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Abstract: Patulin is a mycotoxin that primarily contaminate apples and apple products. Whole cell
or cell-free extracts of Gluconobacter oxydans ATCC 621 were able to transform patulin to E-ascladiol.
Proteins from cell-free extracts were separated by anion exchange chromatography and fractions
with patulin transformation activity were subjected to peptide mass fingerprinting, enabling the
identification of two NADPH dependent short chain dehydrogenases, GOX0525 and GOX1899, with
the requisite activity. The genes encoding these enzymes were expressed in E. coli and purified.
Kinetic parameters for patulin reduction, as well as pH profiles and thermostability were established
to provide further insight on the potential application of these enzymes for patulin detoxification.
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Key Contribution: The enzymes from G. oxydans described in this manuscript represents the most
active and best biochemically characterized patulin transforming biocatalyst discovered to date.
They are potentially useful for mitigating food products contaminated by the mycotoxin, patulin, by
enzymatic transformation to the less toxic product, ascladiol.

1. Introduction

Patulin (4-hydroxy-4H-furo [3,2-c]pyran-2(6H)-one) is a mycotoxin produced by sev-
eral genera of fungi, such as Penicillium, Aspergillus, Paecilomyces, and Byssochlamys [1–4].
The electrophilic α,β-unsaturated lactone in patulin is reactive, contributing to its ability
to induce double strand DNA breaks, modify sulfhydryl compounds, and cause cellu-
lar oxidative stress [5]. Numerous foods can be contaminated by patulin including fruit
juices, jams, grain products, and cheese [6–11] but apples and apple-based products are
of particular concern due to their prevalence in the human diet, particularly in infants
and children [10,12–16]. When ingested orally, ulcers, inflammation, and hemorrhages
within the intestine are some of the most significant symptoms of toxicity [17]. In North
America and the EU, a 50 µg/kg patulin limit in apple juice has therefore been established
by regulatory agencies [18–20].

Various physical and chemical based methods have been employed in attempts to
reduce patulin contamination in apple products. However, there are concerns about the
safety and nutritional content of the food products after treatment [21,22]. Biological
transformation of patulin, either by whole cells or enzymes, are alternative methods of
patulin detoxification that has garnered significant interest in recent years.

Recently, there have been several enzymes involved in patulin removal that have been
identified or isolated. These include NrdA from Enterobacter clocae subsp. dissolvens [23],
PcCRG1 from Pichia carribica [24], an orotate phosphoribosyltransferase from Rhodotorula
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mucilaginosa [25], and porcine pancreatic lipase [26]. Certain yeasts, such as Saccharomyces
cerevisiae [27], Kodameae ohmeri [28], Candida guilliermondii [29], and Sporobolomyces specif-
ically accumulate the compound, ascladiol, when incubated with patulin [30]. This is
thought to occur by the opening of the patulin hemiacetal ring, followed by the reduction
of the aldehyde group to an alcohol (Figure 1) [30]. The E-isomer of ascladiol is produced
from patulin but it can be converted to the Z-isomer through catalysis by cellular sulfhydryl
compounds such as glutathione and cysteine [31]. Both E-ascladiol and Z-ascladiol were
shown to be non-cytotoxic in human cell lines [32]. To date, only the short chain reduc-
tase/dehydrogenase enzyme from Candida guilliermondii has been experimentally verified
to catalyze the reduction of patulin to ascladiol [33]. However, the specific activity and
kinetic parameters for this enzyme towards patulin has not been reported.
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Gluconobacter oxydans is a rare example of a bacterial species that can convert patulin to
ascladiol [34]. The Gram negative bacteria have been found in rotten apples that contained
significant levels of patulin [34]. Since Gluconobacter species can be found in fermented
food and are generally considered to be safe, G. oxydans has been explored as a possible
biocontrol agent against patulin and the patulin producing fungi, Penicillium expansum [35].

Here we describe the successful identification of several dehydrogenases responsible
for transforming patulin to ascladiol in G. oxydans 621 strain. Two enzymes from the short-
chain dehydrogenase/reductase (SDR) family, GOX0525 and GOX1899, were overproduced
in recombinant E. coli and purified, enabling their kinetic and biochemical characterization.

2. Results
2.1. Analysis of Patulin Transformation by G. oxydans 621

Cell suspensions of G. oxydans 621 were able to remove more than 90% of a 10 µg/mL
concentration of patulin within 48 h and 100% within 96 h as determined from HPLC
analysis. Concomitant to the disappearance of patulin is the formation of E-ascladiol in
the mixture (Figure 2). A reduction in patulin concentration from 10 µg/mL to 8 µg/mL
in assays containing dead cells was observed initially that is likely due to adsorption as
no ascladiol formation was detected [36]. The adsorbed patulin appeared to be released
at a slow rate over the time course of the experiment. Overall the results suggest that
E-ascladiol formation from patulin is not spontaneous and is likely due to an enzyme
catalyzed reaction.

