
 

 

 University of Groningen

Structure elucidation and characterization of patulin synthase, insights into the formation of a
fungal mycotoxin
Tjallinks, Gwen; Boverio, Alessandro; Maric, Ivana; Rozeboom, Henriette; Arentshorst, Mark;
Visser, Jaap; Ram, Arthur F J; Mattevi, Andrea; Fraaije, Marco W
Published in:
The FEBS Journal

DOI:
10.1111/febs.16804

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Tjallinks, G., Boverio, A., Maric, I., Rozeboom, H., Arentshorst, M., Visser, J., Ram, A. F. J., Mattevi, A., &
Fraaije, M. W. (2023). Structure elucidation and characterization of patulin synthase, insights into the
formation of a fungal mycotoxin. The FEBS Journal, 290(21), 5114-5126. Article 16804.
https://doi.org/10.1111/febs.16804

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1111/febs.16804
https://research.rug.nl/en/publications/d772181c-d5a1-425e-ba88-8f2bd1a307c2
https://doi.org/10.1111/febs.16804


Structure elucidation and characterization of patulin
synthase, insights into the formation of a fungal mycotoxin
Gwen Tjallinks1,2, Alessandro Boverio1,2, Ivana Maric1, Henriette Rozeboom1, Mark Arentshorst3,
Jaap Visser3, Arthur F. J. Ram3 , Andrea Mattevi2 and Marco W. Fraaije1

1 Molecular Enzymology, University of Groningen, The Netherlands

2 Department of Biology and Biotechnology, University of Pavia, Italy

3 Institute of Biology Leiden, Leiden University, The Netherlands

Keywords

Aspergillus niger; biosynthesis;

flavoenzyme; mycotoxin; patulin synthase

Correspondence

M. W. Fraaije, Molecular Enzymology,

University of Groningen, Nijenborgh 4, 9747

AG Groningen, The Netherlands

Tel: +31 50 36 34345

E-mail: m.w.fraaije@rug.nl

(Received 10 February 2023, revised 6 April

2023, accepted 24 April 2023)

doi:10.1111/febs.16804

Patulin synthase (PatE) from Penicillium expansum is a flavin-dependent

enzyme that catalyses the last step in the biosynthesis of the mycotoxin

patulin. This secondary metabolite is often present in fruit and fruit-

derived products, causing postharvest losses. The patE gene was expressed

in Aspergillus niger allowing purification and characterization of PatE.

This confirmed that PatE is active not only on the proposed patulin

precursor ascladiol but also on several aromatic alcohols including 5-

hydroxymethylfurfural. By elucidating its crystal structure, details on its

catalytic mechanism were revealed. Several aspects of the active site archi-

tecture are reminiscent of that of fungal aryl-alcohol oxidases. Yet, PatE is

most efficient with ascladiol as substrate confirming its dedicated role in

biosynthesis of patulin.

Introduction

Penicillium expansum is a widespread blue mould fre-

quently found in the environment [1,2]. While it is a

common fungus in soil and air, it is also one of the

most important pathogens in a wide range of agricul-

tural products [3]. Especially fruits, such as apples and

pears, are primary targets for this toxigenic fungus [4].

Once it has infected the host, P. expansum produces a

range of secondary metabolites as virulence factors

and one of the most studied and notorious metabolites

is patulin. Patulin is a mycotoxin with strong antibi-

otic activity towards a range of bacteria and fungi,

which aids the competitiveness of P. expansum [5].

Moreover, patulin is carcinogenic towards mammals

and its levels in food products are therefore bound to

regulations prescribed by organizations such as the US

Food and Drug Administration and the World Health

Organization [6,7]. As a result, patulin is one of the

major factors for postharvest losses of fruit and

vegetables [8,9].

Patulin is produced through a biosynthetic gene

cluster consisting of a variety of different enzymes.

This polyketide pathway has been identified in various

fungal genera such as Aspergillus [10], Byssochlamys

[11], Paecilomyces [12,13] and Penicillium [14]. How-

ever, the major contributor to patulin contamination

of fruits and vegetables is P. expansum [8]. The bio-

chemical pathway consists of 10 enzymatic reactions

starting from acetate [4]. Several essential enzymes in

the biosynthesis of patulin have been characterized,

including PatK which catalyses the first step in the

Abbreviations
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reaction, PatG that converts 6-methylsalicylic acid to

m-cresol, and PatH and PatI which are both cyto-

chrome P450 monooxygenases leading to the forma-

tion of gentisyl alcohol (Fig. 1). Nevertheless, the

enzyme required for the last step and actual synthesis

of the toxin patulin, named patulin synthase, has not

yet been biochemically characterized. It has been sug-

gested that patulin synthase performs a primary alco-

hol oxidation of the substrate ascladiol to the

corresponding aldehyde, triggering a spontaneous ring

closure to form the hemiacetal patulin.

