected. In
order to investigate the impact of the covalent FAD attachment in Agaricus meleagris PDH in
more detail, pre-steady-state kinetics and stability of variant H103Y in comparison to the
wild-type enzyme were probed using a broad set of techniques. Stopped flow analysis
revealed that the mutation slowed down the reductive half-reaction by around three orders of
magnitude whereas the oxidative half-reaction was affected only to a minor degree. No
alterations in the secondary structure composition could be observed due to the mutation. The
existence of an anionic semiquinone radical in the resting state of both the wild-type and
variant H103Y was demonstrated using electron paramagnetic resonance (EPR) spectroscopy
and suggested a higher mobility of the cofactor due to the non-covalent linkage in the variant
H103Y. Temperature-mediated and chemical unfolding showed significant negative effects of
the disruption of the FAD bond on thermal and conformational stability. Our results support

the role of the covalent FAD linkage in increasing the reduction potential as well as thermal

and conformational protein stability.

Keywords

pyranose dehydrogenase; covalent flavinylation; FAD; thermal stability; conformational

stability; semiquinone radical
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Introduction

Pyranose dehydrogenase (PDH, EC 1.1.99.29) is a monomeric FAD-dependent
oxidoreductase and member of the glucose-methanol-choline oxidase (GMC) family. The
glycoprotein is around 75 kDa in size and was first isolated from the edible basidiomycete
Agaricus bisporus [1]. It catalyzes the oxidation of free, non-phosphorylated sugars at
different C-atoms to the corresponding keto-derivatives. PDH is unable to utilize oxygen,
suitable electron acceptors include ferrocenium hexafluorophosphate, ABTS™, 1,4-
benzoquinone or 2,6-dichloroindophenol (DCIP). The biological role of the enzyme is not
entirely clear, a participation in lignocellulose degradation or the defense against

antimicrobial substances produced by plants seem plausible [2].

An estimated 10 % of all flavoproteins carry a covalently bound cofactor [3]. Pyranose
dehydrogenase is one of these rare examples, like the closely related enzyme pyranose 2-
oxidase (POXx). The two proteins possess the most common type of covalent FAD-linkage, the
8a-histidyl-FAD, connected via the N3 of histidine 103 (PDH) and 167 (POXx) [4, 5]. Another
possibility of a covalent FAD-linkage, 8a-S-cysteinyl-FAD, is not very widespread. The
extremely rare 8a-O-tyrosyl linkage was only found in p-cresol methylhydroxylase and 4-
ethylphenol methylene hydroxylase [6, 7]. A double-covalent linkage, the 8a-N1-histidyl-6-S-
cysteinyl-FAD, was first described in 2005 in the enzyme glucooligosaccharide oxidase [8].
All bicovalent flavoproteins characterized so far belong to the so-called VAO (vanillyl-

alcohol-oxidase) family [9].

The formation of the FAD-linkage is believed to mostly occur as an autocatalytic post-
translational reaction. The covalent incorporation of the FAD cofactor seems to be possible
after folding of the protein in a lock-and-key manner, as shown in VAO and monomeric
sarcosine oxidase (MSOX) [10-12]. Recently, a protein was discovered which is required for

the covalent flavinylation of a bacterial flavoprotein controlling succinate dehydrogenase
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activity [13]. By looking at the fold or the sequence of a flavoprotein, one cannot predict a
covalent or non-covalent linkage. Interestingly, the majority of flavoproteins carrying a
covalently linked cofactor are oxidases, which may be explained by the higher reduction
potential due to the covalent linkage and the resulting limitation of suitable electron acceptors
other than dioxygen [3]. However, PDH as a flavoprotein dehydrogenase with a covalently
linked cofactor and a very high midpoint potential of +150 mV seems to be an exception to

this observation [14].

The removal of the covalent FAD-bond in POx, also a member of the GMC
flavoprotein family, resulted in a tightly, but non-covalently bound FAD. Mutant H167A
showed a decreased turnover rate and lower reduction potential, but no significant structural
changes were observed [15]. A. meleagris PDH variant H103Y was recently found in a
screening of twelve site-saturation mutagenesis libraries of amino acids around the active site
to show increased oxygen reactivity. The FAD-cofactor was shown to be bound in a tight, but
non-covalent manner. Steady-state kinetics showed that the mutation decreased the catalytic
efficiencies towards sugar-substrates as well as electron acceptors by around one order of

magnitude [16].

In this study, the PDH variant lacking the covalently linked FAD-cofactor (H103Y)
was used to investigate the effect of the non-covalent linkage on catalysis and stability of the
protein in more detail. Applied methods included electron paramagnetic resonance (EPR)-,
stopped-flow-UV-vis and electronic circular dichroism (ECD)-spectroscopy as well as
unfolding experiments by using fluorescence spectroscopy and differential scanning

calorimetry (DSC).
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Materials and methods
Materials

All chemicals were purchased from Sigma Aldrich (St. Louis, MO), Roth (Karlsruhe,
Germany) or VWR (Radnor, PA). Pichia pastoris strain X-33 and Zeocin-resistance encoding
shuttle vector pPICZB were from Invitrogen (Carlsbad, CA). Escherichia coli strain NEB5a

was from New England Biolabs (Ipswich, MA).

Site-directed mutagenesis, protein expression and purification

Preparation of plasmids, recombinant expression in P. pastoris and purification of
pyranose dehydrogenase from A. meleagris (AmPDH) and variant H103Y were described in

Sygmund et al. 2012 [17] and Krondorfer et al., 2014 [16].

Enzymatic activity

PDH activity was determined using the standard assay with ferrocenium
hexafluorophosphate and D-glucose at 30 °C as described before [18]. pH optima of AmMPDH
and variant H103Y were measured from pH 2.5-6 (100 mM citrate buffer), pH 6-8 (100 mM
phosphate buffer) and pH 8-10 (100 mM borate buffer). Protein concentrations were
determined using the method of Bradford with a pre-fabricated assay (BioRad, Hercules, CA)
or photometrically with a U-3000 spectrophotometer (Hitachi, Tokyo, Japan) using the
absorbance at 280 nm and the molar absorption coefficients (&ampon=67,840 Miem™:

€H103YAmPDH=69,330 M'lcm'l).
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Electronic circular dichroism spectroscopy

Far UV electronic circular dichroism (ECD) spectra of the wild-type and the mutant
enzyme were recorded using a Chirascan CD Spectrophotometer (Applied Photophysics,
Leatherhead, UK) in the wavelength range from 180 to 260 nm. The instrument was flushed
with nitrogen, the pathlength was 1 mm, spectral bandwidth was set to 3 nm and the scan time
per point to 10 s. The protein concentration of both samples was adjusted to 8 uM using 50

mM sodium phosphate buffer, pH 7.5.

Electron paramagnetic resonance (EPR) spectroscopy

Electron paramagnetic resonance (EPR) measurements were carried out on a Bruker
EMX continuous wave (cw) spectrometer, operating at X-band (9 GHz) frequencies,
equipped with a high sensitivity resonator. EPR measurements were carried out using 50 ul of
wild-type AmPDH (650 uM) or H103Y AmPDH (1000 pM). The solutions were transferred
into 50 pul capillary tubes (Blaubrand, Wertheim, Germany) for EPR measurements at room
temperature. EPR spectra were recorded using 2 mW microwave power (MWP), 100 kHz
modulation frequency (MF), 0.5 mT modulation amplitude (MA), 41 ms conversion time
(CT), 41 ms time constant (TC) and 1024 points. Simulations of EPR spectra were conducted
using the software EasySpin [19] and g-values are expressed relative to

diphenylpicrylhydrazyl (DPPH) (g = 2.0036), which was used as an external standard.

Stopped-flow spectroscopy

Pre-steady-state kinetics of the oxidative and reductive half-reaction were studied
using an Applied Photophysics SX20 (Leatherhead, UK) stopped-flow instrument with diode
array and photo-multiplier (PMT) detection. All measurements were conducted in 65 mM

sodium phosphate buffer, pH 7.5, using 20 uM of enzyme for the measurements with PMT
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and 40-60 uM for the diode array prescans in the single mixing mode. Reduced/oxidized
enzyme was obtained using 1.2 equivalents of D-glucose/ferrocenium hexafluorophosphate as
the wild-type AmPDH was present in the reduced state after purification and the mutant in the
oxidized state. For the oxidative half-reaction, different concentrations of ferrocenium were
used (25-300 pM). The reduction of the FAD was studied by addition of D-glucose (0.1-5
mM). All concentrations are given after mixing. Time traces at 462 nm were fit to a single
exponential function using the Pro Data Viewer Software (Applied Photophysics), standard
deviation was calculated from at least 3 measurements. Obtained kqns-values were plotted
against the substrate concentration and the apparent bimolecular rate constant (Kapp) was

obtained from the slope.

Differential scanning calorimetry (DSC)

DSC measurements were conducted as described in Hofbauer et al., 2012 [20] using
16 uM of AmPDH and variant H103Y in 65 mM sodium phosphate buffer, pH 7.5. For data
analysis and conversion the Microcal Origin 7.0 software was used. Heat capacity (Cp) was
expressed in kcal mol® K™ (1 cal = 4.184 J). Data points were fitted to non-two-state
equilibrium-unfolding models by the Lavenberg/Marquardt (LM) non-linear least square

method.

ThermoFAD

Unfolding of the proteins was also followed by the increased emission of fluorescence
of the FAD cofactor upon thermal denaturation [21]. Around 2 pl of concentrated protein
were diluted with selected buffers to a final concentration of 16 uM in a final volume of 25
pl. Applied buffers were: 100 mM sodium acetate buffer, pH 3, 4 and 5; 100 mM sodium

phosphate buffer pH 6, 7 and 8. The samples were heated in steps of 0.5 °C from 20 to 95 °C
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in a MyiQ Real-Time PCR cycler (BioRad) and fluorescence data were recorded. The T,
value was obtained as the maximum of the first derivative of the sigmoid curve [22] and

represents the mean value of two independent experiments.

Chemical denaturation followed by fluorescence spectroscopy

Guanidinium hydrochloride (GdnHCI) was used for chemical denaturation of the wild-
type AmPDH and variant H103Y. The changes in intrinsic tryptophan emission were
followed by fluorescence spectroscopy. 0.8 UM AmPDH and H103Y in 65 mM sodium
phosphate buffer, pH 7.5, were incubated with increasing concentrations of GdnHCI (0-6.5
M) for 18 h at room temperature. The excitation wavelength was set to 295 nm, an emission
wavelength scan was conducted with a PerkinElmer Enspire plate reader from 320 to 400 nm
at room temperature. The fraction of unfolded protein o was calculated for each GdnHCI
concentration according to o=(Fy-F)/(Fn-Fu). Fn is the fluorescence emission maximum of
the protein in the native, unfolded state, Fy the fluorescence emission maximum at the
completely unfolded state. F represents the emission maximum at a defined GdnHCI
concentration. The free enthalpy, AG®, was determined according to AGg = -RTInK = -
RTIn[a/(1-a)] where R is the gas constant, T is the absolute temperature and K is the
equilibrium constant. m is the slope of the linear curve AG® = AG’h0—(M*[GdNHCI]) =

m*(cm-[GdnHCI], ¢y, is the concentration of GAnHCI with K = 1.

Long-term stability studies

Dilutions of AmPDH and variant H103Y in 65 mM sodium phosphate buffer were

incubated in an Eppendorf tube at different temperatures and the remaining enzymatic activity
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was determined regularly over 35 weeks (4 °C, 21 °C, 30 °C) and 24 h (40 °C and 50 °C) in

duplicates.

Results and discussion

The mechanism of the formation and the impact of a covalent FAD-linkage on enzyme
catalysis were subject of several studies [3]. However, the effects of the removal of the
covalent bond are very diverse in the flavoproteins investigated so far. PDH is a flavoprotein
dehydrogenase with a covalently bound FAD, which is rather rare. Therefore the impact of
the disruption of the covalent bond on catalysis as well as on the conformational and thermal

stability were studied in the mutant H103Y and compared to the wild-type protein.

Overall structural and enzymatic activity

Figure 1A depicts the far-UV ECD spectra [23] of wild-type AmPDH and the variant
H103Y. Both spectra are very similar showing two minima at 208 and 222 nm suggesting
dominating a-helical structures, which nicely reflect the known crystal structure of AmPDH.
The almost identical spectra of wild-type and variant protein clearly demonstrate that the
exchange of histidine 103 had no effect on the overall fold and only provoked localized
structural changes. Thus the covalent FAD to protein linkage is not a prerequisite for proper

folding of PDH.

The mutation of histidine 103 to tyrosine was previously shown to have a negative
effect on steady-state kinetic parameters of AmPDH. The catalytic efficiencies towards sugar
substrates and electron acceptors decreased substantially [16]. However, these findings could
not be explained satisfactorily. This actually motivated us to the present study. In the

beginning the pH dependence of PDH activity was tested using the standard assay with
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ferrocenium hexafluorophosphate and D-glucose at 30 °C and buffers from pH 2.5 to 10
(Figure 2). Both AmPDH and variant H103Y exhibited maximum activity around pH 9. The
wild-type enzyme showed higher relative activity than the mutant H103Y from pH 2.5 to 8.5.
At pH > 8.5 the mutant was more active. Interestingly, at pH 6 the wild-type flavoprotein
shows about 20% higher activity in sodium phosphate buffer compared to citrate buffer,

whereas there was no impact on the variant.