Cell-free lysate of G. oxydans ATCC 621 with NADPH was able to reduce 10 µg/mL
of patulin in solution by more than 50% within 9 h (Figure 3A). In comparison, there
was no significant difference (p > 0.05) in patulin transformation whether or not NADH
cofactor was present (Figure 3A). Furthermore, E-ascladiol formation only occurred in the
presence of NADPH cofactor (Figure 3B). This suggests that the enzyme(s) responsible for
patulin transformation to E-ascladiol localized in the cytoplasm of G. oxydans and require(s)
NADPH as a cofactor.
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Figure 2. Kinetics of (A) patulin (PAT) concentration change in media and (B) E-ascladiol production
by G. oxydans strain 621. Live or dead G. oxydans ATCC 621 culture were incubated with 10 µg/mL
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before analysis by HPLC using a C18 column. Data were from • no cells control, � live G. oxydans,
N autoclaved, dead G. oxydans.
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Figure 3. Effects of NADH or NADPH on patulin transformation activity of G. oxydans strain 621 cell
lysates. (A) Patulin (PAT) transformation activity (B) E-ascladiol formation. Reaction contains 500 µM
NADH or NADPH, 10 µg/mL patulin, and 40 µL/mL cell lysate in 20 mM HEPES buffer, pH 6.5.
Samples were taken every 3 h from a 0 h to 9 h time interval and were extracted with ethyl acetate.
The organic phase was dried and then resuspended in 50 µL 10% acetonitrile solution before analysis
by HPLC using a C18 column. Only lysates incubated with NADPH produced E-ascladiol. Data were
from • no lysate control,� lysate with NADPH,N lysate with NADH andH lysate, with no cofactors.

Proteins from G. oxydans cell lysate were separated by anion exchange chromatography
using a gradient of sodium chloride concentration. Fractions were then analyzed for their
ability to catalyze ascladiol formation from patulin in the presence of NADPH. Fractions
16, 17, and 20, formed 12.6 µg/mL, 6.35 µg/mL, and 5.43 µg/mL of ascladiol, respectively,
from an initial 20 µg/mL of patulin in 24 h (Figure 4). Proteins in fractions 16 and 17 were
eluted from the anion exchange column at approximately 0.03 M NaCl and the proteins in
fraction 20 were eluted at approximately 0.14 M NaCl.
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Figure 4. Analysis of ascladiol formation by proteins separated by anion exchange chromatography.
One hundred µL from each fraction obtained from the anion exchange chromatography was added to
20 µg/mL patulin and 500 µM NADPH in 20 mM HEPES buffer, pH 6.5 for a total reaction volume of
500 µL. Reaction was incubated at 30 ◦C for 24 h and the amounts of patulin and E-ascladiol (indicated
in µg/mL) were determined by HPLC using patulin and E-ascladiol with known concentrations
as standards.

2.2. Protein Identification

Fraction 20 and the combined fractions 16 and 17 were subjected to tryptic peptide-
tandem mass spectrometry analysis followed by peptide matching to the protein sequences
of G. oxydans 621H [37]. Twenty-one proteins were detected in fractions 16/17, four of
which are putative oxidoreductases (Supplementary Table S1, marked by asterisk). One
protein (AAW60890.1) shares 45% sequence similarity to human succinic semialdehyde
dehydrogenase [38] that oxidizes an aldehyde substrate to a carboxylic acid instead of the
reduction of aldehyde to an alcohol required for the transformation of patulin to E-ascladiol.
Another oxidoreductase (AAW60280.1) shares homology to FMN dependent enzymes
and is not NADPH dependent. Only AAW61452.1 and AAW60303.1 share homology
to nicotinamide cofactor dependent oxidoreductases that can reduce carbonyl oxygens
to alcohols.

Most dehydrogenases utilize a Rossman-fold consisting of 6–7 β-strands flanked by
3–4 α-helices from each side to bind to the nicotinamide cofactor. The 2′ and 3′ hydroxyls
of the adenine ribose of NAD(H) usually hydrogen bond with an acidic aspartate or
glutamate residue after the second β-strand [39]. This negatively charged acidic residue
will repel negatively charged 2′-phosphate of NADP(H). Thus, NAD(P)H specific enzymes
normally have a replacement of this acidic residue with a neutral residue. An additional
positively charged residue in the vicinity is usually present that forms a salt bridge with
the negatively charged 2′ phosphate [39]. Based on these criteria, sequence alignment
of AAW61452.1 and AAW60303.1 with their homologs, lactaldehyde dehydrogenase and
β-keto acyl carrier protein, respectively, showed that only AAW60303.1 (also annotated as
GOX0525) is NADP(H) dependent (Supplementary Table S1).

For fraction 20, there were 67 proteins identified from peptide fingerprinting. Among
the 10 oxidoreductases in the list (Supplementary Table S2, marked by asterisk) are a nitrore-
ductase (AAW60608.1), a flavoenzyme (AAW59748.1), and a hydroxyacid reductase that
do not catalyze the reduction of an aldehyde to an alcohol. Based on sequence alignments,
two of the remaining 7 oxidoreductases (AAW60096.1 and AAW60639.1) are Rossman fold
containing enzymes and are predicted to be NAD(H) dependent. Therefore, the predicted
NADP(H) dependent dehydrogenases/reductase selected as possible candidates for pat-
ulin transformation were GOX0314 (AAW60097.1), GOX0716 (AAW60493.1), GOX1462
(AAW61211.1), GOX1615 (AAW61356.1), and GOX1899 (AAW61637.1).