Patulin synthase (PatE) is encoded for by the gene

patE and belongs to the glucose-methanol-choline

(GMC) oxidoreductase family. GMC oxidoreductases

typically contain flavin adenine dinucleotide (FAD) as

tightly bound organic cofactor and often use molecular

oxygen as electron acceptor [15]. GMC oxidases are

composed of two domains; an N-terminal conserved

FAD domain and a C-terminal nonconserved substrate

domain [16]. Members of this enzyme class of enzymes

have been shown to act on widely differing com-

pounds, being involved in various processes such as

lignocellulose degradation to mycotoxin formation

[17–19]. Here, a detailed structural and biochemical

analysis of PatE was performed to shed light on its

catalytic and structural properties.

Results and discussion

Characteristics and stability

We tested various expression vectors (pBAD- and pET-

based), Escherichia coli strains, expression conditions

and fusion protein expression constructs to express

PatE. Yet, no expression of soluble protein could be

obtained. As alternative for expressing this fungal flavo-

protein, expression in Aspergillus niger was explored

using a newly developed CRISPR/Cas9-based

approach. Gratifyingly, patulin synthase with a C-

terminal His-tag was successfully obtained via heterolo-

gous extracellular expression in A. niger [20]. In fact,

PatE was the most dominant secreted protein present in

the medium (Fig. 2A). Immobilized metal ion affinity

chromatography was performed to obtain a highly pure

Fig. 1. Overview of the biosynthetic pathway towards the production of patulin. The oxidation of (E)-ascladiol by patulin synthase has been

highlighted by a box.
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and yellow-coloured protein fraction (Fig. 2A). The

purified enzyme shows a characteristic flavin spectrum,

having absorbance maxima around 391 and 463 nm

(Fig. 2B). Patulin synthase has seven predicted N-

glycosylation sites, resulting in an expected molecular

weight of 85.6 kDa (if estimating an extra 2.5 kDa per

N-glycosylation site). SDS/PAGE revealed a protein

band corresponding to a molecular weight of around

95 kDa, which is in the range of the expected molecular

weight. SDS/PAGE analysis of Endoglycosidase H

(EndoH)-deglycosylated protein resulted in a clear shift

of the protein band by about 10 kDa (Fig. 2C). The

molecular weight of the deglycosylated protein comes

close to the expected molecular weight of secreted His-

tagged PatE (67.1 kDa). The apparent higher molecular

weight can be partly due to the remaining N-

acetylglucosamine moieties upon EndoH digestion, par-

tial deglycosylation and/or partial removal of the secre-

tion signal peptide. It is worth noting that the enzyme

was obtained in high purity, displaying a sharp protein

band upon SDS/PAGE (Fig. 2C).

Next, the thermostability of patulin synthase at pH

7.5 before and after EndoH treatment was measured

using the ThermoFAD method. While significant gly-

cosylation was confirmed by SDS/PAGE analysis, no

significant difference in thermostability was observed

with apparent melting temperatures of 45 °C for both

enzyme preparations (Fig. 3A). Except for the protein

crystallization experiments, all biochemical characteri-

zation experiments were performed using the glycosy-

lated patulin synthase. The thermostability of patulin

synthase was examined using various buffers covering

a broad pH range (pH 5–9). The enzyme was shown

to be most stable at low pH values (Fig. 3B). Since

many fungi prefer acidic growth conditions, it is not

surprising that the highest enzyme stability was found

at the lowest pH tested (pH 5).