Since the variant H103Y is still catalytically active, it must (noncovalently) bind a
redox-active FAD-cofactor. This has been further confirmed by the stopped-flow and EPR
measurements shown below and allows the conclusion that the mutation did not cause drastic
alterations of the active site geometry (which was also suggested by the ECD data). In the
closely related GMC-member POXx, the overall crystal structure as well as the active site of
mutant H167A was found to be nearly identical to the wild-type [15]. A similar result was
obtained for the flavoprotein vanillyl-alcohol oxidase (VAO). A comparison of the crystal
structure of mutant H422A with the wild-type gave a root mean square deviation for all C-a
atoms of only 0.27 A. The active site architecture was similar to the wild-type, even an
identical substrate-binding-mode could be observed [24]. In contrast to that finding, mutant
H46A in alditol oxidase, also member of the VAO family of flavoproteins, was expressed in a
partially insoluble state and did not bind FAD at all. Therefore the authors supposed that
folding and the (active site) structure were impaired [25]. Chito-oligosaccharide oxidase from
Fusarium graminearum contains a very rare double-covalent FAD-linkage. A disruption of
both covalent bonds (H94A/C154A) drastically diminished the expression levels, supporting
the role of covalent flavin linkages in protein stability. The expression of the single mutants
yielded similar expression levels as the wild-type [26]. These observations of representatives
of different superfamilies do not allow to distinguish a clear trend or a reason for the

structural integrity determinants of these non-covalent flavoproteins mutants. Factors that
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have a large influence are the expression host, the geometry of the (substituted) amino acid

that covalently binds the FAD in the active site and the choice of the replacing amino acid.

Oxidative and reductive half reaction

To identify the rate-limiting step in the reaction catalyzed by PDH, stopped-flow
experiments of the reductive and oxidative half-reaction of the wild-type and mutant H103Y
at 30 °C were conducted. For a first impression of the changes occurring, spectral scans using
diode array detection were performed. For calculation of rate constants measurements at 462

nm were performed.

Figure 3A depicts the spectral changes of wild-type AmPDH upon addition of D-
glucose. It was interesting to see that the purified recombinant protein existed in a mixed
oxidation state (FAD/FADH;) (compare with Figure 5A). During the reaction the absorbance
around the maxima at 372 nm and 462 nm rapidly decreased (Figure 3A). The reaction was
monophasic and the time traces at 462 nm could be fitted by a single-exponential function
(Figure 3B). Upon plotting the resulting kops-values versus the glucose concentration an

apparent bimolecular rate constant of (1.1 + 0.03) x 10° M s™* could be calculated.

Performing the same experiment with the H103Y variant demonstrated that the
mutation significantly decelerated the two-electron transfer reaction from glucose to the redox
cofactor (Figure 4). The UV-vis spectrum of the purified recombinant variant was different
from that of the wild-type protein. The two maxima typical for a flavoprotein were
superimposed by a third maximum around 430 nm which might suggest the presence of a
semiquinone radical (see below). Nevertheless, there was a clear monophasic reduction of the
cofactor within the first 10 s (Figure 4B) that strictly depended on the sugar concentration.

The reaction was about 800-times slower compared to the wild-type enzyme (i.e. Kapp= (1.4
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0.09) x 10> M* s™. With both enzymes there was an additional small and very slow reduction
of FAD cofactor when monitored at longer time frame, however this phase was independent

of the glucose concentration (not shown).

For studying the oxidative half reaction (i.e. reoxidation of the redox cofactor by an
artificial electron acceptor) ferrocenium hexafluorophosphate was used. In contrast to the
reductive half-reaction the kinetics of reoxidation of FADH, by the artificial electron acceptor
was similar (Figures 5 & 6). There was a clear linear dependence of the rate of absorbance
increase at 462 nm from the concentration of ferrocenium hexafluorophosphate. The
calculated apparent bimolecular rate constants were (4.9 + 0.3) x 10° M s™* (wild-type) and
(8.1 £ 0.1) x 10° M s (H103Y). During this transition the absorbance increase at 462 nm

was more pronounced than that at 360 nm (Figure 5A).

This monophasic fast reoxidation reaction was followed by a further slow transition.
After prolonged reaction time in the mutant H103Y the absorbance at 462 nm was blue-
shifted and peak at 430 nm emerged (see inset to Figure 6A, spectrum C). This spectrum
resembles the first spectrum observed during reduction of variant H103Y by D-glucose
(Figure 4A) and might suggest the formation of a semiquinone state of the prosthetic group.
This intermediate cannot be physiologically relevant as it emerges after several seconds of
incubation. A neutral semiquinone species is reported to exhibit absorbance in the range of
580 to 620 nm, whereas the anionic form shows characteristic absorbance at 380 nm and
around 400 nm [27]. The appearance of such a spectral intermediate (anionic semiquinone)
was reported for wild-type AmPDH, indicated by shoulders around 395 and 495 nm [4]. It has
to be mentioned that maxima at 625 nm and around 330 to 350 nm are due to the absorbance

of the electron acceptor ferrocenium hexafluorophosphate.

The presented presteady-state investigations clearly demonstrated that the reductive

half reaction is the main determinant for the catalytic efficiency of AmPDH. The reduction of
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the FAD was slowed down by about three orders of magnitude in the non-covalent FAD-
bound mutant H103Y compared to wild-type PDH. One proposed function of the covalent
FAD-bond is the maintenance of a high redox potential, as for non-covalently bound
flavoproteins a much lower midpoint potential was observed [3]. Non-covalent mutants like
H167A in POx [15], H422A in VAO [24] or H69A in cholesterol oxidase [28] showed a
decrease in redox potential due to the amino acid replacement. A lower redox potential is
accompanied by a decrease of reductive half reaction rates, as shown here for PDH mutant
H103Y. This finding supports the theory that the covalent FAD attachment modulates the

redox properties of flavoenzymes.

Surprisingly, the oxidative half-reaction occurs nearly two times faster in mutant
H103Y than in the wild-type using ferrocenium hexafluorophosphate as the electron acceptor.
A fivefold increase in oxygen reactivity was recently reported for this mutant [16]. In VAO,
the same effect was observed. The rate of flavin reduction was decreased and the oxidative

half-reaction occurred slightly faster in mutant H422A than in wild-type VAO [24].

Semiquinone radical formation

As outlined above there was evidence from UV-vis spectroscopy for the existence of a
stable semiquinone radical in the resting state of H103Y variant of AmPDH (Figure 4A and
inset to Figure 6A). This prompted us to use electron paramagnetic resonance (EPR)
spectroscopy for identification of this paramagnetic species. Interestingly, both proteins (wild-
type and mutant) unequivocally have a semiquinone radical in their stable resting state at pH

7.5.

The EPR spectrum of wild-type AmPDH is characterized by a peak of linewidth ABepp

= 1.43 mT and two shoulders at lower and higher magnetic field, separated by about 5 mT
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(Figure 1B, black line). This spectrum is characteristic for an anionic semiquinone radical
representing the interaction of the unpaired electron with two **N nitrogen atoms at position 5
and 10 in FAD (with the shoulders originating from the A, value of the **N coupling) [29].
The presence of the semiquinone anion radical in the resting state of wild-type AmPDH

indicates an equilibrium of the oxidized form of the enzyme with its reduced forms.

The mutant H103Y AmPDH showed a similar EPR spectrum but with a smaller
linewidth of ABpp = 1.06 mT and adjacent shoulder peaks separated by ~4.5 mT (Figure 1B,
grey line). The origin of this radical is also an anionic semiquinone indicating a higher
mobility of the FAD due to a smaller linewidth. This correlates with the non-covalently bound
FAD in the H103Y mutant and shows an equilibrium of the reduced enzyme with its oxidized

forms. Simulations of both EPR spectra are shown in Figure 1B (red and blue line).

Thermal and conformational stability

Next we investigated the role of the FAD-protein linkage on the thermal and
conformational stability. The thermostability of AmPDH and variant H103Y (in 65 mM
sodium phosphate buffer pH 7.5) was investigated using differential scanning calorimetry
(DSC). Figure 7 shows the thermograms of the two enzymes which show non-two-state
unfolding for both the wild-type and the mutant. The wild-type enzyme shows two main
transitions with Tp-values at 57.8 and 65.3 °C, respectively, which might reflect the
consecutive melting of the two domains (i.e. a substrate binding domain and a cofactor
binding domain [4]) of this flavoprotein. In the variant both transitions occur at lower
temperatures (55.6 and 64 °C). In addition in both proteins there is a third smaller endotherm
at 44.8 (44.1 °C) which might reflect the unfolding of present apoprotein. The endotherm is

more pronounced in the mutant. The loss of the FAD cofactor is more likely to occur in the
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non-covalent variant than in the wild-type, which is also reflected by the calculated
calorimetric enthalpies (areas under fitted curves) of the respective transitions. In wild-type
PDH the calorimetric enthalpy for the first transition (11.4 £ 2.0 kcal/mol) reflecting the
melting of the apoprotein is significantly smaller than the enthalpy for the corresponding
transition in variant H103Y (43.5 + 1.3 kcal/mol). By contrast, the calculated enthalpy of the
second transition at around 56 °C in wild-type PDH (201.4 + 8.9 kcal) is significantly larger
than the enthalpy for the respective transition in variant H103Y (163.4 + 2.6 kcal), which
might suggest that this transition reflects the unfolding of the FAD-binding domain. Taking
into account the error in calculation of enthalpies, the observed differences between wild-type
protein and mutant in the transitions at 44 °C and 56 °C nicely compensate each other (AHapo

In order to assess the influence of pH on thermostability, ThermoFAD experiments
using buffers with different pH were carried out. ThermoFAD was first described by Forneris
et al. [21]. In this method, the intrinsic fluorescence of the FAD cofactor is used to assess the
thermostability of a protein. The technique can be applied to flavoproteins with covalently as
well as non-covalently attached flavin. In the native, folded state the fluorescence is quenched
by the surrounding protein environment. With increasing temperature, the protein starts to
unfold, the FAD is exposed to the solvent and the increase in fluorescence can be detected.
The concentrated protein samples were diluted in sodium acetate or phosphate buffer (pH 3-8)
and the fluorescence was measured at increasing temperatures. The determined T, values
were highly reproducible and revealed that both enzymes are most thermostable at pH 6 in
sodium phosphate buffer with T, values of 72 °C for the wild-type and 63.8 °C for variant
H103Y (Figure 8). The difference in T, between the wild-type and the mutant decreases with
increasing pH. At acidic pH values the mutant is more destabilized than the wild-type protein.

One might speculate whether the influence of pH on thermostability can be attributed to the
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protonation state of the histidine 103 in the wild-type which was replaced by a tyrosine in the

variant.

Additionally, AmPDH and variant H103Y were incubated over several months to
probe the long-term stability at 4 °C, room temperature (21 °C) and 30 °C in 65 mM sodium
phosphate buffer. Residual activity was determined using the standard ferrocenium/D-glucose
assay. The stability of the wild-type protein decreased with increasing incubation temperature,
after 35 weeks 77%, 46% and 21%, respectively, of the activity remained. The variant H103Y
showed a different behavior, 35 weeks of incubation at 4 °C increased the activity to 152%,
whereas the residual activities after incubation at 21 °C and 30 °C were nearly identical with

27% and 28%.

The temperature stability at 40 °C and 50 °C was investigated over 24 hours. AmMPDH
and variant H103Y show similar stability at 40 °C with 81% and 83% residual activity, the
activity dropped slowly for both enzymes (Figure 9). At 50 °C the wild-type protein is much
more stable than the mutant with 63% vs. 2% residual activity after 24 h. Variant H103Y
already reached its half-life after around 2.5 h of incubation, whereas wild-type AmPDH

slowly lost activity.

In general, PDH is a very stable enzyme, the half-life at 4 °C is longer than one year.
For the wild-type, the residual activity decreased gradually with increasing incubation
temperature whereas the mutant showed a harsh drop of the residual activity. The increase in
activity of mutant H103Y at 4 °C could be due to a loss of FAD cofactor upon freezing (after

purification) and thawing incubation.

To study the conformational stability of PDH chemical unfolding with guanidine
hydrochloride (GdnHCI) was performed monitoring changes of the intrinsic tryptophan

fluorescence. Figure 10 shows the shift of the fluorescence emission maximum after
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incubation of wild-type AmPDH and the variant H103Y with increasing concentrations of
GdnHCI. Unfolding started around 2 M GdnHCI and was completed around 5 M for the
mutant and above 6 M for the wild-type protein. At first sight the obtained plots suggest a
two-state unfolding, however with a broad transition range. Upon closer inspection it is
evident that from 2.0 - 3.5 M GdnHCI a first unfolding event took place, which is more
pronounced in variant H103Y. The variant H103Y showed a higher emission maximum at 0
M GdnHCI than the wild-type. This was also observed for mutant H69A in cholesterol

oxidase [30].

From the plots of the change in free enthalpy (AG®) versus the GdnHCI concentrations,
AGP 0 values of 19.25 + 1.65 kJ mol™ (wild-type protein) and 14.63 + 0.24 kJ mol™ (mutant)
were calculated (Table 1). Thus, besides having a higher thermal stability, also the
conformational stability of the wild-type protein is higher. This is also reflected by a higher
Cm Vvalue (i.e. denaturant concentration required for midterm unfolding) in the wild-type
protein (4.0 + 0.07 M versus 3.7 + 0.04 M). From the slope of the linear curve AG® = AGo0—
(m*[GdnHCI]), m was calculated to be 4.8 + 0.3 kJ mol* M and 3.9 + 0.0 kJ mol* M™. The
m-value stands for the effectivity of the denaturant and is proportional to the number of
groups in a protein. A single mutation of two otherwise identical proteins should not influence
the m-value. However, in the present case the covalent attachment of the cofactor is affected.
This could explain that the single mutation has significant impact on the overall protein
stability. PDH possesses eight tryptophans out of 577 amino acids, mainly located in the outer
shell of the protein. Therefore the changes in tryptophan fluorescence are maybe not fully
indicative for global changes in protein structure, but a clear destabilizing effect of the non-

covalently linked FAD cofactor in variant H103Y could be observed.
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Summary and conclusions

In summary, it could be shown that the disruption of the FAD to protein covalent
linkage does not impair the binding of the cofactor to the protein nor alter its overall
secondary structure composition. The prosthetic group is still redox active. However, the
reductive half-reaction was about by three orders of magnitude slower in the variant compared
to the wild-type protein, whereas the impact on the oxidative half-reaction was relatively
small. EPR spectroscopy unequivocally demonstrated the presence of semiquinone radicals in
the resting state of both recombinant proteins and suggested a higher mobility of the cofactor
in the variant. Moreover, disruption of the covalent linkage decreases the thermal and

conformational stability of the protein.