2.3. Analysis of Ascladiol Formation by Whole Recombinant E. coli Cells

Genes encoding putative patulin transforming enzymes (GOX0525, GOX0314, GOX0716,
GOX1462, GOX1615, GOX1899), as determined through peptide fingerprinting of protein



Toxins 2022, 14, 423 5 of 15

fractions from anion exchange chromatography, were amplified from genomic DNA of
G. oxydans by PCR and ligated into the E. coli expression plasmid pET28a.

To efficiently screen which genes encode enzymes that can transform patulin, whole
recombinant E. coli cells containing the respective G. oxydans genes in plasmids were
evaluated for E-ascladiol formation. The only E. coli strains capable of producing E-
ascladiol were those containing GOX0525, GOX1899, GOX1462 and GOX0716 (Figure 5). No
detectable E-ascladiol was observed for E. coli strains producing GOX0314 and GOX1615.
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Figure 5. Determination of E-ascladiol formation from patulin by recombinant E. coli LOBSTR-
BL21 (DE3) expressing various G. oxydans enzymes. Recombinant E. coli LOBSTR-BL21 (DE3) cells
were resuspended at a concentration of 50 mg/mL in 20 mM MES buffer, pH 5. Resuspended cell
pellet buffer was incubated with 10 µg/mL patulin, and 500 µM NADPH for 24 h. Samples were
analyzed by HPLC in triplicate. Labels on the x-axis indicate the G. oxydans protein produced in each
recombinant E. coli.

2.4. Purification of Recombinant Enzymes That Transform Patulin to E-Ascladiol

Attempts to purify GOX1462 from recombinant E. coli resulted in protein aggregation
while GOX0716 was previously reported to be expressed in an insoluble form in E. coli [40].
Therefore, we focused on GOX0525 and GOX1899 that produced the two highest amounts
of ascladiol from the whole cell assays. The two N-terminal His-tagged enzymes were
successfully purified from recombinant E. coli by Ni-NTA chromatography. SDS-PAGE
analysis showed that GOX0525 and GOX1899 have an apparent molecular mass close to
their predicted molecular mass of 29 kDa (Figure 6).

The purified enzymes reduced 10 µg/mL patulin to ascladiol in the presence of 500 µM
NADPH as determined by HPLC (Figure 7). Reaction mixture was also subjected to LC-MS
revealing the presence of a compound with an m/z of 157.048 in the positive ion mode,
corresponding to ascladiol in the protonated form. This species was absent in the no
enzyme control. Instead, the major peak from the no enzyme control has an m/z of 155.03 in
the positive ion mode, corresponding to patulin in the protonated form.
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2.5. Kinetic Analysis

The kinetic parameters for patulin transformation were determined for both GOX0525
and GOX1899 using a pH 6 buffer. Data for GOX0525 were fitted into a Michaelis–Menten
equation, giving an apparent KM of 8.64 ± 0.89 mM and an apparent kcat of 10.1 ± 0.7 s−1.
The catalytic efficiency (kcat/KM) of GOX0525 against patulin is 1.17 × 103 s−1 M−1. Data
of GOX1899 were also fitted to the Michaelis–Menten equation, giving an apparent KM
value of 7.26 ± 0.54 mM and an apparent kcat of 0.425 ± 0.016 s−1. The catalytic efficiency
of GOX1899 against patulin is 5.85 × 10 M−1 s−1, which is approximately 20 times lower
than the catalytic efficiency of GOX0525.

2.6. pH Dependence of GOX0525 and GOX1899 Activity

GOX0525 has optimal activity at pH 6, with an apparent specific activity of
6.08 ± 0.18 µmol min−1 mg−1 (Figure 8A). GOX1899 has optimal activity at pH 5.5, with
an apparent specific activity of (2.47 ± 0.01) × 10−1 µmol min−1 mg−1 (Figure 8B) but it
maintained relatively high activity over a broad pH range from pH 5 to 6.5.
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Assay consisted of 250 µM NADPH and 100 µg patulin in a tricomponent buffer containing 0.1 M Tris,
0.05 MES, and 0.05 M acetic acid. The error bars indicate standard deviation for each point performed
in triplicate.

2.7. Thermostability

GOX0525 was incubated at 55 ◦C at various time intervals and tested for activity at
25 ◦C. Data acquired were plotted and fitted to an exponential decay equation, giving a
half-life of 6.97 min (Figure 9A). In comparison, when aliquots of GOX1899 were incubated
at 55 ◦C over a period of 60 min, a reduction in activity of only approximately 25% was
detected after 1 h. GOX1899 was also incubated at 80 ◦C at various time intervals giving a
half-life of 36.1 min (Figure 9B), indicating that GOX1899 is more thermostable than GOX0525.