Substrate screening and steady-state kinetics

Next, it was tested whether, as postulated, PatE is in fact

an oxidase acting on ascladiol. For this, the HRP-

coupled oxidase assay was used, which indeed confirmed

that PatE can act as an ascladiol oxidase. GMC-type

oxidases often display a broad substrate specificity

[17,19]. To investigate the substrate scope of PatE, 60

additional potential substrates ranging from carbohy-

drates to aliphatic and aromatic alcohols were probed

for oxidase activity using the HRP-based assay

(Table S1). With 1.0 lM of patulin synthase and 10 mM

of each test substrate, it was quickly observed that PatE

exclusively accepts aromatic alcohols as substrate. Of

the 12 tested aromatic alcohols, nine were found to be a

substrate. All other tested alcohols did not show any

activity. One evident example is the activity detected

towards 1,2-benzenedimethanol where patulin synthase

did not display activity towards the nonaromatic equiv-

alent cyclohexane-1,2-diyldimethanol. For all identified

substrates, the steady-state kinetic parameters were

determined (Table 1, Fig. 4).

Fig. 2. (A) SDS/PAGE gel purification of PatE. From left to right:

marker, supernatant, flow-through, wash and elute. (B) UV–Vis

absorbance spectrum of pure (yellow line) and denatured (dotted

line) PatE to calculate the extinction coefficient. (C) SDS/PAGE gel

of deglycosylation and gel filtration of PatE. From left to right: gly-

cosylated PatE, deglycosylated PatE with EndoH, marker, pooled

fractions after size-exclusion chromatography.
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Upon determining the steady-state kinetic parame-

ters, it became clear that the natural substrate ascla-

diol is the preferred substrate as it displays the lowest

KM towards the patulin precursor. Only one identified

substrate, benzyl alcohol, displayed a slightly higher

kcat when compared with ascladiol (15.7 vs. 11.5 s�1).

Yet, it displays a > 40-fold higher KM value for benzyl

alcohol. Interestingly, the enzyme also suffers from

severe substrate inhibition with ascladiol as substrate.

This may serve as a feedback mechanism preventing

too much patulin build-up in the environment. Except

for 4-methoxybenzyl alcohol, all other six-membered

aromatic alcohols did not exhibit significant substrate

inhibition. Perchance, due to the larger size of these

substrates, they cannot form strong binding interac-

tions with the enzyme-substrate complex, which in

turn would prevent inhibition from taking place.

Since the pH profile for enzyme stability does not

have to correlate with that of enzyme activity, oxidase

activity was measured at different pH values. This

showed that PatE displays highest activity at pH 7.5

(Fig. 3B). The activity profile shows a drastic decline

in activity at higher pH values. At pH values below

pH 7.5, the activity decrease was more gradual. This

might be due to the pKa of the catalytic-base histidine

in the active site, which is approximately 6 and there-

fore protonated below that pH. Hence, activity

increases when the pH is above 6. The more drastic

decline in activity at high pH values may be due to

protein unfolding events, which is in line with the ther-

mostability measurements.

Using HPLC analysis, we could monitor ascladiol

consumption and patulin production over time. After

1 h, 50% of ascladiol was converted by PatE and a

new peak appeared corresponding to patulin (Fig. 5).

Furthermore, an additional peak showed up at a lower

retention time, which is probably the aldehyde deriva-

tive of ascladiol, before ring closure occurs. This alde-

hyde intermediate disappeared over time but did not

lead to an increase in patulin in the reaction mixture

Fig. 3. (A) Melting temperature of glycosylated (yellow line) and deglycosylated (dotted line) PatE in 100 mM KPi pH 7.5 with the

thermoFAD methodology. (B) PatE activity (◯) and stability (█) is pH-dependent. For thermostability measurements, 20 lM PatE was used,

while activity was measured using 1.0 lM PatE and 10 mM 3-methoxybenzyl alcohol. Both experiments were performed in triplicate (n = 3).

Table 1. Steady-state kinetic parameters

for patulin synthasea. Substrate kcat (s
�1) KM (mM) kcat/KM (s�1�M�1) KI (mM)

Ascladiol 11.5 � 1.8 0.9 � 0.2 12.8 9 103 4.3

3-Methoxybenzyl alcohol 2.2 � 0.06 3.3 � 0.3 667 n.d.b

Benzyl alcohol 15.7 � 1.9 41.4 � 11.7 379 n.d.

1,2-Dimethanolbenzene 3.7 � 0.1 10.1 � 1.1 366 n.d.

5-Hydroxymethyl furfural 0.4 � 0.04 4.7 � 1.0 85 28

Furfuryl alcohol 0.5 � 0.1 12.1 � 4.5 41 43

4-Methoxybenzyl alcohol 0.16 � 0.07 11.3 � 1.9 14 11

Vanillyl alcohol 0.64 � 0.03 52.3 � 5.8 12 n.d.