In conclusion, the observed effects on catalysis can mostly be attributed to a decrease
in the reduction potential of the cofactor and as a consequence in the decrease of the capacity
of the mutant to oxidize glucose. In the wild-type protein the cofactor is tightly bound to the

protein and supports the structural integrity and stability of PDH.
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Table 1. Thermodynamic parameters for GdnHCI-mediated unfolding followed by

monitoring the intrinsic fluorescence of tryptophan (excitation 295 nm, emission 320-400

nm).
Thermodynamic parameter AmPDH AmPDH variant H103Y
AG 120 [kJ mol™] 19.25 + 1.65 14.63 + 0.24
m [kJ mol* M™?] 4.80+0.29 3.89 +0.00
Cm [M] 4.01 £ 0.07 3.74 £ 0.04
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Figure legends

Figure 1. (A) Far-UV ECD spectra of 8 uM AmPDH (black) and H103Y AmMPDH (grey) in
65 mM sodium phosphate buffer pH 7.5. (B) Cw EPR spectra of wild-type AmPDH (black)
and H103Y AmPDH mutant (grey) and their simulations (red, blue) recorded at room
temperature at pH 7.5. Simulation parameters for wild-type AmPDH (red) are gis, = 2.0028,
Aiso (N®) = 0.78 mT, Ais (N'%) = 0.32 mT and for H103Y AMPDH giso = 2.0028, Aiso (N°) =

0.63 mT, Ais, (N*°) =0.34 mT.

Figure 2. Effect of pH on the overall activity of AmMPDH (black) and AmPDH variant H103Y
(white) with ferrocenium hexafluorophosphate and 25 mM D-glucose at 30 °C. Circles: citrate

buffer; triangles: phosphate buffer; squares: borate buffer.

Figure 3. Reductive half-reaction of wild-type AmPDH followed by stopped-flow
spectroscopy. (A) Spectral changes upon reduction of 60 uM AmPDH with 200 uM D-
glucose at 30 °C. (B) Typical time trace and fit at 462 nm of the reaction between 21 uM
AmPDH and 2.5 mM D-glucose at 30 °C. (C) Plot of the pseudo-first-order rate constants

versus D-glucose concentration.

Figure 4. Reductive half-reaction of AmPDH variant H103Y followed by stopped-flow
spectroscopy. (A) Spectral changes upon reduction of 40 uM mutant with 25 mM D-glucose
at 30 °C. (B) Typical time trace and fit at 462 nm of the reaction between 21 uM AmPDH and
2.5 mM D-glucose at 30 °C. (C) Plot of the pseudo-first-order rate constants versus D-glucose

concentration.

Figure 5. Oxidative half-reaction of AmPDH followed by stopped-flow spectroscopy. (A)
Spectral changes of oxidation of 60 puM AmPDH by 200 pM ferrocenium

hexafluorophosphate at 30 °C. (B) Typical time trace and fit at 462 nm of the reaction
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between 21 uM AmPDH with 100 uM ferrocenium hexafluorophosphate at 30 °C. (C) Plot of

pseuodo-first-order rate constants versus ferrocenium concentration.

Figure 6. Oxidative half-reaction of AmPDH mutant H103Y followed by stopped-flow
spectroscopy. (A) Spectral changes of oxidation of 60 uM AmPDH variant H103Y by 200
UM ferrocenium hexafluorophosphate at 30 °C. Inset: reduced state (a), oxidized state (b) and
spectrum observed after prolonged measurement of 50 s (c). (B) Typical time trace and fit at
462 nm of the reaction between 21 uM AmPDH variant H103Y with 100 uM ferrocenium
hexafluorophosphate at 30 °C. (C) Plot of pseudo-first-order rate constants versus

ferrocenium concentration.

Figure 7. Thermostability of AmPDH and AmPDH variant H103Y determined by differential
scanning calorimetry in 65 mM sodium phosphate buffer pH 7.5. Black lines: original data.

Red lines: fits of t endotherms to a non-two-state transition model.

Figure 8. Plot of T, values of wild-type AmPDH (black) and variant H103Y (white)
determined by ThermoFAD at different pH values in 100 mM sodium acetate buffer (pH 3-5)

or 100 mM sodium phosphate buffer (pH 6-8).

Figure 9. Residual activity of AmPDH (black) and AmPDH variant H103Y (white) after
incubation at 40 °C (circles) and 50 °C (triangles) in 65 mM sodium phosphate buffer pH 7.5.

Activity was determined using the standard ferrocenium/D-glucose assay.

Figure 10. GdnHCI mediated unfolding of AmPDH (black) and AmPDH variant H103Y
(white) followed by fluorescence spectroscopy (excitation 295 nm). 800 nM of protein was
incubated around 18 h with GdnHCI concentrations from 0-6.5 M in 65 mM sodium
phosphate buffer pH 7.5. The fluorescence emission maximum was plotted against the

GdnHCI concentrations.
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production
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Gibson S Nyanhongo®, Georg M Guebitz® and Roland Ludwig'™

Abstract

Background: The ability of fungal cellobiose dehydrogenase (CDH) to generate H,0, in-situ is highly interesting for
biotechnological applications like cotton bleaching, laundry detergents or antimicrobial functionalization of medical
devices. CDH's ability to directly use polysaccharide derived mono- and oligosaccharides as substrates is a
considerable advantage compared to other oxidases such as glucose oxidase which are limited to
monosaccharides. However CDH's low activity with oxygen as electron acceptor hampers its industrial use for H,O,
production. A CDH variant with increased oxygen reactivity is therefore of high importance for biotechnological
application. Uniform expression levels and an easy to use screening assay is a necessity to facilitate screening for
CDH variants with increased oxygen turnover.

Results: A uniform production and secretion of active Myriococcum thermophilum CDH was obtained by using
Saccharomyces cerevisiae as expression host. It was found that the native secretory leader sequence of the cdh gene
gives a 3 times higher expression than the prepro leader of the yeast a-mating factor. The homogeneity of the
expression in 96-well deep-well plates was good (variation coefficient <15%). A high-throughput screening assay
was developed to explore saturation mutagenesis libraries of cdh for improved H,O, production. A 4.5-fold increase
for variant N700S over the parent enzyme was found. For production, N700S was expressed in P. pastoris and
purified to homogeneity. Characterization revealed that not only the k., for oxygen turnover was increased in
N700S (4.5-fold), but also substrate turnover. A 3-fold increase of the k.. for cellobiose with alternative electron
acceptors indicates that mutation N700S influences the oxidative- and reductive FAD half-reaction.

Conclusions: Site-directed mutagenesis and directed evolution of CDH is simplified by the use of S. cerevisiae
instead of the high-yield-host P. pastoris due to easier handling and higher transformation efficiencies with
autonomous plasmids. Twelve clones which exhibited an increased H,O, production in the subsequent screening
were all found to carry the same amino acid exchange in the cdh gene (N700S). The sensitive location of the five
targeted amino acid positions in the active site of CDH explains the high rate of variants with decreased or entirely
abolished activity. The discovery of only one beneficial exchange indicates that a dehydrogenase’s oxygen turnover
is a complex phenomenon and the increase therefore not an easy target for protein engineering.
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Background

The extracellular fungal flavocytochrome cellobiose de-
hydrogenase (CDH, EC 1.1.99.18) is secreted by wood-
degrading, phytopathogenic and saprotrophic fungi [1].
The widespread appearance implies an important function
of CDH in the process of wood degradation [2-5]. It is a
monomeric protein consisting of two domains [6,7], which
oxidizes several carbohydrates at the flavodehydrogenase
domain carrying an FAD cofactor. A smaller, heme b
containing cytochrome domain is connected via a flexible
linker. A typical CDH consists of approximately 800
amino acids. In some ascomycetous CDHs, like the one
from Mpyriococcum thermophilum (828 aa) used in this
study, a family 1 carbohydrate binding module (CBM1) is
additionally attached to the C-terminus. The molecular
mass ranges from 85 up to 101 kDa depending on the de-
gree of glycosylation, which can account for up to 20% of
the molecular mass [8,9]. Basidiomycetous CDHs show a
high specificity for cellobiose and cello-oligosaccharides,
whereas some ascomycetous CDHs like M. thermophilum
CDH have a broader substrate specificity and oxidize also
other mono-, di- and oligosaccharides, albeit with lower
catalytic efficiency [1,5,9,10]. During the reductive half-
reaction the FAD cofactor oxidizes suitable carbohydrates
at the anomeric C1 atom into intermediary lactones,
which hydrolyze spontaneously to the corresponding
aldonic acids (Figure 1). Re-oxidation of the FAD can be
performed by either two-electron acceptors (quinones,
2,6-dichloroindophenol, phenoxazine- and phenothiazine
dyes) or by one-electron acceptors (polysaccharide mono-
oxygenases, cytochrome ¢, ferricyanide and ferrocenium)
or very slowly by oxygen [3,4,9].

Due to its versatile properties CDH has been applied in
biosensors for the detection of lactose, glucose and cate-
cholamines, in enzymatic biofuel cells as anode catalyst
[8,11], for the production of lactobionic acid [12-14], as
well as in biodegradation [15] and bioremediation [16]. A
more recent proposed application of CDH has been the in
situ production of H,O, for cotton bleaching [10,17,18].
CDH has the potential to replace the currently used mix-
ture of H,O, and NaOCI, which causes damage to the cot-
ton fibres, forms toxic by-products and consumes large
amounts of energy and water. In the proposed eco-friendly
bleaching system, CDH produces the reactive oxygen spe-
cies. The suitability of CDH for this approach was demon-
strated [18]. In contrast to other proposed biocatalysts like
choline oxidase [19] or glucose oxidase [20] CDH can pro-
duce H,O, by oxidation of a wide range of carbohydrates
(cellulose and cellodextrins, galactomannans, lactose, mal-
tose or glucose) which occur in the process (e.g. from
starch desizing), are added or generated by cellulolytic en-
zymes [10]. Similarly, the potential of CDH for medical ap-
plication was recently demonstrated [21,22]. The main
drawback of CDH for these applications is its relatively
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Figure 1 Half-reactions of the FAD cofactor in the
flavodehydrogenase domain of CDH. In the reductive half-reaction
the oxidized FAD is reduced by e.g. cellobiose, which is converted into
the 1,5-lactone before it spontaneously hydrolyzes in the aqueous
reaction medium to the aldonic acid. The reduced FAD is regenerated
in the oxidative half-reaction by electron acceptors or, very slowly,

by oxygen.

slow H,O, production rate compared to oxidases. CDH
with increased oxygen reactivity would combine the men-
tioned advantages with an increased H,O, production.
Such a CDH would be very attractive for the pulp & paper
industry, cotton-bleaching, consumer applications like
laundry detergents or antimicrobial functionalization of
medical devices, e.g., catheters.

The modulation of the oxygen reactivity in flavoenzymes
is currently an active field of research. However, no definite
guidelines exist on how to change a dehydrogenase into an
oxidase or vice versa [23,24]. It has been shown that the
protein matrix surrounding the flavin cofactor (FAD or
FMN) has a great effect on the oxygen reactivity [25].
Therefore, semi-rational protein engineering, which targets
amino acid residues in the catalytic-site in close vicinity to
the FAD by saturation mutagenesis, was the applied strat-
egy to increase the oxygen reactivity of CDH. Several satur-
ation mutagenesis libraries of the M. thermophilum cdh
gene for five target residues close to the FAD were
constructed by the sequence overlap extension (SOE)
method and functionally expressed in S. cerevisiae. A ro-
bust and easy to use high-throughput screening (HTS)
assay was established to select CDH variants for improved
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H,0, production. Finally, the mutated cdh gene was
recombinantly expressed in P. pastoris to prepare sufficient
amounts of the CDH variant for kinetic characterization
and evaluation of the assay.

Results and discussion

Expression of M. thermophilum CDH in S. cerevisiae

CDH is a secretory glycosylated fungal protein, and
expression has so far only been successful in eukaryotic
expression systems. During the last years, P. pastoris was
established as the standard expression system for CDH
[5,26-28]. Although it is a powerful host for recombinant
protein production it is not considered as the preferred
host organism for protein engineering by directed evolu-
tion. The lack of reliable episomal vectors along with
modest transformation efficiencies, preclude in most of
the cases the use of this yeast for such approaches. In-
deed, no reports of semi-rational engineering or directed
evolution of CDHs are published. Even the possibility to
express the sole flavodehydrogenase domain of CDH in
the prokaryotic expression system E. coli [29] has not
triggered engineering studies. This can be explained by
the essential role of the cytochrome domain for many
applications [8,10,15]. So far, heterologous expression of
a full length CDH can only be achieved in eukaryotic ex-
pression hosts. Therefore, one goal of this study was to
establish S. cerevisiae as eukaryotic expression system
for CDH, which would allow screening for improved
variants of full length CDH. S. cerevisiae is one of the
most successfully used host organisms for directed evo-
lution of eukaryotic proteins due to high transformation
efficiencies, easy genetic manipulation and secretion of
the target proteins [30,31]. There are several reports in
literature where the expression level of the target protein
could be increased by the exchange of the native
secretory leader sequence with the a-factor prepro leader
from S. cerevisiae, even subjecting the corresponding fu-
sion gene to several rounds of evolution for improved se-
cretion [32-35].