Toxins 2022, 14, 423 8 of 16 
 

 

 
Figure 9. Time course of activity of (A) GOX0525 incubated at 55 °C, (B) GOX1899 incubated at 80 
°C. Aliquots were removed at each time point, and the specific activity of the enzyme was deter-
mined spectrophotometrically at 25 °C. Assay consisted of 250 μM NADPH and 200 μg patulin in 
0.1 M Tris, 0.05 MES, and 0.05 M acetic acid pH 6.0 buffer. The error bars indicate standard deviation 
for each point performed in triplicate. 

3. Discussion 
Gluconobacter oxydans is an obligate aerobic bacterium found naturally in environ-

ments such as soil, fruit, juice, beer, and wine [41,42]. G. oxydans, along with other acetic 
acid bacteria, are unique in that they do not completely oxidize carbon sources, such as 
carbohydrates and alcohols, under optimum growth conditions [43]. It is therefore unsur-
prising that G. oxydans possess a number of dehydrogenases/reductases, four of which 
were shown in this study to be capable of transforming patulin to E-ascladiol. One of these 
enzymes is GOX0525, a dehydrogenase homologous to 3-ketoacyl-[acyl carrier protein] 
reductase, FabG. FabG has been found to have broad specificity, with the ability to utilize 
fatty acid substrates of varying lengths that are covalently bound, via thioester linkages, 
to acyl carrier proteins (ACP) [44]. The 3-keto acyl-ACP substrates are reduced to 3-hy-
droxy ACP during fatty acid synthesis in prokaryotes. The plasticity of FabG active site to 
accommodate substrates of varying sizes contributes to its promiscuous activity towards 
various carbonyl substrates. In fact, GOX0525 has been previously found to stereospecifi-
cally reduce a range of ketones, such as ethyl 2-oxo-4-phenylbutyrate (kcat/KM: 1.719 × 104 
M−1 s−1), ethyl 4-chloroacetoacetate (kcat/KM: 4.09 × 103 M−1 s−1), and 4-phenyl-2-butanone 
(kcat/KM: 300 M−1 s−1) to their corresponding alcohols [40]. Aldehydes, such as benzalde-
hyde, acetaldehyde, and pentanal, were, however, not substrates of GOX0525 [45]. The 
reduction of patulin by GOX0525 reported in this paper therefore represents the first in-
stance of an aldehyde reduction reaction catalyzed by GOX0525. 

The other dehydrogenase identified, GOX1899, is a NADPH-dependent aldehyde re-
ductase and has also been characterized previously against 16 different aldehydes, with a 
preference for medium/long-chain aldehydes such as heptanal (kcat/KM: 1.5 × 104 M−1 s−1) 
[46]. Schweiger and Deppenmeier (2010) speculate that GOX1899 may be responsible for 
removing toxic aldehydes from incomplete oxidation of metabolites in G. oxydans [46]. 

GOX0525 and GOX1899 both belong to the short-chain dehydrogenase/reductase 
(SDR) family of enzymes. SDRs carry out NAD(H) or NADP(H)-dependent oxidation/re-
duction reactions and typically form dimers or tetramers [47]. The family is diverse with 
some members sharing only 15–30% sequence identity [47,48]. Despite the sequence di-
vergence among many SDRs, the tertiary structures of the enzymes are highly conserved 
[48]. Most SDRs have a conserved GxxxGxG motif near the N-terminal [47,49], allowing 
for a compact βαβ fold [50,51]. The motif is also part of the Rossmann fold, which is ubiq-
uitous in enzymes that bind nicotinamide cofactors [50–52]. The residue after the second 
β-strand of the Rossman fold confer cofactor specificity [39] enabling our identification of 
NADPH dependent enzymes from the list of dehydrogenases isolated after anion ex-
change chromatography separation of G. oxydans cell lysate. 

Figure 9. Time course of activity of (A) GOX0525 incubated at 55 ◦C, (B) GOX1899 incubated at 80 ◦C.
Aliquots were removed at each time point, and the specific activity of the enzyme was determined
spectrophotometrically at 25 ◦C. Assay consisted of 250 µM NADPH and 200 µg patulin in 0.1 M Tris,
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3. Discussion

Gluconobacter oxydans is an obligate aerobic bacterium found naturally in environments
such as soil, fruit, juice, beer, and wine [41,42]. G. oxydans, along with other acetic acid
bacteria, are unique in that they do not completely oxidize carbon sources, such as carbohy-
drates and alcohols, under optimum growth conditions [43]. It is therefore unsurprising
that G. oxydans possess a number of dehydrogenases/reductases, four of which were shown
in this study to be capable of transforming patulin to E-ascladiol. One of these enzymes
is GOX0525, a dehydrogenase homologous to 3-ketoacyl-[acyl carrier protein] reductase,
FabG. FabG has been found to have broad specificity, with the ability to utilize fatty acid
substrates of varying lengths that are covalently bound, via thioester linkages, to acyl carrier
proteins (ACP) [44]. The 3-keto acyl-ACP substrates are reduced to 3-hydroxy ACP during
fatty acid synthesis in prokaryotes. The plasticity of FabG active site to accommodate
substrates of varying sizes contributes to its promiscuous activity towards various carbonyl
substrates. In fact, GOX0525 has been previously found to stereospecifically reduce a range
of ketones, such as ethyl 2-oxo-4-phenylbutyrate (kcat/KM: 1.719 × 104 M−1 s−1), ethyl
4-chloroacetoacetate (kcat/KM: 4.09 × 103 M−1 s−1), and 4-phenyl-2-butanone (kcat/KM:
300 M−1 s−1) to their corresponding alcohols [40]. Aldehydes, such as benzaldehyde,
acetaldehyde, and pentanal, were, however, not substrates of GOX0525 [45]. The reduction
of patulin by GOX0525 reported in this paper therefore represents the first instance of an
aldehyde reduction reaction catalyzed by GOX0525.