2,5-Dimethanolfuran 0.1 � 0.008 24.7 � 2.6 4.0 58

3,4-Methoxybenzyl alcohol 0.23 � 0.03 73.9 � 16.6 3.1 n.d.

aValues obtained at 25 °C using 100 mM KPi buffer pH 7.5.; bThe term n.d. stands for not

determined, since no substrate inhibition was observed.
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Fig. 4. Michaelis–Menten fit of the values

obtained testing PatE with different

aromatic alcohols. All points were taken in

triplicates (n = 3).
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(Fig. S1). It is known that ascladiol is relatively unsta-

ble; hence, the aldehyde derivative could convert in a

mixture of unidentified products [21]. Furthermore,

importantly, only the (E)-enantiomer of ascladiol can

lead to ring closure. However, the chemically synthe-

sized ascladiol used was predominantly in the (Z)-

configuration due to its higher thermodynamic stabil-

ity. Hence, it is likely that predominantly the (Z)-

isomer of the aldehyde intermediate was formed,

which prevents ring closure to patulin. Nevertheless,

these data experimentally confirm that PatE is a bona

fide patulin synthase by being able to produce patulin

from ascladiol using dioxygen as electron acceptor.

Interestingly, PatE was also shown to oxidize 5-

hydroxymethyl furfural (HMF), which is a highly

attractive bio-based platform chemical [22]. The alco-

hol and aldehyde functional groups of HMF can

undergo multiple oxidation and reduction reactions,

thereby forming a variety of interesting products,

including 2,5-diformylfuran (DFF), 5-formyl-2-

furancarboxylic acid (FFCA) and 2,5-

furandicarboxylic acid (FDCA) [22]. DFF is an attrac-

tive compound as it can be used as a building block

for the synthesis of antifungal agents [23], ligands [24]

and polymers [25,26]. FDCA is a highly sought-after

building block for polymers [27]. Using HPLC, the

conversion of HMF by PatE was monitored to deter-

mine what main products are obtained upon HMF

oxidation. It was found that, after 72 h, most of the

HMF was converted into DFF and FFCA while only

trace amounts of FDCA were detected (Fig. 6A). In

the first few hours of the reaction, exclusively DFF

was produced (Fig. 6B). Hence, by using shorter reac-

tion times and continuous feeding with HMF, it

should be possible to obtain DFF in high purity mak-

ing patulin synthase a potential candidate biocatalyst

for DFF production strategies.

Structural properties of patulin synthase

According to size-exclusion chromatography and mass

photometry, PatE is mainly a dimer in solution (Fig. 7

and Fig. S2). To have detailed insights into the molec-

ular functioning of PatE, we set out to determine its

crystal structure. Yellow cuboid crystals were obtained

with 19.5% PEG6000 and 0.1 M sodium acetate that

diffracted up to 2.4 �A. Elucidation of the crystal struc-

ture revealed an overall structure that is similar to

other members of the GMC superfamily, including the

Fig. 5. HPLC analysis of ascladiol conversion by PatE. Top

chromatograms are elution patterns for patulin and ascladiol,

respectively. The lower chromatogram was obtained after 1 h

aerobic incubation of 0.5 mM ascladiol with 0.1 lM PatE.

Fig. 6. (A) HPLC chromatogram from 10 lM PatE with 25 mM HMF in 100 mM KPi pH 7.5 after 72 h. (B) Conversion over time of 10 lM

PatE with 25 mM HMF in 100 mM KPi pH 7.
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well-known glucose oxidase and aryl-alcohol oxidase.

GMC-type flavoproteins oxidases typically contain a

conserved N-terminal FAD binding domain (F-

domain), which has a sequence motif characteristic of

the Rossmann fold [28]. In PatE, the F-domain is

composed of residues starting from the N terminus to

amino acid 368 (Fig. 8A, PDB: 8BXL). In contrast to

the conserved F-domain, there is typically little

sequence similarity of the substrate-binding domain (S-

domain) displayed amongst GMC family members

[17]. This can also be observed for patulin synthase, of

which the S-domain is comprised of residues 369 till

620 and has very low sequence identities when com-

pared to known GMC-type proteins. Structural align-

ment using PDBeFold revealed that patulin synthase is

most comparable to the aryl-alcohol oxidase (AAO)

from Pleurotus eryngii (PDB: 5OC1), with an RMSD

value of 1.56 �A and 29% sequence identity (Fig. 8B)