Therefore we evaluated in a preliminary experiment the
influence of the signal sequence on the expression level of
CDH in S. cerevisiae. Two nucleotide sequences coding
for M. thermophilum CDH (rCDH) with different signal
sequences were cloned into pJRoC30 for expression under
the control of the GAL1 promoter. Plasmid pJRoC30-
MtCDH-nat encodes the full length CDH including its na-
tive secretory leader. In plasmid pJRoC30-MtCDH-a the
native signal sequence was replaced by the a-factor prepro
leader. The resulting expression vectors were transformed
into chemical competent S. cerevisiae cells. Ninety-six col-
onies of each transformation were picked and cultivated
in 96-well deep-well plates. After 120 h of induction, su-
pernatants were tested for CDH activity with the (2,6-
dichloroindophenol) DCIP assay. The construct with the
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native secretory leader (0.05 U mL™) showed on average a
3.1 times higher DCIP activity compared to the construct
with the a-factor prepro leader (0.016 U mL™). To test
the uniformity of the expression levels in the 96-well
deep-well plates the coefficient of variation was calculated
(Figure 2). Both constructs showed a variation below 15%
which is acceptable for screening mutant libraries [36].
However, due to the higher expression levels, the expres-
sion cassette employing the native secretory leader was se-
lected for further studies.

Library construction and high-throughput screening (HTS)
A comparative (homology) model of CDH from M.
thermophilum was constructed using the crystal structure
of the Phanerochaete chrysosporium flavodehydrogenase
domain as template (PDB accession code 1KDG, Figure 3).
The local alignment of the sequences (see Additional file 1)
has a sequence identity of 39% for the modeled flavode-
hydrogenase sequence (positions 251 — 829), whereas the
overall sequence identity is only 35%. The obtained model
was carefully tested by local and global model quality check
programs. Five amino acids in the catalytic-site close to the
FAD were selected for saturation mutagenesis. Three
amino acids (G323, A322 and L324) interact with FAD’s
isoalloxazine ring system and are in close vicinity of the
C4a-N5 locus, which is proposed to be important for the
reduction of molecular oxygen in FAD-dependent oxi-
dases. Two amino acids (N700 and H701) are part of the
catalytic subsite close to the isoalloxazine ring and fully
conserved among CDHs. It was anticipated that mutations
of H701, the general base, leads in case of any substitution
to inactive variants which can be used to evaluate the mu-
tagenesis method. Degenerated codons of the NNS type
were used. The corresponding mutant libraries were
double screened for CDH activity and expression with the
DCIP-based assay and for H,O, production with the
ABTS-HRP coupled assay. The ABTS-HRP coupled assay
was derived from a published method [18] by switching
leucocrystal violet by ABTS and splitting the reaction into
a H,O, generating part and, after thermal deactivation of
the enzyme variants, a colorimetric detection reaction. The
DCIP-based assay showed that a large number of mutations
at the selected positions result in inactive CDH variants:
55% at G323, 80% at A322, 34% at L324, 29% at N700 and
99% at H701. This demonstrates the importance of the
targeted amino acids for enzymatic activity although folding
and stability could also be affected. Amino acid H701 corre-
sponds in terms of position to H689 in P. chrysosporium
CDH which has been proposed to act as catalytic base [7].
Its importance in the catalytic machinery is reflected by the
highest number of inactive variants.

During the first screening round twelve variants at pos-
ition N700 and seven variants at position G232 were se-
lected due to an increased H,O, production and subjected
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Centrifuged supernatants were used for the DCIP-based assay.

Figure 2 Landscapes of CDH expression levels. Dashed lines indicate the variation coefficient. S. cerevisiae cells were transformed with plasmid
pJROC30-MtCDH-nat (A) and pJROC30-MtCDH-a (B). 96 individual colonies of each transformation were cultivated under inducing conditions.

to a re-screening. The increased H,O, production could be
confirmed for all N700 variants in the re-screening while
the G232 variants turned out to be false positives. The
twelve re-screened variants of position N700 showed an in-
creased DCIP activity (~4 times) as well as an increased
H,0, production (~5 times) compared to rCDH. The
sequencing results showed that all of them carried the mu-
tation N700S. The amino acid serine was encoded by any
of the 3 possible codons TCT, TCA and AGT, which dem-
onstrates the good performance of the site-saturation muta-
genesis method and the reliability of the screening assay.

Production and purification of M. thermophilum CDH
variant N700S in P. pastoris

Although expression levels of CDH in S. cerevisiae (0.05
U/mL) were sufficient to perform the screening assay, they

Figure 3 Model of M. thermophilum CDH (template: P.
chrysosporium CDH structure 1KDG). The active site with the FAD
cofactor (yellow) and five mutated amino acid positions A322, G323,
1324 (grey), N700 (red) and H701 (catalytic base, blue) are highlighted.

were low compared to reported expression levels of CDH
using its standard recombinant expression host P. pastoris.
Therefore we decided to use P. pastoris as production host
for fermentation to obtain high amounts of CDH for pro-
tein purification. The mutation N700S was introduced
into the P. pastoris expression plasmid pPICMtCDH by a
two-step mutagenesis approach. The resulting plasmid
was transformed into electro-competent P. pastoris cells.
The enzyme was produced with a PCR verified clone in a
7-L stirred and aerated bioreactor. The volumetric CDH
activity in the culture supernatant was measured with the
DCIP assay and reached a maximum value of 1800 U L™
after 123 h. The recombinant enzyme was purified to ap-
parent homogeneity using a two-step purification protocol
(Table 1). Although only the purest fractions were pooled,
75% of the total activity was recovered. The homogeneous
preparation consisted of 690 mg CDH (Figure 4A) with a
specific DCIP activity of 8 U mg™ and a high absorbance
ratio Ajpo/Asgy of 0.54, which was calculated from the
UV/Vis absorption spectrum (Figure 4B) and is an indica-
tor for the purity of the CDH sample [1]. The spectrum
shows the typical increase of CDH’s b-type heme o- and
B-band at 562 and 533 nm, respectively, the red-shift from
421 to 429 nm of the heme’s Soret-band and the decrease
of the FAD signal in the range of 450 — 500 nm upon re-
duction of CDH with a carbohydrate substrate.

Oxygen reactivity

The O, consumption rates of variant N700S and rCDH
were determined at 30°C using a fluorescence-based fiber
optic sensor. This sensor does not consume O, like a
Clark-type electrode, which considerably reduces the oxy-
gen concentration in small reaction volumes and therefore
introduces a bias. Both enzymes were applied at the same
protein concentration (0.18 mg mL™). Variant N700S con-
sumed all O, present in the 1.9 mL microreactor
(2.3 pmol) in 100 min, whereas the unmodified *CDH
took 420 min (Figure 5). This increased oxygen reactivity
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Table 1 Purification scheme of CDH variant N700S
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Purification step Total activity (U) Total protein (mg) Specific activity (U mg") Yield (%) Purification (fold)
Culture supernatant 7380 3360 22 100 1
Phenyl-Sepharose 5980 950 6.3 81 29
Q-Source 5540 690 8.0 75 36

was also verified by the stopped ABTS assay in cuvettes.
While the fluorescence-based fiber optic sensor measures
the decrease in oxygen concentration, the stopped ABTS
assay indirectly detects the produced H,O,. One milli-
gram of rCDH produced 0.028 pmol H,O, per minute
while variant N700S produced 0.127 pmol H,O, per mi-
nute. Both methods showed that N700S converts O, to
H,0O, about 4.2 to 4.5 times faster than *CDH.

Kinetic characterization of variant N700S

Initial rates of substrate turnover were recorded over a
substrate range of 0.003 to 10 mM cellobiose for variant
N700S and rCDH using DCIP, 1,4-benzoquinone and oxy-
gen as electron acceptor. Kinetic data are summarized in
Table 2. The catalytic constant (k) for cellobiose in-
creased significantly for variant N700S compared to
rCDH. Without more detailed kinetic measurements it is
difficult to discriminate if the mutation increases the rate
of the reductive half-reaction (the oxidation of cellobiose
and the concomitant reduction of FAD to FADH,) or in-
creases the rate of FADH, oxidation by electron acceptors
in the oxidative half reaction. The increase of k. was
nearly identical for the two-electron acceptors DCIP (3.0-
fold) and 1,4-benzoquinone (3.1-fold) but higher for oxy-
gen (4.5-fold). The Ky, values for cellobiose increased for
N700S when compared to *CDH with DCIP (2.9-fold),
1,4-benzoquinone (2.5-fold) and oxygen (2.0-fold). The
increased Ky is most probably a kinetic effect and not due

to changed affinities for the electron acceptors, which
have no known binding site. The catalytic efficiencies
(keat/Kyp) for variant N700S and rCDH are similar for
DCIP and 1,4-benzoquinone, but for oxygen the catalytic
efficiency of N700S is 2.4-fold higher than for rCDH.
These data indicate that part of the increased substrate
turnover comes from a faster reductive half-reaction, but
in the case of oxygen also a faster oxidative half-raction is
influencing the overall velocity. In conclusion, position
N700 seems to influence both: substrate and oxygen turn-
over. In the homology model of M. thermophilum CDH
(Figure 2) the amino acid N700 corresponds to the pos-
ition of amino acid N688 in P. chrysosporium. This aspara-
gine residue is positioned between the catalytic subsite C
and the binding subsite B and with only minor positional
changes in the cellobiose molecule it may interact with ei-
ther of the subsites, thereby influencing substrate binding
or catalysis. Due to the close vicinity to the catalytic base
H689 it might also influence its proton abstracting proper-
ties. The comparative model of variant N700S shows that
the serine side chain can easily flip its orientation between
both subsites. To fully elucidate the influence of the muta-
tion on the reaction mechanism more elaborate steady-
state and presteady-state experiments are needed. The
high substrate concentrations used in technological pro-
cesses, which are much higher than the Ky; value of the
CDH variant for cellobiose, ensures a 4.5-fold increased
turnover of the co-substrate O,. Under such conditions

reduced form. The difference spectrum (red-ox) is shown in the inset.

Figure 4 Verification of protein purity. A. SDS-PAGE of CDHs expressed in P. pastoris after purification. Lane 1, molecular mass marker; lane 2,
rCDH; lane 3, variant N700S. B. Absorption spectra of the CDH variant N700S. The black line shows the oxidized state and the grey line the
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Figure 5 Measurement of the oxygen consumption rate of
rCDH (grey line) and N700S (black line). Reactions were
performed in a sealed microreactor containing 30 mM cellobiose in
100 mM Mcllvaine buffer, pH 6.0. The decrease of the O,
concentration was followed by an inert, luminescent sensor. An
excess activity of catalase was added to disproportionate H,O,.

the obtained variant can be employed in 4-5 times lower
amounts than the wild-type CDH to obtain the same
amount of H,O,.

Conclusions

S. cerevisiae along with E. coli are the most successfully
used host organisms for laboratory evolution and semi-
rational protein engineering. The ease of genetic manipu-
lation and its high transformation efficiencies due to the
ability to maintain autonomously replicating plasmids fa-
cilitate the construction of mutant libraries. The success-
ful expression of CDH under the control of the GAL1
promoter in S. cerevisiae offers a possibility to easily pro-
duce and screen for genetically engineered CDH variants
and maybe also other mutated fungal oxidoreductases,
which are needed for various biotechnological applica-
tions. The developed HTS assay can be easily adapted for
other oxidase (H,O, forming) activities. For production of

Table 2 Apparent kinetic constants of rCDH and variant
N700S

Cellobiose
Electron Enzyme K, (UM) ket (s7)  keat/Km (M5
acceptor
DCIP rCDH 114+07 41+0.1 360000
N700S 3341 124+£06 375000
1,4-benzoquinone rCDH 22+ 1 43+0.1 185000
N700S 56£2 134+£05 240000
oxygen rCDH 373 0042+0.003 1100
N700S 73£6 0.19+£ 001 2600

Kinetic constants for cellobiose were determined with DCIP, 1,4-benzoquinone
and oxygen as electron acceptors at pH 6.0 and 30°C.
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selected variants P. pastoris is, however, the more efficient
expression host.

The fact that most mutations at the selected positions
resulted in inactive or less active CDH variants demon-
strates that changes in the vicinity of the flavin have a tre-
mendous impact on enzymatic activity. Out of the five
selected amino acids only one mutation resulted in an in-
creased H,O, production. Further research towards an
higher oxygen reactivity of CDH is definitely required for
even more efficient cotton bleaching, laundry detergents or
antimicrobial functionalization of medical devices.

Methods

Chemicals and vectors

Chemicals were purchased from Sigma, Fluka, Roth or
VWR and were of the highest purity available. Primers
(the nucleotide sequences are shown in Table 3) were
obtained from VBC Biotech (Vienna, Austria). Restriction
enzymes and T4-ligase were purchased from Fermentas,
Phusion polymerase from New England Biolabs and the
yeast expression vector pPICZaA from Invitrogen. The
uracil independent and ampicillin resistance shuttle vector
pJRoC30 was obtained from the Department of Biocatalysis
(CSIC, Spain). Recombinant CDH (rCDH) was produced
as published [10].

Strains and media

The protease deficient S. cerevisiae strain B]5465 was from
LGC Promochem (Barcelona, Spain). SC drop-out plates
(synthetic complete) contained 6.7 g L yeast nitrogen base
(YNB) without amino acids, 1.92 g L™ yeast synthetic drop-
out medium supplement without uracil, 2% (w/v) glucose,
25 mg L' chloramphenicol and 20 g L™ agar. For the prep-
aration of liquid minimal medium the agar was omitted
and glucose was replaced by raffinose. The SG/R-CAA
expression medium [37] contained 5 g L™ casein hydrolys-
ate, 9.67 g L' NaH,PO,, 6.77 g L' Na,HPO,, 2% (w/v) raf-
finose, 2% (w/v) galactose, 0.5% (w/v) glucose and 3.35%
YNB. P. pastoris X-33 is a component of the EasySelect
Pichia Expression Kit from Invitrogen. P. pastoris trans-
formants were grown on YPD plates (10 g L™ yeast
extract, 20 g L™ peptone, 10 g L glucose and 100 mg L™
zeocin) and the Basal Salts Medium (Invitrogen) was used
for fermentation. The chemically competent E. coli strain
NEB 5-alpha was purchased from New England Biolabs
and used for maintenance and propagation of plasmids.
E. coli cells were cultivated in Low Salt LB-medium
(10 g L™ peptone from casein, 5 g L™ yeast extract, 5 g L
NaCl and 25 mg L™ zeocin).