The other dehydrogenase identified, GOX1899, is a NADPH-dependent aldehyde reduc-
tase and has also been characterized previously against 16 different aldehydes, with a pref-
erence for medium/long-chain aldehydes such as heptanal (kcat/KM: 1.5 × 104 M−1 s−1) [46].
Schweiger and Deppenmeier (2010) speculate that GOX1899 may be responsible for remov-
ing toxic aldehydes from incomplete oxidation of metabolites in G. oxydans [46].

GOX0525 and GOX1899 both belong to the short-chain dehydrogenase/reductase
(SDR) family of enzymes. SDRs carry out NAD(H) or NADP(H)-dependent oxidation/
reduction reactions and typically form dimers or tetramers [47]. The family is diverse with
some members sharing only 15–30% sequence identity [47,48]. Despite the sequence diver-
gence among many SDRs, the tertiary structures of the enzymes are highly conserved [48].
Most SDRs have a conserved GxxxGxG motif near the N-terminal [47,49], allowing for a
compact βαβ fold [50,51]. The motif is also part of the Rossmann fold, which is ubiqui-
tous in enzymes that bind nicotinamide cofactors [50–52]. The residue after the second
β-strand of the Rossman fold confer cofactor specificity [39] enabling our identification of
NADPH dependent enzymes from the list of dehydrogenases isolated after anion exchange
chromatography separation of G. oxydans cell lysate.

The only other enzyme that has been experimentally verified to transform patulin
to ascladiol is another NADPH dependent short-chain dehydrogenase/reductase, named
CgSDR, isolated from Candida guilliermondii [33]. The specific activity and kinetic parame-
ters for CgSDR was not determined and therefore it is not possible to compare the catalytic
efficiencies of CgSDR with GOX0525 and GOX1899. However, 150 µg/mL CgSDR was
reported to transform a third of a 50 µg/mL of patulin mixture in 24 h [33]. Under similar
conditions, lower concentrations of the Gluconobacter enzymes (10.3 µg/mL GOX0525 and
47 µg/mL GOX1899) were able to transform patulin completely to ascladiol within 24 h,
suggesting that the Gluconobacter enzymes are more efficient for patulin detoxification.

While GOX0525 and GOX1899 are promising candidates for transformation of pat-
ulin, application of these enzymes to detoxify patulin in an apple juice medium requires
consideration of other factors. The instability of the expensive NADPH cofactor in acidic
conditions found in apple juice is a significant problem. Wu et al. (1986) determined that
for every pH unit decrease from pH 7.5, there is a five-fold increase in the degradation rate
constant of NADPH [53]. Protein engineering techniques could be applied in the future
to alter the coenzyme preference of the enzymes from NADPH to the less expensive and
more acid stable, NADH. Alternatively, the enzymes can potentially be applied during the
washing step of apple juice processing. Sydenham et al. (1995) demonstrated a significant
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mean reduction in patulin on apples after washing, from 920 ppb to 190 ppb [54]. The
authors also note that this patulin decrease corresponded to the accumulation of patulin in
the circulating flume water used for washing [54]. The dehydrogenases from G. oxydans
described here may therefore be potentially useful for reducing patulin load in flume water
that has a neutral pH.

4. Materials and Methods
4.1. Bacterial Strains

Gluconobacter oxydans ATCC 621 was purchased from Cederlane (Burlington, ON,
Canada). Competent E. coli DH5α and E. coli LOBSTR-BL21 (DE3) cells were purchased
from Thermo-Fisher Scientific and Kerafast Inc. (Boston, MA, USA), respectively.

4.2. Chemicals

Patulin was purchased from Cayman Chemical (Ann Arbor, MI, USA). FastDigest
restriction enzymes and buffer were purchased from Thermo Scientific (Ottawa, ON,
Canada). T4 DNA ligase, Q5 High-Fidelity DNA polymerase, and Q5 High GC Enhancer
were purchased from New England Biolabs (Pickering, ON, Canada). Ni-NTA Superflow
resin was purchased from Qiagen (Mississauga, ON, Canada). All other chemicals were
obtained from Fisher Scientific (Toronto, ON, Canada) or Sigma-Aldrich (Oakville, ON,
Canada), unless otherwise stated.