[29]. A prominent structural difference is that patulin

synthase forms a dimer in solution, while AAO has

been characterized as a monomer. Sequence alignment

revealed that patulin synthase has an N-terminal

extension comprising of 50 amino acids, out of which

22 are part of the signal peptide (Fig. S3). The other

28 N-terminal amino acids are located at the dimeriza-

tion interface of patulin synthase (Fig. S4) and con-

tribute to dimerization. Patulin synthase was predicted

to have seven glycosylation sites, and five out of these

seven sites were indeed decorated with an N-

acetylglucosamine moiety. Furthermore, the crystal

structure was found to contain one disulphide bridge,

which is formed between residues Cys584 and Cys590.

A number of GMC family oxidases have been thor-

oughly studied concerning their catalytic mechanism.

This has revealed that substrate oxidation involves a

proton abstraction step by a conserved catalytic histi-

dine in the active site [30]. Next to the fully conserved

histidine residue, the presence of a spatially conserved

histidine residue has been found in multiple enzymes

of the respective superfamily members [31]. Here,

His526 and His570 are present in the active site, one

of which is the corresponding catalytic base and the

other the hydrogen bond donor. The strikingly narrow

Fig. 7. Mass photometry of 12.5 ng deglycosylated PatE in

100 mM KPi pH 7.5.

Fig. 8. (A) Monomeric structure of PatE. In deep blue the F-

domain, in grey the S-domain and in orange the FAD cofactor is

represented. The structures were visualized using the PyMOL

Molecular Graphics System, Version 2.0, Schrodinger, LLC. (B)

Structural alignment of PatE (deep blue, PDB: 8BXL) with the aryl-

alcohol oxidase from P. eryngii (yellow, PDB: 5OC1). The struc-

tures were visualized using the PyMOL Molecular Graphics Sys-

tem, Version 2.0, Schrodinger, LLC.
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active site is an interesting topological feature of patu-

lin synthase (Fig. 9), which is a feature shared with the

AAO from P. eryngii. There are comparable active site

residues creating a narrow bottleneck essential for

retaining the substrate in a catalytically active confor-

mation (Fig. 10). In patulin synthase, these three resi-

dues correspond to Tyr111, Phe416 and Phe525.

Tyr111 is situated above the FAD cofactor, and in

AAO, it is closely involved in the stabilization of aro-

matic substrates via p–p interactions [32]. Phe525 is

important in guiding the electron acceptor molecular

oxygen close to the flavin C4a [33]. The third residue,

Phe416, is a residue that has been shown to regulate

substrate-binding and product release in AAO [34].

Here, Phe416 could take up the same role and thereby

influence the substrate acceptance scope by preferen-

tially only allowing hydrophobic aromatic alcohols.

To confirm the potential role of the residues above,

soaking experiments were performed with several PatE

substrates. Unfortunately, none of the soaked crystals

was found to be in complex with a ligand. Therefore,

(E)-ascladiol was docked in silico. Fig. 10A shows a

docked pose of the substrate in which (E)-ascladiol

comfortably resides in the narrow substrate pocket.

The binding orientation of ascladiol is very similar to

the observed binding of a substrate analogue, p-anisic

acid, in AAO (Fig. 10B). The hydroxymethyl function-

ality of the docked (E)-ascladiol is closely located to

the flavin N5 atom and to the two histidine residues

His526 and His570. Such orientation is in line with

substrate deprotonation by one of the two histidines

and hydride transfer of p-anisyl alcohol to the N5

atom of FAD in AAO. Residue Tyr111 is situated on

the Re-face of the FAD cofactor and closely interacts

with the furan ring of (E)-ascladiol in an edge-to-face

conformation. This residue is essential for this type of

p–p stacking interactions and therefore crucial in tun-

ing the substrate acceptance scope. Moreover, the

hydroxyl group of Tyr111 can have additional stabiliz-

ing interactions with the hydroxyethylidene functional

group of (E)-ascladiol. Phe416 is lining the entrance of

Fig. 9. Active site of PatE with in light blue the substrate pocket

connected to the FAD cofactor. The structure was visualized using

PYMOL.