CDH expression in S. cerevisiae
The published plasmid pMtl [10] was used as template for
the amplification of M. thermophilum CDH cDNA with
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Table 3 Nucleotide sequences of primers where N is A/T/
G/Cand S is C/G

Primer name

Sequence (from 5' to 3')

SMT-BamH| TATGGATCCATGAGAACTTCTTCTAGACTTATCG
5MT-XhoHI TATCTCGAGCAGAATAACGTTCCAAACACC
3MT-XhoHI TATCTCGAGTTACAAACATTGAGAGTACC
5MT-G323X AGTCAATGCTNNSCTTTGGTTCAAGCC

3MT-G323X TTGAACCAAAGSNNAGCATTGACTGCG

5MT-A322X TACCGCAGTCAATNNSGGTCTTTGGTTCAAGC
3MT-A322X AACCAAAGACCAGCSNNGACTGCGGTACCTCC
5MT-L324X AGTCAATGCTGGTNNSTGGTTCAAGCCATATTICTTTGG
3MT-L324X ACCAGCATTGACTGCGGTACCSNNACCAGCAT
5MT-N700X TCCTTCTAACAGACGTTCTNNSCACTGGATGGGTACTAAC
3MT-N700X CCAGTGSNNAGAACGTCTGTTAG

5MT-H701X AGACGTTCTAACNNSTGGATGGGTAC

3MT-H701X GTACCCATCCASNNGTTAGAACGTCT

5MT-N700S CAGACGTTCTTCTCACTGGATGGGTAC

3MT-N700S AGAACGTCTGTTAGAAGGAGAC

two different forward primers (5MT-BamHI and 5MT-
Xholfw) and the reverse primer 3MT-Xhol. The resulting
nucleotide sequences encoded CDH with and without its
native secretory leader sequence. The PCR amplicons were
digested with the respective restriction enzymes and ligated
into the equally treated shuttle vector pJRoC30 under the
control of the GAL1 promotor. The resulting plasmid
pJRoC30-MtCDH-nat encoded for the native secretory
leader whereas in plasmid pJROC30-MtCDH-a it was re-
placed by the a-factor prepro leader peptide of S. cerevisiae.
Both plasmids were transformed into competent S.
cerevisiae cells using the yeast transformation kit (Sigma).
Transformed cells were plated on SC drop-out plates and
incubated for 4 days at 30°C. From each transformation 96
colonies were picked and cultured in a 96-well deep-well
plate (Ritter) containing 100 pL of minimal media per well.
These master plates were sealed with Breathe -Easy film
(Diversified Biotech) to prevent evaporation and incubated
in a shaking incubator (480 rpm) at 25°C and a relative hu-
midity of 80%. After 48 h, 500 pL of expression medium
SG/R-CAA were added to each well and the plates were in-
cubated for additional 120 h. The cultivation was stopped
by centrifugation for 5 min at 3000 x g. From each well
50 pL of clear culture supernatant were transferred from
the master plate to 96-well plate assays using a pipetting
robot (Janus, Perkin Elmer). The volumetric activity was
measured with the DCIP-based assay.

Preparation of libraries and HT-screening

A comparative (homology) model of M. thermophilum
CDH based on the template of P. chrysosporium CDH
(1KDG, [7]) was used to select positions for mutagenesis.
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The model was calculated by the Swiss-Model protein
structure homology modeling server [38] accessible via the
ExPASy web server and checked by using the ANOLEA
mean force potential [39], the GROMOS empirical force
field energy [40], the composite scoring function QMEAN
[41] and a stereochemistry check [42]. Five amino acids lo-
cated in close vicinity of the FAD cofactor (A322, G323,
L324, N700 and H701) were selected for site-saturation
mutagenesis. The plasmid pJRoC30-MtCDH-nat was used
as template for the site-saturation PCRs, which allowed the
construction of cdh libraries containing all possible codons
at the targeted position. Randomized NNS codons were
used to reduce the bias of the genetic code. Mutants were
prepared by the sequence overlap extension method [43].
Two complementary mutagenic oligonucleotide primers
were designed for each of the 5 target positions (Table 3).
The primers were used together with the flanking primers
RMLC-sense and RMLN-antisense [44] to amplify two
DNA fragments with overlapping ends. In a subsequent fu-
sion PCR these fragments were assembled. PCR products
of the mutated cdh gene and flanking regions homologous
to the vector were purified by electrophoresis, mixed with
the X#hol and BamHI linearized vector pJRoC30 (ratio PCR
product:vector = 4:1) and transformed into competent cells
using the yeast transformation kit. For each of the five tar-
get positions a library of 352 clones was screened. Individ-
ual clones were picked and cultured under the above-
mentioned conditions. Four wells per plate were inoculated
with S. cerevisiae transformed with pJRoC30-MtCDH-nat
as a positive control, 2 wells were inoculated with S.
cerevisiae transformed with empty pJRoC30 as a negative
control and 2 wells were not inoculated at all. After 168 h
of incubation the culture supernatants were subjected to
the DCIP-based screening assay. Therefore, 50 uL of each
well were transferred from the master plate to two replica
plates. 150 pL of the respective assay mixture (DCIP-based
assay and ABTS-based assay) were added by the liquid-
handling-robot. Variants with increased H,O, production
were selected for rescreening. Each of the selected variants
was used to inoculate four wells of a new cultivation plate,
which was incubated and screened as described above. Ex-
changes in the nucleotide sequence of approved hits were
checked by sequencing. Therefore, colony PCRs were
performed using the primers RMLC-sense and RMLN-
antisense and the amplified fragments were sent for
sequencing.

HTS assays for enzymatic activity and H,O, production

CDH activity was measured by following the time-
dependent reduction of 300 uM 2,6-dichloroindophenol
(DCIP) at a wavelength of 520 nm (€529 = 6.8 mM? cm™?)
in 100 mM Mcllvaine buffer, pH 5.5, containing 30 mM
cellobiose. The reaction was started by adding 150 pL of
the DCIP-based assay solution to 50 pL sample in the well
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and followed in a temperature controlled plate reader at
30°C for 5 min.

H,0O, production was measured by a modified 2,2"-azino-
bis(3ethylbenzthiazoline-6-sulfonate) (ABTS)-based assay.
Originally, this assay quantifies the production of H,O,
by oxidases through the oxidation of ABTS in the presence
of horseradish peroxidase. The formation of the green
ABTS cation radical is followed spectrophotometrically at
420 nm (e400=36 mM"' cm™). However, because CDH
can reduce the oxidized ABTS cation radical (like other
electron acceptors), which would interfere with the assay, a
modification was applied. First, 50 pL of a reaction mixture
containing 60 mM cellobiose in 100 mM Mcllvaine
(citrate-phosphate) buffer, pH 5.5, was added to 50 uL of
the sample for the production of H,O,. The reaction mix-
ture was incubated at 30°C for 4 h before CDH was
inactivated at 90°C for 10 min. This procedure does not in-
fluence the H,O, concentration. The colorimetric reaction
was started by the addition of 100 puL of ABTS reagent
containing 2 mM ABTS and 57 U mL™ peroxidase in
100 mM Mcllvaine buffer, pH 5.5. The increase in absorb-
ance was followed by a temperature controlled plate reader
at 30°C for 5 min. The stoichiometry for this reaction is
two since for one mol of H,O, two mol of the green ABTS
cation radical are formed. The enzymatic activity is given
in units (U), which corresponds to the production of
1 pmol cellobionic acid or 1 pumol H,O, per min.

Heterologous production of variant N700S in P. pastoris
The plasmid pPICMtCDH was used as template for the
generation of mutant N700S by a two-step mutagenesis ap-
proach using PCR and Dpnl [45]. The sequences of the
used primers 5M¢-N700S and 3Mt-N700S are given in
Table 3. The mutation was confirmed by sequencing (LGC
Genomics, Berlin, Germany). The Sacl linearized expres-
sion plasmid was transformed into electrocompetent X-33
cells and transformants were selected on YPD zeocin plates
(1 mg L™). The integration of the gene was verified by col-
ony PCR. A positive transformant was selected for produc-
tion in a 7-L fermenter according to Harreither et al. [27].

Protein purification

The CDH variant N700S was purified by a hydrophobic
interaction chromatography (HIC) and anion exchange
chromatography (AIEX) according to a published proced-
ure [10]. The purification was monitored by determination
of total protein and activity. The purity of the enzyme
preparation was verified by SDS-PAGE. The homoge-
neous CDH solution was sterile filtered, aliquoted and
stored at —80°C for characterization.

Molecular properties
SDS-PAGE was carried out using Mini-PROTEAN TGX
precast gradient gels (4 — 15%) and Bio-Safe Coomassie
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for staining (Bio-Rad Laboratories). Unstained Precision
Plus Protein Standard was used for mass determination.
All procedures were done according to the manufac-
turer’s recommendations (Bio-Rad Laboratories). The
spectra of homogeneously purified N700S were recorded
at room temperature from 250 to 600 nm in both the
oxidized and reduced state using a U-3000 Hitachi spec-
trometer (Tokyo, Japan). Spectra were recorded before
and shortly after the addition of lactose to the cuvette.
The oxidized spectrum was used for determining the
purity represented by the ratio of Ay0/Asso.

Oxygen consumption rates

A luminescence-based fiber optic sensor (PreSens GmbH,
Regensburg, Germany) was used to measure O, consump-
tion rates. Oxygen-saturated 100 mM Mcllvaine buffer
(oxygen concentration ~1200 uM), pH 6.0, containing
30 mM cellobiose was magnetically stirred in a gas-tight,
temperature controlled (30°C) glass vial sealed by a
septum (total volume 1870 pL). The reaction was started
by adding 100 pL of enzyme solution (3.6 mg mL™)
through a cannula.

Kinetic measurements

CDH activity was assayed using 2,6-dichloroindophenol
(DCIP, €550=6.8 mM™' cm™) or 1,4-benzoquinone (gxo0 =
2.224 mM™ cm™) as electron acceptors. The reactions were
followed for 180 sec at 30°C in a Lambda 35 UV/Vis spec-
trophotometer. To assay CDH activity with oxygen as elec-
tron acceptor the modified ABTS assay described above was
used. The reaction mixture for the production of H,O,
contained varying cellobiose concentrations (0.003 -
10 mM) dissolved in 100 mM Mcllvaine buffer, pH 6.0, and
0.025 mg mL™ rCDH or 0.01 mg mL™ of N700S. The reac-
tion mixtures were incubated at 30°C and heat inactivated
for 5 minutes at 90°C. The color reaction was started by the
addition of 100 uL. ABTS reagent. Catalytic constants were
calculated using nonlinear least-squares regression by fitting
the observed data to the Michaelis-Menten equation (Sigma
Plot 11, Systat Software, Chicago, IL, USA). The protein
concentration in fermentation and electrophoresis samples
as well as of purified enzyme preparations was determined
by Bradford’s method using bovine serum albumin as stand-
ard and a prefabricated assay from Bio-Rad Laboratories
(Hercules, CA).

Additional file

Additional file 1: Local alignment (Clustal X) of M. thermophilum
and P. chrysosporium flavodehydrogenase domains. Selected
positions for mutagenesis are indicated with arrows.
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Flavin-dependent oxidoreductases are increasingly recognized as important biocatalysts for vari-
ous industrial applications. In order to identify novel activities and to improve these enzymes in
engineering approaches, suitable screening methods are necessary. We developed novel
microtiter-plate-based assays for flavin-dependent oxidases and dehydrogenases using redox dyes
as electron acceptors for these enzymes. 2,6-dichlorophenol-indophenol, methylene green, and
thionine show absorption changes between their oxidized and reduced forms in the visible range,
making it easy to judge visually changes in activity. A sample set of enzymes containing both flavo-
protein oxidases and dehydrogenases — pyranose 2-oxidase, pyranose dehydrogenase, cellobiose
dehydrogenase, p-amino acid oxidase, and L-lactate oxidase — was selected. Assays for these
enzymes are based on a direct enzymatic reduction of the redox dyes and not on the coupled detec-
tion of a reaction product as in the frequently used assays based on hydrogen peroxide formation.
The different flavoproteins show low Michaelis constants with these electron acceptor substrates,
and therefore these dyes need to be added in only low concentrations to assure substrate satura-
tion. In conclusion, these electron acceptors are useful in selective, reliable and cheap MTP-based
screening assays for a range of flavin-dependent oxidoreductases, and offer a robust method for
library screening, which could find applications in enzyme engineering programs.
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1 Introduction

Oxidation of various organic substrates by enzymes is an
area in biocatalysis that has attracted considerable inter-
est, since the chemical industry is in search of greener
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dase; DCPIP, 2,6-dichlorophenol-indophenol; FAD, flavin adenine dinu-
cleotide; LOXx, L-lactate oxidase; MG, methylene green; MTP, microtiter
plates; Thi, thionine; PDH, pyranose dehydrogenase; POx, pyranose 2-oxi-
dase

alternatives to those currently used industrial processes.
A limited number of enzymes can be used for these bio-
catalytic oxidation reactions, including dehydrogenases,
oxidases, peroxidases, and monooxygenases [1, 2].
Flavin-dependent oxidoreductases are of significant
importance in this area, and several enzymes of this group
are currently employed as biocatalysts [3]. This is partly
because of the ability of flavin-dependent oxidoreduc-
tases to react directly with molecular oxygen thus avoid-
ing other cofactors, cosubstrates or metal catalyst for oxi-
dation reactions, but also for the enormous catalytic ver-
satilities that have been shown by flavin oxidoreductases.
An additional area of interest for flavoenzymes is electro-
chemistry, where suitable enzymes can be applied in
biosensors or for biofuel cell applications. Here, dehydro-
genases that lack oxygen reactivity are favorable since a

© 2014 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
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futile reaction of the electrode-bound enzymes with oxy-
gen will result in hydrogen peroxide formation, which can
impede stability of the biocatalyst. Recently, several new
flavin-containing oxidoreductases have been introduced
to this area in addition to commonly used glucose oxidas-
es, yet there is wide interest in the identification of novel
enzymes for these above-mentioned applications [4, 5].
For example, it has been proposed that, based on genome
sequence data, many attractive and so far unknown flavo-
proteins can still be obtained from nature [3].