4.3. High-Performance Liquid Chromatography and Mass Spectrometry

Samples and standards were filtered through a 0.45 µm syringe filter (PVDF ACRODISC
LC 13, Whatman, Florham Park, NJ, USA) and were analyzed using an HPLC system (Agi-
lent Technology 1200 Series, Palo Alto, CA, USA) equipped with a quaternary pump, an
inline degasser, and a diode array detector. A Phenomenex® 4 µm Jupiter Proteo 90 Å
(250 × 4.6 mm) with a C18 guard column (Torrance, CA, USA) was used for the separation.
The compound of interest, patulin and E-ascladiol, were eluted using binary mobile phase
set at a flow rate of 1.0 mL/min, and detected at 276 and 270 nm, respectively. The mobile
phase was acetonitrile: water (10:90 by volume) and the injection volume was 10 µL.

Liquid chromatography–mass spectrometry analyses were performed on an Agilent
1200 HPLC liquid chromatograph interfaced with an Agilent UHD 6530 Q-Tof mass spec-
trometer at the Mass Spectrometry Facility of the Advanced Analysis Centre, University
of Guelph. A C18 column (Agilent Poroshell 120, 50 mm × 3 mm 2.7 µm) was used for
chromatographic separation with the following solvents water with 0.1% formic acid for A
and acetonitrile with 0.1 formic acid for B. The mobile phase gradient was as follows: initial
conditions, 5% B increasing to 95% B in 15 min followed by column wash at 95% B and
10-min re-equilibration. The flow rate was maintained at 0.4 mL/min. The mass spectrome-
ter electrospray capillary voltage was maintained at 4.0 kV and the drying gas temperature
at 325 ◦C with a flow rate of 12 L/min. Nebulizer pressure was 40 psi and the fragmentor
was set to 160. Nitrogen was used as nebulizing, drying gas, and collision-induced disso-
ciation gas. The mass-to-charge ratio was scanned across the m/z range of 50–2000 m/z in
4 GHz (extended dynamic range positive-ion auto MS/MS mode. Two precursor ions per
cycle were selected for MS2 fragmentation scanning from 25 to 2000 m/z. The instrument
was externally calibrated with the ESI TuneMix (Agilent). The sample injection volume
was 5 µL. The data were analyzed using the Agilent Qualitative Analysis software 10.

4.4. Screening for Whole G. oxydans Cells for Patulin Transformation Activity

Patulin was added to 10 mL of an overnight culture of G. oxydans ATCC 621 grown in
YPM broth to a final concentration of 10 µg/mL patulin and the mixture was incubated at
30 ◦C with shaking. Ten milliliter of autoclaved bacterial culture (121 ◦C, 15 psi, 30 min)
was used as a negative control. At specific time points (0 h, 24 h, 48 h, 72 h, 96 h), 500 µL
of the mixture was removed and added to 500 µL of ethyl acetate. The organic fractions
were transferred to a new tube and allowed to evaporate in the fume hood overnight. The
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dried samples were then dissolved in 50 µL 10% ACN solution before HPLC analysis. Each
sample was done in triplicates.

4.5. Evaluating Patulin Transformation Activity in G. oxydans Cell Lysates

G. oxydans cell pellet from a 100 mL culture was resuspended in 20 mM HEPES pH 6.5
buffer to a final cell density of 100 mg/mL. Five milliliter of 0.1 mm glass beads (BioSpec,
Bartlesville, OK, USA) was added to the resuspended pellet and homogenized six times in
30 s intervals using a Mini-BeadBeater 16 (BioSpec, Bartlesville, OK, USA). The mixture
was then centrifuged at 9605× g for 3 min and the supernatant filtered through a 0.22 µm
filter (Fisher-Scientific) to obtain cell free lysate for in vitro patulin transformation activity.

To assess cofactor requirements for patulin transformation, reactions contained 500 µM
NADH or NADPH, 10 µg/mL patulin, and 40 µL/mL cell lysate in 20 mM HEPES pH 6.5
buffer. At various time points (0 h, 3 h, 6 h, 9 h), 500 µL of the mixture was added to
500 µL ethyl acetate and the samples processed similarly to the procedure described for the
analysis of whole cell transformation.

4.6. Anion Exchange Chromatography and Analysis of Fractions for Patulin
Transformation Activity

Chromatography was performed on an ÅKTA Explorer 100 apparatus (Amersham
Pharmacia Biotech, Baie d’Urfé, QC, Canada). Buffers containing 20 mM sodium HEPES
(pH 7.5) were used throughout the purification procedure. The G. oxydans cell pellet
(approximately 4 g wet weight) was resuspended in buffer and disrupted by being passed
through a French press three times at an operating pressure of 15,000 psi. The cell debris
was removed by centrifugation at 17,500× g for 10 min. The clear supernatant was filtered
through a 0.45 µm filter and was loaded onto a Source 15Q (Amersham Pharmacia Biotech)
anion exchange column (2 cm × 13 cm; 40 mL resin), which had been equilibrated with
Buffer A (20 mM sodium HEPES, pH 7.5). The column was washed with 2 column volumes
of Buffer A, followed by a linear gradient from 0% Buffer B (20 mM sodium HEPES, 1 M
NaCl, pH 7.5) to 60% over 5 column volumes. Fractions of 10 mL volumes were collected.