Fig. 10. (A) Docked binding pose of (E)-ascladiol (blue sticks) in the active site of PatE (deep blue). (B) Binding pose of p-anisic acid (green

sticks) in the active site of aryl-alcohol oxidase from P. eryngii (yellow, PDB ID: 5OC1). The FAD cofactor is represented in orange in both

figures, distances are expressed in angstroms, and the structures were visualized using PYMOL.
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the substrate channel and therefore defines the entry

of substrate and release of product. Patulin synthase

encompasses a set of polar residues, namely Thr371,

Ser372, Gln419, Tyr422 and Asp522, which are not

found in AAO. Some of these residues may be

involved in hydrogen bonding with the polar func-

tional groups of (E)-ascladiol, thereby differentiating

its activity with regard to AAO. Moreover, when com-

pared with AAO, there are several loop regions that

are more extended and covering the entrance of its

active site. This may also contribute to tuning of sub-

strate acceptance profile of PatE.

In conclusion, our study on patulin synthase, PatE,

has shown that it is a GMC-type flavoenzyme that effi-

ciently oxidizes the patulin precursor ascladiol to form

patulin. It can use dioxygen as electron acceptor, thus

acting as an oxidase. Patulin synthase also accepts other

substrates and has a clear preference towards aromatic

alcohols. These features are shared with fungal AAOs

and are in line with the observation that the structure of

PatE resembles the crystal structure of an AAO. The

resemblance extends to the active site architecture where

several substrate-binding pocket residues and catalytic

residues are fully conserved amongst these fungal flavo-

protein oxidases. Nonetheless, there are also clear struc-

tural differences that can explain that PatE is tuned for

acting on ascladiol. The obtained insights and the avail-

ability of the recombinant enzyme may help to design

strategies aimed at lowering the risk on formation of the

mycotoxin. For example, development of PatE inhibi-

tors could be explored. PatE may also develop as a use-

ful biocatalyst for synthetic chemistry, for example for

conversion of HMF. Our results also reveal that recom-

binant expression of PatE as secreted protein using an

Aspergillus strain as host [20] is very effective, leading to

relatively pure, fully flavinylated and active enzyme. It

allows to produce His-tagged protein, enabling affinity

purification. Such enzyme production platform is very

attractive because expression of fungal enzymes in other

hosts often leads to no or poor expression. For example,

AAOs are notoriously difficult to express in E. coli [35],

often leading to the formation of inclusion bodies. The

newly developed expression system is a promising new

tool for future studies on other fungal flavoproteins or

other interesting protein targets that are troublesome to

obtain using other expression systems.

Materials and methods

Reagents

Ni-Sepharose 6 Fast Flow was from Cytiva (Marlborough,

MA, USA), 4-aminoantipyrine was from Acros Organics

(Geel, Belgium), dichloro-2-hydroxybenzenesulfonic acid

from Alfa-Aesar (Tewksbury, MA, USA), L-arabinose was

from Biosynth (Compton, UK), and all other chemicals were

from Sigma-Aldrich (Burlington, MA, USA). (Z)-Ascladiol

was synthesized as described in the Supporting Information.

Cloning, transformation and expression of PatE

in Aspergillus niger

For establishing the expression of His-tagged PatE (with a

C-terminal His6-tag), a newly developed expression proce-

dure that involves the use of CRISPR/Cas9 was exploited

[20]. By multiple and targeted chromosomal integrations of

the gene in Aspergillus niger, high-level expression was

obtained [20]. The original P. expansum signal sequence

was used for expression in A. niger. Cultures were prepared

by inoculating a 300 mL Erlenmeyer flask containing

100 mL of complete medium (CM) with freshly harvested

spores (1 9 108 spores). Cultures were grown at 4 g at

30 °C up to 4 days. Full details on plasmid construction,

transformation and cultivation can be found in [20].

Protein purification

Purification was performed by concentrating the cleared

medium using an Amicon-ultra� 15 centrifugal filter unit

(10 kDa cut-off). The concentrated sample was incubated

for 30 min with pre-equilibrated Ni-Sepharose resin with

buffer A (100 mM KPi, 150 mM NaCl, pH 7) at 4 °C.
Thereafter, the nonbinding proteins were eluted by washing

with 5 column volumes (CV) of buffer A and 3 CV of

buffer B (100 mM KPi, 150 mM NaCl, 20 mM imidazole,

pH 7). The protein of interest was eluted with 1.5 CV of

buffer C (100 mM KPi, 150 mM NaCl, 500 mM imidazole,

pH 7). Desalting was performed by exchanging the buffer

with buffer A using an Amicon-ultra� 15 centrifugal filter

unit (10 kDa cut-off). The concentration of PatE was deter-

mined by measuring absorbance at 463 nm and using an

extinction coefficient of e463 = 9.7 mM
�1�cm�1. The extinc-

tion coefficient was determined using a stock solution of

FAD according to the method described in [36].