Flavin-dependent oxidoreductases show a reaction
mechanism consisting typically of two half-reactions [6].
In the reductive half-reaction an electron donor substrate
(e.g. a sugar or an amino acid) is oxidized, while the flavin
is reduced (reactions 1 or 2).

E-FAD+S5S —>E-FADH, +P (1)
E-FMN + S — E-FMNH, + P (2)

In the ensuing oxidative half-reaction the reduced flavin
is re-oxidized by the second substrate oxygen, yielding
the oxidized prosthetic group and H,O, (shown for
reduced FADH2 in reaction 3), or by alternative electron
acceptors such as quinones, redox dyes, or chelated metal
ions [7]. The two-electron redox systems of the redox dyes
DCPIP, thionine (Thi), and methylene green (MG) are
shown in reactions 4-6, with the phenothiazines MG and
Thi showing an oxidized cationic dye-form and a colorless
reduced leuco-form [8, 9]

FADH, + O, — FAD + H,0, )
DCPIP + 2e” + 2H* — DCPIH, (4)
Thi* + 2™ + H* — ThiH (5)
MG* + 2 + H" - MGH 6)

It was the aim of our work to test whether redox dyes that
are frequently used in biosensor applications to transport
electrons from the prosthetic group of an oxidoreductase
can also be used as colorimetric substrates in microtiter
plate (MTP)-based active assays for flavin-dependent oxi-
doreductases.

2 Materials and methods

2.1 Chemicals

All chemicals were of the highest purity commercially
available. Lactose monohydrate, o-D-glucose monohy-
drate and dipotassium hydrogen phosphate anhydrous
were purchased from Lactan (Graz, Austria). 2,6-dichloro-
phenol-indophenol (DCPIP), MG, Thi, sodium dithionite,
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D-methionine, L-(+)-lactic acid, and all other chemicals
were obtained from Sigma-Aldrich (Vienna, Austria)
unless otherwise stated.

2.2 Enzymes

Pyranose 2-oxidase (POx, EC 1.1.3.10) from Trametes mul-
ticolor, pyranose dehydrogenase (PDH, EC 1.1.99.29) from
Agaricus meleagris, cellobiose dehydrogenase (CDH, EC
1.1.99.18) from Neurospora crassa, b-amino acid oxidase
(DAAO, EC 1.4.3.3) from Trigonopsis variabilis, and L-lac-
tate oxidase (LOx, EC 1.13.12.4) from Aerococcus viridans
were prepared and purified to apparent homogeneity as
described previously [7, 10-13].

2.3 Screening for electron acceptors

The following electron acceptors were tested for their
reactivity with 0.1 U TmPOx and 100 mM b-glucose in
50 mM phosphate buffer pH 6.5: DCPIP (150 uM), methyl-
ene blue (16 uM), MG (25 uM), celestine blue (756 uM),
Meldola’s blue (60 puM), Thi (20 uM), toluidine blue
(15 uM), reactive blue 2 (160 uM), direct red 81 (80 uM),
acid orange 74 (150 uM), sudan orange (100 uM), mala-
chite oxalate green (8 uM), K,[Cr(CN),] (12 mM), and
K, [Fe(CN)4] (1 mM). The different reactions were followed
on a U-3000 spectrophotometer (Hitachi, Tokyo, Japan).

2.4 Spectral properties of redox dyes

Electron acceptor stock solutions were prepared as fol-
lows: DCPIP was dissolved in a small amount of ethanol
over low heat and then adjusted to the desired concen-
tration (3 mM) with reverse osmosis water; MG and Thi
stock solutions (0.5 and 1 mM, respectively) were pre-
pared in reverse osmosis water. Spectra of the selected
redox dyes DCPIP (70 uM), MG (25 uM), and Thi (20 uM)
were measured in 50 mM phosphate buffer (pH 6.5), and
these dyes were reduced by adding sodium dithionite
(NazszO 4). The changes in the absorption spectra were
recorded with a U-3000 spectrophotometer (Hitachi) in
the range from 400 to 800 nm. To investigate the pH
dependence of the spectral properties of the electron
acceptors DCPIP, MG, and Thi, absorbance spectra were
recorded in the range of pH 3.0-9.0 in steps of 1.0 pH unit
by using the following buffers: 50 mM citrate buffer (pH
3.0-5.0), 50 mM phosphate buffer (pH 5.0-8.0), and 50 mM
Tris buffer (8.0-9.0). The concentration of the redox dyes
was 70 uM for DCPIP, 25 uM for MG, and 20 uM for Thi.

2.5 Microtiter plate activity assays

MTP assays were performed in standard 96-well plates.
Each well contained 100 pL of the assay mixture, which
was composed of the electron acceptor (450 uM DCPIP,
75 uM MG, or 100 uM Thi), varying activities of purified
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Figure 1. Compositions of the reaction mixtures used in the microtiter
plate assays shown in Fig. 3, each well contained additionally 450 uM
DCPIP, 75 uM MG, or 100 uM Thi as indicated. These dye concentrations
were selected so that changes in the absorption can be detected by eye,
which is not possible when higher concentrations are used. The first col-
umn represents the negative control (no enzyme added). Line A: POx,
pyranose 2-oxidase from Trametes multicolor; B: PDH, pyranose dehydro-
genase from Agaricus meleagris; C: CDH, cellobiose dehydrogenase from
Neurospora crassa; D: DAAO, D-amino acid oxidase from Trigonopsis vari-
abilis; E: LOx, L-lactate oxidase from Aerococcus viridans. PPB, phosphate
buffer; b-Gluc, p-glucose; b-MET, b-methionine; LLA, L-lactic acid.

POx, PDH, CDH, DAAOQO, or LOx (0.2, 0.02, or 0.002 U),
50 mM phosphate buffer and the appropriate substrate
(p-glucose for POx and PDH, lactose for CDH, b-methion-
ine for DAAOQO, and L-lactic acid for LOx). The individual
composition of the reaction mixtures for the respective
wells is shown in Fig. 1, with the first column of the
96-well plate representing the negative control (no
enzyme added). Electron acceptor reduction was followed
at room temperature (22°C) at 520 nm for DCPIP, 655 nm
for MG, and 600 nm for Thi using the Microplate reader
Sunrise® (Tecan, Austria). The relative absorption change
was calculated according to Eq. (7).

electron acceptor absorption change (%) = % x100 (7)
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where A is the initial electron acceptor absorption and A,
is the absorption measured at the time point t. The
absorption change in percentage was plotted versus time.

In addition, realistic enzyme samples were employed
in the MTP-based assays, using two different samples
and expression systems. Crude, intracellular extracts of
Escherichia coli were used as a source of POx, and culture
supernatants of Pichia pastoris were the source of recom-
binant CDH. POx was recombinantly produced in E. coli
as reported in ref. [14], while CDH was obtained from
shaken flask cultures of P pastoris basically as described
by Sygmund [15], however, omitting the trace element
solution from the medium. The following reaction mix-
tures were analyzed as negative controls: (i) cell lysates of
E. coli BL21 Star DE3 harboring the pET21d" expression
vector without the POx gene, b-glucose and dye; (ii) dye
and substrate without enzyme; (iii) dye and enzyme with-
out substrate. The MTP set-up was as described above,
and the total volume per well was increased to maximally
200 pL, depending on the amount/activity of protein
applied.

2.6 Steady-state kinetic measurements

Apparent steady-state kinetic constants for the two-elec-
tron, two-proton acceptor DCPIP and the 2-e~, 1-H"accep-
tors MG and Thi were determined at room temperature
(22°C) for POx, PDH, CDH, DAAOQO, and LOx. Initial rates of
the DCPIP assay were recorded at 520 nm, where the pH
dependence of the spectral properties of DCPIP is least
pronounced. A molar extinction coefficient &,  of
6.8 mM™! cm™! was used for pH values below 6.5, where-
as a value of 6.6 mM™' cm™! was used when the pH was
above 6.5 [16]. The reaction in the MG assay was followed
at 655 nm and the corresponding molar extinction coeffi-
cient g, was 46.6 mM ! cm™. Initial rates of the reduc-
tion of Thi were recorded at 600 nm and a molar extinc-
tion coefficient g5, of 564 mM™'! cm™ was applied.
Although Thi does not strictly obey Lambert-Beer's law
[17], for the small concentration range that was employed
in these experiments the absorption is linearly dependent
on the Thi concentration. The molar extinction coeffi-
cients for MG and Thi were determined experimentally at
pH 6.5 from the slope of the regression line of various elec-
tron acceptor concentrations versus their absorption
intensity at 655 and 600 nm for MG and Thi, respectively
(data not shown).

Kinetic constants were calculated by nonlinear least-
square regression, fitting the data to the Henri-Michaelis-
Menten or Hill equation (Sigma Plot 11, Systat Software).
The path length of the quartz cuvettes used was varied
between 3 and 10 mm depending on the electron accep-
tor concentration used so that the initial absorption value
did not exceed a value of 2.0.
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2.6.1  2,6-dichlorophenol-indophenol

Initial rates of reduction of DCPIP were followed at
520 nm. The reaction mixtures for the determination of
the apparent steady-state kinetic constants contained
varied concentrations of DCPIP (0.0075 to maximally
1.2 mM), substrate in saturating concentrations (100 mIM
D-glucose for POx, 200 mM p-glucose for PDH, 30 mM lac-
tose for CDH, 200 mM bp-methionine for DAAO, and
200 mM L-lactic acid for LOx), 50 mM phosphate buffer
(pH 6.5 for POx and LOx, pH 7.5 for PDH, pH 6.0 for CDH,
and pH 8.0 DAAOQO) and a suitable amount of the respec-
tive enzyme (POx, PDH, CDH, DAAOQO, and LOx).

2.6.2 Methylene green

Initial rates of the reduction of MG were recorded at
655 nm, and the assay mixtures contained varied MG
concentrations (0.003-0.2 mM), while all other conditions
were as for DCPIP.

2.6.3 Thionine

For the determination of initial rates of the reduction of
Thi absorption changes were recorded at 600 nm. Thi
concentrations were varied from 0.001 to maximally
0.3 mM. All other conditions were as with DCPIP.

3 Results
3.1 Screening for suitable electron acceptors

We performed an initial screening for suitable electron
acceptors that show a visible color change in reasonable
time, using the flavoenzyme POx since it was previously
shown that this enzyme reduces a wide range of different
quinones, redox dyes, and complexed metal ions [7]. The
electron acceptors that were tested in this screening
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included DCPIP, methylene blue, MG, celestine blue, Mel-
dola’s blue, Thi, toluidine blue, reactive blue 2, direct red
81, acid orange 74, sudan orange, malachite oxalate
green, K;[Cr(CN),], and K,[Fe(CN),]. Quinones were not
included because of the possibility of polymerization at
higher pH values [18]. Some of these potential electron
acceptors did not show any reaction in the POx-catalyzed
reaction (e.g. reactive blue 2, direct red 81 or K,[Cr(CN),])
while other showed very slow color changes under the ini-
tial screening conditions (e.g. malachite oxalate green).
Based on this initial screening we selected DCPIP, MG,
and Thi as the most promising electron acceptors (redox
dyes) since they reacted directly with POx, and showed
distinct color changes that are clearly visible even by eye
within a short reaction period.

3.2 Spectral properties of the selected redox dyes

Absorption changes of DCPIP, MG, and Thi are shown in
Fig. 2 for the reduction by Na,S,0, at pH 6.5. For DCPIP
and Thi the maximal change in absorption between the
oxidized and reduced states was recorded at 600 nm, and
a color shift from blue and purple (oxidized state) to color-
less (completely reduced state) could be observed for
DCPIP and Thi, respectively. MG is turquoise-colored in
the oxidized form and shows an absorption maximum at
655 nm, while the reduced form is again colorless. To
investigate the dependence of the DCPIP, MG, and Thi
spectra on the pH value, their absorption profiles were
recorded in the range of pH 4.0-9.0. The absorbance of
Thi and MG are pH-independent (data not shown), while
the spectral properties of DCPIP show a strong pH
dependency [16]. Since the lowest effect of the pH was
observed at 520 nm, this wavelength was used for further
experiments.

Figure 2. Absorption spectra of (A) 70 uM DCPIP, (B) 25 uM MG and (C) 20 uM thionine in 50 mM phosphate buffer (pH 6.5) of the oxidized state (solid
line) and the (partly) reduced state (discontinuous lines). Sodium dithionite was added stepwise until complete reduction was attained. Spectra were
obtained in 10-mm quartz cuvettes, and the concentration of the dyes was chosen so that the maximum absorption value was 1.
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3.3 Microtiter plate assay

The reduction of DCPIP, MG, and Thi by the sample
enzymes in the presence of a suitable electron-donor sub-
strate is shown in Fig. 3 by characteristic color changes.
Each well of the 96-well MTP contained the respective
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electron acceptor (DCPIP, MG, or Thi), varying activities
of one of the flavoenzymes POx, PDH, CDH, DAAO, or LOx
plus the appropriate electron donor substrate. The differ-
ent assay conditions are shown in Fig. 1, in which the first
column of the 96-well MTP represents the negative con-
trol (no enzyme added). All five tested flavin-dependent

Figure 3. Microtiter-plate-based activity
assays using (A) DCPIP, (B) MG, or

(C) Thi as indicators for the activity of
various flavoenzymes. The composition
of the individual assay mixtures per well
is as given in Fig 1. The plates to the far
left show the beginning of the reaction at
0 min.

Figure 4. Time course of the absorption change of (A) DCPIP, (B) methylene green, or (C) thionine when reacting with different flavoenzymes and the
appropriate enzyme substrate. The activity stated is the total activity added per well. Absorbance values were measured directly in 96-well plates by using
a microplate reader. Data presented are the mean of duplicate independent measurements = the standard deviation shown by the error bars.