One hundred µL from each fraction collected from the anion exchange chromatography
was added to 20 µg/mL patulin, and 500 µM NADPH in 20 mM HEPES pH 6.5 buffer for a
total reaction volume of 500 µL. All tubes were placed in a shaker and incubated at 30 ◦C
for 24 h. Afterwhich, 500 µL of acidified acetonitrile (ACN + 1% acetic acid), was added to
quench each reaction and samples were then analyzed by HPLC.

4.7. Identification of Proteins in Anion Exchange Chromatography Fractions by
Mass-Spectrometry

Proteins were denatured in 6 M urea/2 M thiourea (in 10 mM HEPES, pH 8.0), reduced
in 10 mM dithiothreitol (in a 50 mM ammonium bicarbonate buffer), and alkylated in 55 mM
iodoacetamide (in 50 mM ammonium bicarbonate buffer before digestion with lysine C
for 3 h, followed by an overnight digestion with trypsin (Princeton Separations Adelphia,
NJ, USA). Trifluoroacetic acid was added to stop digestion, and solutions were dried
under vacuum.

Mass spectrometry identification of peptides were performed similarly to the proce-
dure described for the analysis of patulin and ascladiol by LC-MS described previously
except that the mobile phase gradient was as follows: initial conditions, 2% B, increasing to
45% B in 40 min and then to 55% B in next 10 min, followed by column wash at 95% B and
10-min re-equilibration. The first 2 and last 5 min of gradient were sent to waste and not
the spectrometer. The flow rate was maintained at 0.2 mL/min. The mass spectrometer
electrospray capillary voltage was maintained at 4.0 kV and the drying gas temperature at
350 ◦C with a flow rate of 13 L/min. Nebulizer pressure was 40 psi and the fragmentor
was set to 150. The mass-to-charge ratio was scanned across the m/z range of 300–2000 m/z
in 4 GHz (extended dynamic range positive-ion auto MS/MS mode). Three precursor ions
per cycle were selected for fragmentation.
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Raw data files were loaded directly into the PEAKS Xpro software (Bioinformatics
Solutions Inc., Waterloo, ON, Canada) where the data were refined and subjected to de novo
sequencing and matching with G. oxydans 621H protein sequences. The following modifica-
tions were considered within the search parameters: methionine oxidation, deamidation
of asparagine, glutamine and carbamidomethylation of cysteine residues. The tolerance
values used were 15 ppm for parent ions and 0.05 Da for fragment ions.

4.8. Gene Cloning

Genes corresponding to the proteins of interest identified from peptide fingerprinting
were amplified by PCR using EcoRI digested G. oxydans ATCC 621 genomic DNA and
0.4 mM dNTP, 1 nmol/mL forward and reverse primers (Table 1), 5X Q5 reaction buffer, 5X
Q5 High GC Enhancer, and 1 U of Q5 High-Fidelity DNA Polymerase in a final volume
of 50 µL. A touchdown PCR protocol was used consisting of 95 ◦C for 3 min, followed by
30 cycles of denaturation at 94 ◦C for 30 s, annealing for 30 s, and extension for 1 min at
72 ◦C. Annealing temperature was lowered by 0.3 ◦C per cycle from an initial temperature
of 65 ◦C. After which 10 cycles of denaturation at 94 ◦C for 30 s, annealing at 52 ◦C for 30 s,
and extension for 1 min at 68 ◦C was performed, followed by a final extension at 68 ◦C for
10 min. The amplified PCR fragments were digested with restriction enzymes and then
inserted into pET28a.

Table 1. Sequences of primers used in this study.

Gene Name Primer Sequence

GOX0525
Forward GGC GGA ATT CAT GAC CCA CAG AGT AGC GCT C
Reverse GGG CAA GCT TCA GGC GAC GAG ACC GCC

GOX1899
Forward GCG GCA TAT GAC CAC GGA CAA CAT CG’
Reverse GGG CAA GCT TAA AAC TCC TGT CTG GTC GG

GOX1462
Forward CGC CCA TAT GCA GTA TCG TCA GCT TGG
Reverse GGG CAA GCT TCA TTT TTT CGT TTC AAG GGC CTC

GOX0716
Forward CGC TCA TAT GGC CGA TCA CAG CAT C
Reverse CGC CAA GCT TAC TTC GTC GTG TAC CCT CC

GOX0314
Forward CCG CCA TAT GTT CGC CAT GCA GCT C
Reverse CCG CAA GCT TCA CGG CAG CAA TAC GGC

GOX1615
Forward GGG AGA ATT CAG TCC CGT GCC GG
Reverse CGC TCT CGA GTC AGT CCC GTG CCG GG

Bold sequences indicate introduced restriction sites (NdeI, EcoRI, XhoI, or HindIII) to facilitate insertion of PCR
amplified fragments into E. coli expression plasmid vector, pET28a.

4.9. Recombinant E. coli Patulin Transformation Assay

Recombinant E. coli cells were resuspended at a concentration of 50 mg/mL in 20 mM
MES pH 5.0 buffer. The suspension was incubated with 10 µg/mL patulin, and 500 µM
NADPH in a shaker at 30 ◦C and samples were taken at 0 h and 24 h time points. Acidified
acetonitrile (ACN + 1% acetic acid), was added in a 1:1 ratio to quench each reaction in the
sample collected. Patulin and ascladiol form the mixture was analysed by HPLC.

4.10. Expression and Purification of Recombinant G. oxydans Genes in E. coli
LOBSTR-BL21 (DE3)

Ten mL each of overnight starter culture of recombinant E. coli LOBSTR-BL21 (DE3)
was used to inoculate 4 × 1 L of LB broth. The culture was incubated in a 37 ◦C shaker
until a OD600 of 0.6 was reached. Protein expression was induced with 1 mM isopropyl-
β-D-1-thiogalactopyranoside (IPTG), and the culture was further incubated at 15 ◦C for
20 h.

Cell pellets were re-suspended in 20 mM HEPES pH 8.5 buffer and lysed by French
press at 15,000 psi. The crude cell lysate was centrifuged twice at 39,191× g for 10 min to



Toxins 2022, 14, 423 12 of 15

remove the insoluble fractions. Buffer used in the purification protocol contains 50 mM
sodium phosphate and 300 mM sodium chloride, pH 8.0. The cell-free extract was passed
through a 0.45 µm syringe filter (Fisher Scientific) and incubated for 1 h at 4 ◦C with
Ni2+-NTA resin and buffer containing 20 mM imidazole. The mixture was poured into a
gravity column and washed with several column volumes of the same buffer. His-tagged
proteins were eluted using a buffer containing 150 mM imidazole.

The eluted protein was exchanged into 20 mM sodium HEPES pH 7.5 buffer by
dilution into a stirred cell with a YM10 filter (Amicon, Miami, FL, USA). GOX0525 was
buffer exchanged into 20 mM HEPES pH 7.2 containing 120 mM potassium chloride,
1 mM EDTA, and 1 mg/mL bovine serum albumin (BSA) in accordance to the procedure
described for the purification of a homolog of the enzyme [55].

4.11. Assessment of Enzyme Purity and Concentration

Samples of protein were mixed with 2× SDS-PAGE loading buffer and boiled for 2 min.
Boiled samples were loaded onto a 10% SDS-PAGE gel along with a Benchmark™ protein
ladder (Invitrogen, Waltham, MA, USA) serving as a molecular marker. Electrophoresis
was performed 10 mA for 2 h. Gels were stained using Coomassie blue for 30 min, and
destained with 20% methanol, 10% acetic acid. Destained gels were incubated overnight in
10% glycerol and imaged the next day using the Gel Doc system (Bio-Rad Inc.). Protein
purity was assessed with the Image Lab software (Bio-Rad Inc., Hercules, CA, USA). Protein
concentration was determined with the Bradford assay using bovine serum albumin as
protein concentration standards [56].

4.12. Enzyme Assays

In vitro assays to verify patulin transformation into ascladiol were performed in glass
vials. Reaction mixture contained either 10.3 µg GOX0525 or 47 µg GOX1899 suspended
in 20 mM MES buffer, pH 5, containing 500 µM NADPH and 10 µg/mL patulin. Reaction
was incubated at 30 ◦C for 24 h. Following this, the mixture was filtered though a YM-10
filter before analysis by LC-MS.

Standard kinetic enzyme assays were performed in triplicate at 25 ◦C using a Var-
ian Cary 3 spectrophotometer with a thermojacketed cuvette holder using a tricompo-
nent buffer (0.1 M Tris, 0.05 M 2-(N-morpholino)ethanesulfonic acid (MES), 0.05 M acetic
acid, pH 6.0) and 250 µM NADPH. The enzyme activity was measured by monitoring
NADPH oxidation at 340 nm with an extinction coefficient of 6220 M−1 cm−1. Kinetic
parameters were determined using varying concentrations of patulin and data were fit-
ted to a Michaelis–Menten equation by non-linear regression using the GraphPad Prism.
No NADPH oxidation occurred in the presence of patulin under assay conditions prior to
addition of the enzyme as determined spectrophotometrically.

The pH dependence of enzymes were determined using a three component buffer
(0.1 M Tris, 0.05 M 2-(N-morpholino)ethanesulfonic acid (MES), 0.05 M acetic acid) ranging
from pH 4.0 to 7.5 and 100 µg/mL patulin.

Thermostability was carried out by incubating aliquots of enzymes at 55 ◦C or
80 ◦C. At different time intervals, the respective enzyme aliquot was removed and cooled
on ice for 1 min prior to enzyme activity measurement using the standard assay with
200 µg/mL patulin.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14070423/s1, Table S1: Mass Spectrometry Peptide Finger-
printing Results for Fraction 16/17; Table S2: Mass Spectrometry Peptide Fingerprinting Results for
Fraction 20. References [57–61] are cited in the Supplementary Materials.
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