Thermal stability

ThermoFAD was employed as method to assess the ther-

mostability of the enzyme, which monitors fluorescence of

the flavin cofactor during thermal unfolding [37]. For this

assay, 20 lM PatE was prepared in buffers with varying pH

values. A 100 mM citrate buffer was used for pH values

between 5 and 6.5, a 100 mM KPi buffer for pH values

between 6.5 and 8, and a 100 mM TRIS buffer for pH

values between 8 and 9. The measurements were performed

in duplicate. An RT-PCR thermocycler (CFX96 Bio-Rad)

was used and fluorescence was examined in a temperature

range of 25–95 °C with 0.5 °C�min�1 increment.
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pH optimum for activity

For determining the pH optimum for enzyme activity, the

rate of oxygen consumption was measured using an Oxy-

graph Plus (Hansatech Instruments Ltd., Pentney, UK).

Reactions were performed with 1 lM enzyme, 10 mM 3-

methoxybenzyl alcohol and various buffers with different

pH values, in a final volume of 1 mL. A 100 mM citrate

buffer was used for pH values between 5 and 6.5, a

100 mM KPi buffer for pH values between 6.5 and 8, and a

100 mM TRIS buffer for pH values between 8 and 9. Rates

were derived from the initial linear slope of the oxygen

depletion curves.

Steady-state kinetics

An established horseradish peroxidase (HRP)-coupled oxi-

dase assay was used to measure oxidase activity of the

enzyme [38]. Upon substrate oxidation, H2O2 is formed

and used by HRP to convert 4-aminoantipyrine and

dichloro-2-hydroxybenzenesulfonic acid into a coloured

product. Change in absorbance at 515 nm (e515 =
26 cm�1�mM

�1) was measured to derive the rate towards a

multitude of substrates. To obtain steady-state kinetic

parameters, the assay was performed with various substrate

concentrations and 1 lM of enzyme in 100 mM KPi pH 7.5

buffer. GRAPHPAD PRISM (v6.05 for Windows, La Jolla, CA,

USA) was used to process the rates and fitted using the

Michaelis–Menten formula (Y = kcat*X/(KM + X)) to

obtain the KM and kcat. When needed, data were fitted with

a more elaborate formula that includes substrate inhibition

(KI): Y = kcat*X/(KM + X*(1 + X/KI)), from [39].

Chemical analyses of conversions

The conversion of ascladiol was analysed using high-

performance liquid chromatography (HPLC) on a Jasco

LC-Net II/ADC equipped with a C18 Gemini� column

(110 �A, 5 lm, 250 9 4.6 mm) and a precolumn of the

same material. The mobile phase consisted of 95 : 5 MQ/

ACN, flow rate of 0.7 mL�min�1 and detection at 276 nm.

The reactions were set up in duplicate using 0.5 mM of

ascladiol, 0.1 lM patulin synthase in 100 mM KPi pH 7.5

and incubated at 25 °C at 4 g for 2 h. Time-point samples

were taken and diluted 10 times in a 50 : 50 MQ/ACN

solution. The samples were spun down (1 min, 18 000 g),

and the supernatant was analysed.

The conversion of HMF was analysed with a Jasco LC-

Net II/ADC equipped with a XSelect CSH Fluoro-Phenyl

column (130 �A, 5 lm, 4.6 9 250 mm), and precolumn of

the same material. The mobile phase consisted of 12 mM

KPi at pH 7 and ACN, with a flow rate of 1.2 mL�min�1

and detection at 268 nm. The KPi/ACN ratio decreased

from 75 : 25 to 40 : 60 in 6 min, which was held stable for

0.5 min, after which it increased to 75 : 25 in 1.5 min. This

ratio was maintained for 2 min, making up a total of

10 min. The reactions were set up in duplicate using 25 mM

HMF and 10 lM patulin synthase in 100 mM KPi pH 7.5

and incubated at 25 °C at 4 g for 72 h. Time-point

samples were taken and diluted five times in a 50 : 50

12 mM KPi pH 7/ACN solution. The supernatant was

taken for analysis.