Symbols: @, negative control |, no enzyme added; O, negative control Il, no substrate added; V¥, pyranose 2-oxidase from Trametes multicolor (0.2 U);

A\, pyranose dehydrogenase from Agaricus meleagris (0.2 U); B, cellobiose dehydrogenase from Neurospora crassa (0.02 U); O, p-amino acid oxidase from
Trigonopsis variabilis (0.2 U); #, L-lactate oxidase from Aerococcus viridans (0.02 U).
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Figure 5. Time course of the absorption change of (A) DCPIP, (B) methylene green, or (C) thionine when reacting with cell lysates of E. coli expressing POx
or clear supernatant of P. pastoris expressing CDH; D-glucose and lactose were used as the respective substrates. The activities stated are the total activity
added per well. Data presented are the mean of duplicate independent measurements + the standard deviation shown by the error bars.

Symbols: @, negative control |, cell lysates of E. coli carrying the pET21d* expression vector without the POx gene; O, negative control II, no enzyme
added; ¥, negative control Ill, clear P. pastoris supernatant containing 0.01 U cellobiose dehydrogenase from Neurospora crassa without addition of the
electron donor (sugar) substrate; A and B, cell lysates of E. coli expressing pyranose 2-oxidase from Trametes multicolor (0.002 and 0.01 U); [ and ¢,
clear supernatant of P. pastoris containing cellobiose dehydrogenase from Neurospora crassa (0.002 and 0.01 U).

enzymes show discoloration of the redox dye within 1 h,
even with the lowest activities tested. This color change
and differences in intensities can be judged easily by eye.
Some of these colorimetric changes could be observed
rapidly within the first minutes of the reaction, even when
using only low activities of 0.002 U per well, e.g. for CDH
and LOx.

The absorbance changes over time, calculated
according to Eq. (7), for the reduction of DCPIP, MG, and
Thi are shown in Fig. 4. Again, the absorbance changes
resulting from the reduction of the redox dyes by the test-
ed flavoenzymes can be conveniently measured on a
microtiter plate reader and give significant results for the
activity ranges chosen within a reasonable time of less
than 60 min. After approximately 1 h the slow re-oxidation
of MG by air could be observed for the system POx/glu-
cose, presumably because glucose was completely oxi-
dized at this point. This slight re-oxidation of the reduced
form by oxygen is also known from the blue bottle exper-
iment using methylene blue, a compound that is struc-
turally related to MG [19, 20]. This re-oxidation was not
observed for the other two redox dyes used.

In addition, we used two different realistic enzyme
samples as typically employed in enzyme engineering
approaches, cell lysates of E. coli overexpressing POx
from T. multicolor and culture supernatants of P pastoris
cultivations, in which CDH from N. crassa was extracel-
lularly expressed (Fig. b). Even low activities of only 2 and
10 mU per well gave absorbance changes over time that
could be clearly distinguished from the reaction blanks.
When using these low enzyme activities, DCPIP and MG
gave unambiguous results with 3 h, while Thi proved to
be less sensitive and only the higher of the two enzyme
activities (10 mU per well) could be clearly identified with-
in the reaction time of 3 h (Fig. 5).

3.4 Catalytic constants

The apparent steady-state kinetic constants were meas-
ured for the 2-e~, 2-H* acceptor DCPIP (used in varying
concentrations of 7.6 UM to maximal 1.2 mM while the
second electron-donor substrate was held constant in sat-
urating concentrations) and the 2-e~, 1-H* acceptors MG
(3.0-200 uM) and Thi (1.0-300 uM). Kinetic data are sum-
marized in Table 1. The five investigated flavoproteins
show very low apparent Michaelis constants mostly in the
micromolar range for these redox dyes. The five flavoen-
zymes differ significantly in their catalytic constants k.
and catalytic efficiencies k__ /K _ for these electron accep-
tors, with the lowest efficiencies found for DAAO and
PDH. This is also evident from Fig. 3 and 4, where the
slowest change in color/decrease in absorbance is
observed for these two enzymes.

4 Discussion

Rapid, convenient, and reliable colorimetric assays are a
prerequisite for different approaches in enzyme develop-
ment, ranging from screening of mutational libraries to
the identification of novel enzymes from metagenomic
libraries. Typically, large numbers of samples have to be
evaluated by activity-based assays in these approaches,
and microassays are preferred for this purpose because
they facilitate rapid screening of numerous samples and
substantially reduce reagent consumption. When screen-
ing for flavin-dependent oxidases the second reaction
product, hydrogen peroxide, is frequently detected in a
second, enzyme-coupled reaction. Here, chromogenic
substrates such as 4-aminoantipyrine together with a
suitable phenolic compound [21], o-dianisidine [22],
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Refs.

[7]

kcat/KM
(mM-Ts™)
790
nd

kcat
(s-")
71
nd
nd

Oxygen
Ky
(mM)

0.090
nd

kcat/KM
(mM-Ts™)
24
2.1

kcat
(s
42401
0.25+0.01

(mM)
0.20£0.01
0.12£0.01

0.014 +0.001

Thionine
Ky

kcat/KM
(mM-Ts7)
13
2.5
360

kcat

(s
1.63+0.10
0.34+0.08
15.1+0.4

Methylene green
Ky

(mM)
0.12£0.01
0.14£0.01

0.042 +0.003

kcat/KM
(mM-Ts7)
8
4.1

kcat

(s
70+ 4
2.740.13

(mM)

1.88+0.15
0.66 = 0.07
0.037 £0.001

Table 1. Kinetic properties of TmPOx, AmPDH, NcCDH, TvDAAO, and AvLOx with DCPIP, methylene green and thionine as electron acceptors and p-glucose as saturating substrate for POx and PDH, lac-

tose for CDH, p-methionine for DAAO and L-lactic acid for LOx?

Enzyme DCPIP

POx
PDH

nd
303
167

nd

511

7.210.1

99

3.7+£0.04

CDH
DAAO
LOx

(33]

0.755+0.076 229+12

5.0
12

0.032 £ 0.005 0.161 +0.004

3.0
22

1.0 0.062 £ 0.006 0.190 £ 0.008
0.14£0.01

118

0.031£0.002 0.033 £0.001

1.60+0.15

[13]

140 £1

0.83 £0.03

1.30+0.05

0.11 £0.003

3.0+£0.2

189 £ 11

a) Published data for the kinetic constants with oxygen are given, for the flavoprotein dehydrogenases these data are not available. Data presented are the mean of triplicate independent measurements + the standard

deviation.
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or 2,2"-azinobis(3-ethylbenzthiazoline)-6-sulfonic  acid
(ABTS) [23, 24] are used together with horseradish perox-
idase or another suitable peroxidase. Obviously, these
approaches cannot be used for flavin-dependent dehy-
drogenases since these only show negligible activity with
oxygen. Various quinones are often used directly as an
electron acceptor by a number of flavin-dependent oxi-
doreductases. A drawback for the use of quinones in
screening assays, however, is that the redox reaction can
only be followed in the UV range, which makes the use of
special and rather expensive MTP necessary. Further-
more, quinones can give confounded results due to their
spontaneous oxidative side reactions in the alkaline pH
range [18]. Recently, ferricyanide was used in a high-
throughput screening assay that is based on the forma-
tion of Prussian Blue, but it was shown that this assay is
highly specific for CDH while other flavin-dependent car-
bohydrate oxidoreductases (glucose oxidase, PDH) do not
show similar reactions [25].

It was the aim of our work to test whether mediators
that are used in enzyme-based biosensors [26] can also be
used as convenient colorimetric substrates in MTP-based
activity assays used for high-throughput screening of
flavin-dependent oxidoreductases. To this end, we initial-
ly tested 14 different compounds that are often employed
as redox mediators in biosensors, mainly various phe-
nothiazine derivatives, for their ability to directly react
with the flavin adenine dinucleotide (FAD)-dependent
enzyme POx. Based on rapid direct enzyme-catalyzed
reduction of the mediators and clear color changes we
selected DCPIP, MG, and Thi, which show distinct
absorption changes between their oxidized and reduced
forms in the visible range, as the most promising sub-
strates in these assays for further characterization. These
three redox dyes are direct substrates (electron acceptors)
for various flavin-dependent oxidoreductases, both oxi-
dases and true dehydrogenases. These studied flavin-
dependent oxidoreductases belong to three different
enzyme superfamily of flavoproteins (POx, PDH, and CDH
are members of the glucose-methanol-choline (GMC) oxi-
doreductase family; DAAO belongs to the glutathione
reductase family [27] and 1-LOx to the L-o-hydroxy acid
oxidase family [28]). They all contain covalently or non-
covalently bound FAD or flavin mononucleotide (FMN):
monomeric PDH and each subunit of the homotetramer
POx bind one FAD covalently [29, 30], homodimeric
DAAO [31], and the flavin domain of the monomeric flav-
ocytochrome CDH [32] contain one non-covalently bound
FAD, whereas each subunit of the homotetramer LOx
binds one FMN non-covalently [33].

All five tested enzymes (POx from T. multicolor, PDH
from A. meleagris, CDH from N. crassa, DAAO from
T variabilis, LOx from A. viridans) reacted rapidly and effi-
ciently with these electron acceptors so that decoloriza-
tion of the dye in the MTP was visible within few minutes.
This is also expressed by the high apparent catalytic con-
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stants k_,, determined for these electron acceptors in pres-
ence of an excess of the respective electron donor sub-
strates, which were found to range from 0.033 to 189 s
This indicates that the selected redox dyes might be use-
ful for activity assays of a wide range of different flavin-
dependent oxidoreductases. Furthermore, the apparent
Michaelis constants of all tested enzymes were typically
found to be in the micromolar range for these three elec-
tron acceptors, indicating that only low concentrations
have to be used to the assays to assure substrate satura-
tion and hence maximum reaction velocities. Another
clear advantage of these dyes for activity assays is that
they react directly with the enzymes to be tested in con-
trast to frequently used assays that are based on a second,
enzyme-coupled assay such as the ones that are frequent-
ly used for the detection of the reaction product hydrogen
peroxide as this will also reduced costs for these assays;
these dyes are cheap and there are no extra costs for addi-
tional reagents and enzymes. The reduced forms of the
redox dyes were stable in the presence of oxygen in these
assays, and only MG showed some slight re-oxidation by
oxygen after a prolonged incubation period and once the
electron donor substrate was exhausted from the reaction
mixture. This should however not interfere with MTP-
based screening. Furthermore, MG and Thi did not show
a pH dependence of their absorption properties, and this
will make their application in enzyme activity assays pos-
sible even over a wide pH range. The proposed method
might be useful in the primary screening for desired
enzyme activities of libraries. To avoid a potential bias in
the screening, i.e. identification of variants showing
improved activities only with these specific electron
acceptors and not with the specific electron donor sub-
strates that often are of interest in an enzyme improve-
ment program (“you get what you screen for” [34]), two or
more electron acceptors can be used in the library screen-
ing for specific activities, which will be possible because
of the ease of application. In conclusion, the activity
assays based on the electron acceptors DCPIP, MG, and
Thi offer a rapid, robust and cheap method for screening of
a large number of samples, which could find applications
in enzyme engineering programs of flavin-dependent oxi-
doreductases or identification of novel enzyme activities
from metagenomic libraries, to name a few examples.

This work was supported by BOKU University of Natural
Resources and Life Sciences (BOKU Doc Program) and by
the Austrian Science Fund (FWF), Doctoral Programme
BioToP-Biomolecular Technology of Proteins (FWF
W1224) and individual project P22094 (to CKP), which is
gratefully acknowledged. We thank Wolfgang Graschopf
for his help and support.

The authors declare no financial or commercial conflict of
interest.

Biotechnol. ). 2014, 9

www.biotecvisions.com

5 References

(1

Hollmann, F., Arends, I. W. C. E., Buihler, K., Schallmey, A., Buhler, B.,
Enzyme-mediated oxidations for the chemist. Green Chem. 2011,
13, 226-265.

Monti, D., Ottolina, G., Carrea, G., Riva, S., Redox reactions cat-
alyzed by isolated enzymes. Chem. Rev. 2011, 111, 4111-4140.
Winter, R. T., Fraaije, M. W., Applications of flavoprotein oxidases in
organic synthesis: Novel reactivities that go beyond amine and alco-
hol oxidations. Curr. Org. Chem. 2012, 16, 2542—-2550.

Shao, M., Zafar, M. N, Falk, M., Ludwig, R. et al., Optimization of a
membraneless glucose/oxygen enzymatic fuel cell based on a bio-

[2

(3

[4

anode with high coulombic efficiency and current density.
ChemPhysChem 2013, 14, 2260-2269.

Ludwig, R., Ortiz, R., Schulz, C., Harreither, W. et al., Cellobiose
dehydrogenase modified electrodes: Advances by materials science
and biochemical engineering. Anal. Bioanal. Chem. 2013, 405, 3637—
3658.

Dijkman, W. P, de Gonzalo, G., Mattevi, A., Fraaije, M. W., Flavopro-
tein oxidases: Classification and applications. Appl. Microbiol.
Biotechnol. 2013, 97, 5177-5188.

Leitner, C., Volc, J., Haltrich, D., Purification and characterization of

[5

6

[7

pyranose oxidase from the white rot fungus Trametes multicolor.
Appl. Environ. Microbiol. 2001, 67, 3636—-3644.

Akkermans, R. P, Roberts, S. L., Marken, F., Coles, B. A. et al., Meth-
ylene green voltammetry in aqueous solution: Studies using ther-

8

mal, microwave, laser, or ultrasonic activation at platinum elec-
trodes. J. Phys. Chem. B 1999, 103, 9987-9995.

[9] Wondrak, G. T., NQO1-activated phenothiazinium redox cyclers for

the targeted bioreductive induction of cancer cell apoptosis. Free
Rad. Biol. Med. 2007, 43, 178-190.

Sygmund, C., Kittl, R., Volc, J., Halada, P. et al., Characterization of
pyranose dehydrogenase from Agaricus meleagris and its applica-

[10

tion in the C-2 specific conversion of D-galactose. J. Biotechnol.
2008, 133, 334-342.
[11] Nidetzky, B., Stability and stabilization of D-amino acid oxidase from
the yeast Trigonopsis variabilis. Biochem. Soc. Trans. 2007, 35,
1588-1592.
Sygmund, C., Kracher, D., Scheiblbrandner, S., Zahma, K. et al,,
Characterization of the two Neurospora crassa cellobiose dehydro-

[12

genases and their connection to oxidative cellulose degradation.