Protein crystallization and structure elucidation

Purified recombinant patulin synthase contained several N-

glycosylation sites. For crystallization experiments, the

asparagine-linked glycosyl moieties were cleaved off using

EndoH leaving behind one N-acetylglucosamine (GlcNAc)

moiety. The enzyme was further purified by size-exclusion

chromatography using a Superdex200 10/300 column

(Cytiva) with an €Akta purifier. Protein elution was moni-

tored using two wavelengths (280 and 463 nm). The frac-

tions with the most absorbance at 463 nm were pooled and

concentrated using Amicon-ultra� 4 (10 kDa cut-off filter)

to a final concentration of 6.9 mg�mL�1. Initial crystalliza-

tion conditions were screened using different screenings

with a Mosquito crystallization robot (TTP LabTechs, Mel-

bourn, UK). Large yellow cuboid crystals were obtained

under different conditions (Fig. S10). After optimization,

the best condition was 0.2 M CaCl2, 19.5% PEG6000 and

0.1 M sodium acetate pH 5 using the sitting drop vapour

diffusion method. As a cryoprotectant, 25% glycerol was

used and crystals were flash-frozen in liquid nitrogen and

sent to ESRF for data collection. The best crystal dif-

fracted at 2.4 �A resolution using the MASSIF-1 beamline

[40]. Data were scaled using IMOSFLM of the CCP4 package

[41]. PHENIX was used for molecular replacement [42]. COOT

[27] and REFMAC5 [43], both part of the CCP4 package, were

Table 2. Crystal and X-ray diffraction data of patulin synthase.

PDB entry 8BXL

Space group P1211

Unit cell axes (�A) 104.84, 144.16, 155.24

Unit cell angles (deg) 90, 91.53, 90

Resolution (�A) 48.69 (2.44)

Rmerge (%) 14.8 (106.5)

Rpim (%) 9.4 (6.95)

CC1/2 0.978 (0.720)

Completeness (%) 99.8 (99.7)

No. of unique reflections 179 872 (8892)

Multiplicity 3.5 (3.4)

Overall I/r(I) 9.5 (3.0)

No. of protein residues 3540

No. of FAD molecules 6

No. of water molecules 1992

R/Rfree 18.2/22.2

RMSD for bond lengths (�A) 0.0182

RMSD for bond angles (�A) 1.44

Ramachandran outliers (%) 1.39
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employed for structural refinement. Details of the collected

data set are summarized in Table 2.
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Fig. S1. HPLC profiles during different time intervals

of the biocatalytic reaction with 0.5 mM of ascladiol

and 0.1 lM PatE.
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Fig. S2. Size-exclusion chromatography profile of PatE

using a Superdex 200 10/300 column with 50 mM

HEPES, 30 mM NaCl pH 7.

Fig. S3. Sequence alignment of patulin synthase (PatE,

PDB: 8BXL, AIG62134.1, NCBI) with the aryl-alco-

hol oxidase from Pleurotus eryngii (AAO, PDB: 5OC1,

AAC72747.1, NCBI).

Fig. S4. Dimerization interface of PatE with in green

the N-terminal extension.

Fig. S5. Crystals of PatE obtained with screening con-

dition 0.2 M CaCl2, 0.1 M NaOAc pH 5, 19.5%

PEG6000.

Fig. S6. 1H NMR (top) and 13C (bottom) spectra of

methyl 3-methoxycarbonyl-2-furylacetate (2).

Fig. S7. 1H NMR (top) and 13C (bottom) spectra of 3-

hydroxymethyl-2-furylethanol (3).

Fig. S8. 1H NMR (top) and 13C (bottom) spectra of

(2-(2-acetoxyethyl)furan-3-yl)methyl acetate (4).

Fig. S9. 1H NMR (top) and 13C (bottom) spectra of

(2-(2-acetoxyethyl)-2-hydroxy-5-oxo-2,5-dihydrofuran-

3-yl)methyl acetate (5).

Fig. S10. 1H NMR (top) and 13C (bottom) spectra of

(Z)-ascladiol diacetate (6).

Fig. S11. 1H NMR (top) and 13C (bottom) spectra of

(Z)-ascladiol (7).

Table S1. Substrates tested for activity using the HRP-

based assay.

Scheme S1. Synthetic route for synthesizing (Z)-Ascla-

diol from acetone dicarboxylic acid dimethyl ester.
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