Appl. Environ. Microbiol. 2012, 78, 6161-6171.

Unterweger, B., Stoisser, T., Leitgeb, S., Birner-Grinberger, R.,

Nidetzky, B., Engineering of Aerococcus viridans L-lactate oxidase

for site-specific PEGylation: Characterization and selective

bioorthogonal modification of a S218C mutant. Bioconj. Chem. 2012,

23, 1406-1414.

[14] Spadiut, O., Radakovits, K., Pisanelli, I., Salaheddin, C. et al., A ther-
mostable triple mutant of pyranose 2-oxidase from Trametes multi-

[13

color with improved properties for biotechnological applications.
Biotechnol. J. 2009, 4, 525-534.

[15] Sygmund, C., Santner, P, Krondorfer, I, Peterbauer, C. K. et al., Semi-
rational engineering of cellobiose dehydrogenase for improved
hydrogen peroxide production. Microb. Cell Fact. 2013, 12, 38.

[16] Baminger, U., Subramaniam, S. S., Renganathan, V., Haltrich, D.,
Purification and characterization of cellobiose dehydrogenase from
the plant pathogen Sclerotium (Athelia) rolfsii. Appl. Environ. Micro-
biol. 2001, 67, 1766-1774.

[17] Rabinowitch, E., Epstein, L. F.,, Polymerization of dyestuffs in solu-
tion: Thionine and methylene blue. J. Am. Chem. Soc. 1941, 63,
69-78.

[18] Frébortova, J., Fraaije, M. W., Galuszka, P, Sebela, M. et al., Catalyt-
ic reaction of cytokinin dehydrogenase: Preference for quinones as
electron acceptors. Biochem. J. 2004, 380, 121-130.

8 © 2014 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Biotechnology

Journal

www.biotechnology-journal.com

[19]

[20]

(21]

[22]

(23]

(24]

(25]

(26]

(27]

Cook, A. G., Toliver, R. M., Willams, J. E., The blue bottle experiment
revisited: How blue? How sweet? J. Chem. Educ. 1994, 71, 160-161.
Azmat, R., Ahmed, S., Qureshi, S., Vali Mohammed, F., Uddin, F.,
Aerobic oxidation of D-glucose by methylene green in alkaline aque-
ous solution by visible spectrophotometry. J. Appl. Sci. 2006, 6,
2784-2788.

Ribitsch, D., Winkler, S., Gruber, K., Karl, W. et al., Engineering of
choline oxidase from Arthrobacter nicotianae for potential use as
biological bleach in detergents. Appl. Microbiol. Biotechnol. 2010,
87,1743-1752.

Gabler, M., Hensel, M., Fischer, L., Detection and substrate selectiv-
ity of new microbial D-amino acid oxidases. Enzyme Microb. Tech-
nol. 2000, 27, 605-611.

Spadiut, O., Brugger, D., Coman, V., Haltrich, D. et al., Engineered
pyranose 2-oxidase: Efficiently turning sugars into electrical energy.
Electroanalysis 2010, 22, 813-820.

Salaheddin, C., Spadiut, O., Ludwig, R., Tan, T. C. et al., Probing
active-site residues of pyranose 2-oxidase from Trametes multicolor
by semi-rational protein design. Biotechnol. J. 2009, 4, 535-543.
Vasilchenko, L. G., Ludwig, R., Yershevich, O. P, Haltrich, D. et al.,
High-throughput screening for cellobiose dehydrogenases by Pruss-
ian Blue in situ formation. Biotechnol. J. 2012, 7, 919-930.

Privett, B. J., Shim, J. H., Schoenfisch, M. H., Electrochemical sen-
sors. Anal. Chem. 2008, 80, 4499-4571.

Caldinelli, L., Tametti, S., Barbiroli, A., Bonomi, F. et al., Unfolding
intermediate in the peroxisomal flavoprotein b-amino acid oxidase.
J. Biol. Chem. 2004, 279, 28426-28434.

[28]

[29]

[30

[31]

[32]

[33]

[34]

[35]

Biotechnol. ). 2014, 9

www.biotecvisions.com

Maeda-Yorita, K., Aki, K., Sagai, H., Misaki, H. et al.,, L-Lactate oxi-
dase and L-lactate monooxygenase: Mechanistic variations on a
common structural theme. Biochimie 1995, 77, 631-642.

Tan, T. C., Spadiut, O., Wongnate, T., Sucharitakul, J. et al., The
1.6-A crystal structure of pyranose dehydrogenase from Agaricus
meleagris rationalizes substrate specificity and reveals a flavin inter-
mediate. PLoS ONE 2013, 8, e53567.

Hallberg, M. B., Leitner, C., Haltrich, D., Divne, C., Crystal structure
of the 270 kDa homotetrameric lignin-degrading enzyme pyranose
2-oxidase. J. Mol Biol. 2004, 341, 781-796.

Pilone, M. S., b-Amino acid oxidase: New findings. Cell. Mol. Life Sci.
2000, 57, 1732-1747.

Zamocky, M., Ludwig, R., Peterbauer, C., Hallberg, B. M. et al., Cel-
lobiose dehydrogenase — a flavocytochrome from wood-degrading,
phytopathogenic and saprotropic fungi. Curr. Protein Pept. Sci.
20086, 7, 2565-280.

Li, S. J., Umena, Y., Yorita, K., Matsuoka, T. et al., Crystallographic
study on the interaction of L-lactate oxidase with pyruvate at 1.9 A
resolution. Biochem. Biophys. Res. Comm. 2007, 358, 1002—1007.
Schmidt-Dannert, C., Arnold, F. H., Directed evolution of industrial
enzymes. Trends Biotechnol. 1999, 17, 135-136.

Trampitsch, C., Slavica, A., Riethorst, W., Nidetzky, B., Reaction of
Trigonopsis variabilis b-amino acid oxidase with 2,6-dichloroin-
dophenol: Kinetic characterisation and development of an oxygen-
independent assay of the enzyme activity. J. Mol Cat. B: Enzymatic
2005, 32, 271-278.

© 2014 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 9






Acknowledgements

157






Zuerst mochte mich bei Priv.-Doz. Dr. Clemens K. Peterbauer fur seine unkomplizierte,
humorvolle und kollegiale Betreuung bedanken, besonders fur die stets rasche Korrektur
diverser Arbeiten und Publikationen. Weiters bedanke ich mich bei Univ.-Prof. Dr. Dietmar
Haltrich und Dr. Roland Ludwig fur zahlreiche Ratschlage und tatkraftige Unterstlitzung bei
kniffigen Aufgabenstellungen. Auch Dr. Roman Kittl und Dr. Christoph Sygmund méchte
ich danken dass sie immer ein offenes Ohr fir die Herausforderungen des Laboralltags hatten

und wesentlich zu deren Bewaéltigung beigetragen haben.

Ich bedanke mich bei Univ.-Prof. Dr. Christian Obinger, Univ.-Prof. Dr. Paul G. Furtmdller,

DI Stefan Hofbauer, Dr. Katharina Pirker und DI Monika Soudi fur die Hilfe und gute
Zusammenarbeit bei tiefergehenden biochemischen Fragestellungen. Besonders bedanken
mdochte ich mich bei Dr. Christa Jakopitsch aber auch bei allen Pls und Kollegen des
Doktorandenkollegs ,BioToP* fiir die anspruchsvolle und interessante Ausbildung und den
wissenschaftlichen Input. Dem Wissenschaftsfonds Osterreich (FWF) danke ich firr die

Finanzierung dieser Arbeit.

Meinen Freunden und Kollegen danke ich herzlich fur ihre tatkraftige Hilfe in diversen
Belangen, besonders meinen ,Nachbarn“ im Biro die schon fiur viele heitere Momente
gesorgt haben. Dr. Petra Staudigl, DI Regina Paukner, Cindy Lorenz und DI Dagmar Brugger
danke ich im Besonderen, ihr wart fiar mich Freundin, Lehrerin, Erfolgscoach und
Psychologin in einer Person. Danke auch an Mag. Katharina Lipp, die im Zuge ihrer

Masterarbeit einen wesentlichen Anteil am Gelingen vieler Experimente hat.

Mein besonderer Dank gilt meinen Eltern fir ihre uneingeschrankte Unterstitzung und
Fursorge. Zuletzt mochte ich dem wichtigsten Menschen danken, Peter du hast immer an
mich geglaubt und mich ermutigt. Du bist meine starke Schulter zum Anlehnen und mein

Ruckhalt, daftr danke ich dir von Herzen.

159



	Deckblatt
	Anfang ohne DB neu
	Chapter1NEU
	Chapter 2 gesamt NEU
	Chapter 2 DeckblattNEU
	Paper I
	A.xanthoderma paper
	Paper1 supplemental
	Leere Seite
	Paper II
	A.meleagris simple production paper
	A.meleagris simple production paper
	Simple and efficient expression of Agaricus meleagris pyranose dehydrogenase in Pichia pastoris
	Abstract
	Introduction
	Materials and methods
	Chemicals and microorganisms
	Construction of a pdh1 expression vector for E. coli
	Expression of pdh1 in E. coli
	Codon optimization of pdh1 for expression in P. pastoris
	Construction of pdh1 expression vectors for P. pastoris
	Microscale cultivation in deep well plates
	Large-scale production of recPDH1 in P. pastoris
	Purification of recombinant PDH1
	Enzyme assay
	Molecular properties
	Enzymatic deglycosylation
	Kinetic properties

	Results
	Expression of pdh1 in E. coli
	Expression of pdh1 in P. pastoris
	Scale up of recPDH1 production
	Purification of recombinant PDH1
	Catalytic properties
	Molecular properties

	Discussion
	References



	Paper III
	A.meleagris crystal structure paper

	Chapter 3 gesamt NEU
	Chapter 3 Deckblatt
	Paper IV
	Engineering PDH oxygen reactivity
	Supplemental Paper IV
	Paper V
	Krondorfer et al_2014_forThesis
	Agaricus meleagris pyranose dehydrogenase: Influence of covalent FAD linkage on catalysis and stability
	Iris KrondorferPaP, Dagmar BruggerPaP, Regina PauknerPaP, Katharina F. PirkerPbP, Stefan HofbauerPbP, Paul G. FurtmüllerPbP, Christian ObingerPbP, Dietmar HaltrichPaP, Clemens K. PeterbauerPa*
	Abstract
	Pyranose dehydrogenase (PDH) is a monomeric flavoprotein belonging to the glucose-methanol-choline (GMC) family of oxidoreductases. It catalyzes the oxidation of free, non-phosphorylated sugars to the corresponding ketosugars. The enzyme harbours an F...
	Introduction
	Pyranose dehydrogenase (PDH, EC 1.1.99.29) is a monomeric FAD-dependent oxidoreductase and member of the glucose-methanol-choline oxidase (GMC) family. The glycoprotein is around 75 kDa in size and was first isolated from the edible basidiomycete Agar...
	Materials and methods
	Materials
	All chemicals were purchased from Sigma Aldrich (St. Louis, MO), Roth (Karlsruhe, Germany) or VWR (Radnor, PA). Pichia pastoris strain X-33 and Zeocin-resistance encoding shuttle vector pPICZB were from Invitrogen (Carlsbad, CA). Escherichia coli stra...
	Site-directed mutagenesis, protein expression and purification
	Preparation of plasmids, recombinant expression in P. pastoris and purification of pyranose dehydrogenase from A. meleagris (AmPDH) and variant H103Y were described in Sygmund et al. 2012 [17] and Krondorfer et al., 2014 [16].
	Enzymatic activity
	PDH activity was determined using the standard assay with ferrocenium hexafluorophosphate and D-glucose at 30  C as described before [18]. pH optima of AmPDH and variant H103Y were measured from pH 2.5-6 (100 mM citrate buffer), pH 6-8 (100 mM phospha...
	Electronic circular dichroism spectroscopy
	Far UV electronic circular dichroism (ECD) spectra of the wild-type and the mutant enzyme were recorded using a Chirascan CD Spectrophotometer (Applied Photophysics, Leatherhead, UK) in the wavelength range from 180 to 260 nm. The instrument was flush...
	Electron paramagnetic resonance (EPR) spectroscopy
	Electron paramagnetic resonance (EPR) measurements were carried out on a Bruker EMX continuous wave (cw) spectrometer, operating at X-band (9 GHz) frequencies, equipped with a high sensitivity resonator. EPR measurements were carried out using 50 µl o...
	Stopped-flow spectroscopy
	Pre-steady-state kinetics of the oxidative and reductive half-reaction were studied using an Applied Photophysics SX20 (Leatherhead, UK) stopped-flow instrument with diode array and photo-multiplier (PMT) detection. All measurements were conducted in ...
	Differential scanning calorimetry (DSC)
	Chemical denaturation followed by fluorescence spectroscopy


	Chapter 4 gesamt NEU
	Chapter 4 Deckblatt
	Leere Seite
	Paper VI
	CDH engineering paper
	CDH engineering paper
	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Expression of M. thermophilum CDH in S. cerevisiae
	Library construction and high-throughput screening (HTS)
	Production and purification of M. thermophilum CDH variant N700S in P. pastoris
	Oxygen reactivity
	Kinetic characterization of variant N700S

	Conclusions
	Methods
	Chemicals and vectors
	Strains and media
	CDH expression in S. cerevisiae
	Preparation of libraries and HT-screening
	HTS assays for enzymatic activity and H2O2 production
	Heterologous production of variant N700S in P. pastoris
	Protein purification
	Molecular properties
	Oxygen consumption rates
	Kinetic measurements

	Additional file
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


	Paper VII
	Microtiter plate assay paper Dagmar
	Leere Seite
	Acknowledgements DB
	Leere Seite
	Acknowledgements



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice




