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ABSTRACT

A novel quercetin 2,3-dioxygenase from Penicillium chrysogenum, following biochemical characterization, served as the starting
point for reshaping the substrate-binding cavity to alter its substrate specificity. Using a rational engineering strategy supported by
computational predictive tools, we achieved high activity toward specific artificial flavonols. In all generated variants, amino acids
were replaced with residues that naturally occur at the selected positions in homologous enzymes. Two variants with enlarged
substrate-binding cavities exhibited improved activity toward bulkier substrates. In particular, the Y55F-F134L-M143L variant
showed 20- to 1750-fold higher activity toward flavonol compounds with phenyl-based substitutions at position C-8. Conversely,
one variant with a smaller substrate-binding cavity showed 15-fold higher activity toward the smaller flavonol 3,7-dihydroxyflavone.
The procedure described here has implications for engineering metalloenzymes to alter their substrate specificity toward novel

compounds.

1 | Introduction

Flavonols are abundant secondary metabolites in many plants
and are important constituents of the human diet [1]. They
can also serve as sources of carbon and energy for vari-
ous microorganisms [2]. The flavonol quercetin (compound 1,
Figure 1), for example, is a widely used dietary supplement
due to its beneficial effects on human health, such as reduc-
ing oxidative stress, and its anti-inflammatory, antibacterial,
and antiviral activities, as well as its protection against car-
diovascular diseases and positive effects on the treatment of
certain cancers [3]. In addition, compound 1 and its natural or
semi-synthetic derivatives can enhance the activity of various
antibiotics, thereby combating resistant pathogenic strains [4].

For example, substituted anilines incorporated into the flavonol
core (see compounds 17 and 18) have been shown to reduce
antibiotic resistance in Staphylococcus aureus [5].

Understanding and controlling the enzymatic degradation of
artificial flavonols is essential for evaluating their metabolic fate
and obtaining defined cleavage products needed for biological
and pharmacological studies. In addition to their nutritional
and pharmacological relevance, the enzymatic C-ring cleavage of
flavonols is a key biochemical transformation that governs detox-
ification and various other, not yet fully understood, intracellular
processes through their enzymatic reaction products, including
the release of CO [6-9].
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FIGURE 1 | Structuresof compounds tested as substrates. Natural flavonols are: 1 (quercetin), 2 (kaempferol), 3 (galangin), 4 (myricetin), 5 (fisetin),
6 (morin), and 11 (gossypetin). The general structure of flavonols is represented by compound 20 (3-hydroxyflavone).

The C-ring fission of natural flavonols is mediated by microbial
quercetin 2,3-dioxygenases (QueDs) and by several pirins, which
are widely distributed in mammals and plants and were first
described as transcription regulators [10]. Both QueDs and the
pirins studied so far act as nonheme metalloenzymes on various
flavonols, exhibiting a molecular oxygen-dependent reaction
mechanism that generates a depside and CO as reaction products
(Scheme 1a) [11]. Milestones in QueD research include the
elucidation of their X-ray structures and reaction mechanism [12—
17]. In QueDs, the flavonol substrate binds to the metal center in
a monodentate arrangement through the oxygen atom at C-3 of
the flavonol (Scheme 1b).

This study is the first to determine the structural requirements in
QueD for high ring-cleavage activity toward artificial flavonols,
in the context of developing flavonol-based therapeutics for man-

aging antibiotic resistance. Authentic standards are also needed
to identify and quantify potential depside products generated
in human tissues or by microbiota in the human gut through
pirin- or QueD-mediated breakdown of natural and artificial
flavonols.

QueD from Penicillium chrysogenum (PcQueD) was selected
because it shows high activity toward multiple natural flavonols,
is readily produced in a eukaryotic expression system, and
shares substantial sequence identity with characterized QueDs.
These features make PcQueD a suitable and experimentally
tractable model for rational engineering of the substrate-binding
cavity.

In addition to QueDs and pirins, there are a few other metalloen-
zymes with similar basic scaffold structures [18]. In this context,
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SCHEME 1 | (a) Reaction catalyzed by QueD with a flavonol as substrate and molecular dioxygen as co-substrate, resulting in the formation of

CO and a depside. Only the flavonol backbone is shown with its ring nomenclature and substituent numbering. (b) After binding to the active site, the
flavonol coordinates to the copper ion as a monodentate ligand via its oxygen atom at C-3. The copper center forms a coordination complex with three

histidine side chains (H86, H88, and H132) and the carboxyl group of E93. In the following steps, the reaction mechanism involves the formation of a

flavonoxy radical-Cu* valence tautomer, which reacts with the diradical oxygen molecule to generate peroxide and endo-peroxide reaction intermediates

(not shown) [16].

gentisate and salicylate 1,2-dioxygenases should be mentioned.
These are Fe(II)-dependent ring-cleaving dioxygenases that cat-
alyze the oxidative cleavage of one carbon-carbon bond in the
substrate [19, 20].

This enzyme engineering study aimed to alter the substrate
scope of a QueD by targeting the substrate-binding cavity,
either by removing steric hindrances to accommodate larger
substrates or by filling the cavity with larger residues when
smaller substrates are bound. Strategies for reshaping catalytic
cavities to change substrate specificity have been successfully
pursued [21-25]. However, it should be noted that enzyme
catalysis depends on a delicate balance of many interactions
and factors not captured by molecular docking simulations
alone [26]. Due to the complexity of enzyme-catalyzed processes,
improvements in turnover numbers for enzyme variants are
often moderate, typically ranging from 1.5- to 10-fold [27]. There
are, however, notable exceptions with activity improvements
of a hundredfold or more, mainly achieved through enzyme
engineering approaches based on directed evolution or machine
learning [21, 28].

Reports on the manipulation of dioxygenase activities by enzyme
engineering are rather sparse. Nazmi and coworkers increased
the specific activity of a (chloro-)catechol 1,2-dioxygenase for
catechol and its derivatives by up to 5-fold, truncating the non-
conserved C-terminus, which has been shown to interfere with
the substrate-binding cavity [29]. The substrate-binding cavity
of another catechol 1,2-dioxygenase was redesigned by focusing
on two residues, avoiding clashes in the binding of catechol

derivatives with substituents at C-4. Here, improvements in k,;
and k., /Ky values were found to be 2- and 5-fold, respectively
[30].

As far as the enzyme engineering of structurally similar
dioxygenases is concerned, three works should be mentioned.
The substrate spectrum of the aforementioned salicylate 1,2-
dioxygenase, with its broad specificity, was narrowed by a
single point mutation in the active-site cavity, resulting in an
enzyme that accepts only gentisate [20]. Conversely, introducing
the reverse mutation in a specific gentisate 1,2-dioxygenase
broadened the substrate spectrum to include gentisate and
monohydroxylated substrates, such as salicylate and 1-hydroxy-2-
naphtholate, mimicking a salicylate 1,2-dioxygenase with broad
specificity. However, the k. /K,; values for the new substrates
did not exceed 6% of the corresponding gentisate-based value
[31]. Third, the Mn-dependent QueD from Bacillus subtilis
has been evolved into an enzyme that accepts nickel or
manganese ions in the active site and shows good specific
activities toward compounds 1 and 2 in both enzyme forms
[32].

In this study, we successfully modified the substrate-binding
cavity of our model enzyme, PcQueD, through rational
site-directed engineering. This produced enzyme variants
with markedly enhanced catalytic efficiencies toward
nonnatural flavonols that are either smaller or larger than
compound 1. The small number of amino acid substitutions
introduced indicates that our evolution-inspired engineering
approach is suitable for straightforward modification of
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the substrate spectrum while maintaining high enzyme
activity.

2 | Results and Discussion
2.1 | Cloning

Seven peptides of wild-type PcQueD, co-purified during the
purification of PcRut from Penicillium chrysogenum CCF 1269
[33], were obtained by trypsin treatment of an SDS-PAGE protein
band and subsequently characterized by MALDI-TOF mass spec-
trometry (Table S1). Amplification attempts with peptide-derived
degenerate primers were not successful (Table S2). However, we
were able to amplify the full-length PcQueD-encoding gene using
specific primers that were derived from the noncoding regions
outside the locus Pc16g11830 of Penicillium rubens Wisconsin 54-
1255 (AM920431.1) (Table S2). The amplified chromosomal DNA
segment was found to be identical to the nucleotide sequence of
the above-mentioned locus. A comparison of chromosomal DNA-
derived and mRNA-derived sequences revealed the presence of
a 52-bp long intron, resulting in a protein sequence that was
identical to CAP93853.1 and served as the basis for amino acid
numbering.

2.2 | Characterization of Recombinant Wild-Type
PcQueD

After purification of His-tagged PcQueD by immobilized metal
chelate affinity chromatography (IMAC; Figure S1), SDS-PAGE
analysis indicated the presence of glycan chains bound to the
protein, resulting in smearing of the protein bands (Figure
S2). Glycosylation of PcQueD was confirmed by mobility shift
experiments using the endoglycosidase PNGase F for glycan
removal (Figure S3).

A plateau region with high PcQueD activities was found between
pH 3.5 and 7.5. Beyond these pH values, a loss of enzyme activity
was observed (Figure S4).

ICP-MS analysis of purified native PcQueD showed that the total
metal occupancy was 113% per polypeptide chain, with copper
accounting for 95.8% per chain. Traces of bound Mn?*, Zn?*, and
Ni** were also detected (Table S3). These results are consistent
with the finding that fungal QueDs are mononuclear copper
enzymes [12, 34]. After chelation of the enzyme-bound copper, the
activity of apo-PcQueD decreased to a few percent of the native
enzyme’s activity (Figure S5). Reconstitution with Cu?* ions
restored enzyme activity, while reactivation with other transition
metals was less effective and did not exceed 17% of the native
enzyme’s activity (Figure S5).

The quaternary structure of native PcQueD was determined by
mass photometry to be dimeric for both the apoenzyme and
the copper-reconstituted enzyme (Figure S6), consistent with the
quaternary structures determined for QueDs from Aspergillus
Jjaponicus, Bacillus subtilis, and Streptomyces sp. [18].

Circular dichroism (CD) spectra in the far- and near-UV regions
of apo and reconstituted PcQueD indicated very similar secondary

TABLE 1 | Apparent steady-state kinetic parameters of recombinant
wild-type PcQueD arranged according to specificity constants.?

keat/Ky K;
Compound Ky [pM] kg, [sec™'] [uM7's7']  [pM]

63+0.9 200.1+13.9 31.6 149

6 88+25 1285+19.4 14.7 82

60+0.6 595+17 9.9 —

14 63+18 20.7+23 3.3 132

15 74+18 175x21 2.4 114

1 326+27 629+21 1.9 —
3 17.1 27.5 1.6 ndb

39.8+153 514 +151 1.3 34

4 584 +122 622 +101 11 56

12 26.5+3.0 3.59+0.15 0.14 —
19 15.8 131 0.08 n.d.b
21 22.0 0.42 0.02 n.d.l
13 132.8 0.36 0.003 ndb
20 2816 5.5 0.002 n.db

2Purified native enzyme was used as the catalyst. Reaction conditions:
22°C, 50 mM MES (pH 5.5; aerated buffer), 3% dimethyl sulfoxide. The
K; values are provided for informational purposes only. Unless otherwise
specified, nonlinear regression analysis was performed using the Michaelis-
Menten equation with a substrate inhibition term [38]. See Figure S9 for the
corresponding graphs.

Due to solubility issues at higher substrate concentrations, kinetic parameters
were obtained from Lineweaver-Burk plots (Figure S9); n.d., not determined.

structure contents and similar spatial environments of aromatic
residues (Figures S7 and S8). However, the data may suggest
an exchange of a small proportion of antiparallel §-sheet for
a-helix upon metal reconstitution of apo-PcQueD (Figure S7;
Table S4). Similarly, the near-UV CD data may indicate slight
structural rearrangements around aromatic residues upon metal
reconstitution.

Artificial intelligence-based structure modeling indicated that
wild-type PcQueD is structurally very similar to the experimen-
tally determined structure of QueD from Aspergillus japonicus (C,
RMSD of 0.703 A over 324 aligned residues with 62.7% sequence
identity; Figure 2).

The carbon monoxide released during PcQueD-mediated con-
version of compound 1, labeled with C at position C-3, was
found to originate solely from this carbon atom (Scheme 1; Table
S5). This finding is consistent with earlier results of manometric
experiments performed with rutin (quercetin rutinoside) labeled
with C at position C-3 of the aglycone and culture filtrate of
Aspergillus niger as the enzyme source [36]. Thus, the QueD-
mediated reaction consumes one mole of oxygen per mole of
flavonol, generating one mole of carbon monoxide (Scheme 1a)
[37].

The substrate spectrum of PcQueD was analyzed using a range
of natural and synthetic flavonols (Table 1 and S6). The best sub-
strates were the naturally occurring compounds 2, 6, and 1 with
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C-terminus

EE Very high (pIDDT > 90) N-terminus
Confident (90>pIDDT>70)
Low (70>pIDDT>50)

W Very low (pIDDT < 50)

FIGURE 2 | Ribbon diagram of the wild-type PcQueD monomer. The structure is based on a representative model of PcQueD generated using the
AlphaFold 3 server. The protein consists of two -barrel folds, that is, two cupin domains, with the N-terminal domain containing a divalent copper

ion (shown in magenta) coordinated by H86, H88, H132, E93, and bound compound 1 [14]. Coloring reflects the confidence of the structure prediction
using pLDDT (predicted local distance difference test) [35]. The most flexible regions are the polypeptide segment 176-188, located near the active site

entrance, and the C-terminal His-tag.

apparent k., /Ky values of 10-32 uM™ s7!, The transformation
of compound 1 by PcQueD produced a reaction product whose
NMR-derived structure was fully consistent with previously
published NMR data (Figures S10 and S11) [39]. The poorest
substrates were the artificial compounds 7, 8, 10, 12-13, and
16-21. In contrast, the natural flavonols 3, 4, 5, and 11, as well
as the quercetin derivatives 14 and 15 with additional small
substitutions at C-6 and C-8, showed intermediate k,,/K,, values
of 1.1-3.3 uM~! s71. Compound 9, which resembles prenylated
quercetin (Table S6), also exhibited intermediate activity. Higher
O, concentrations increased the enzyme activity for compound
1; in O,-saturated buffer, we observed a 1.8-fold increase in k,,
while the K, value remained unchanged, suggesting that O, was
not saturating in the aerated buffer (Figure S12; Table S7). The
substrate ranges of PcQueD and QueD from Penicillium olsonii,
which share 81.3% sequence identity, were similar regarding the
best substrates, compounds 2 and 1. However, in stark contrast
to PcQueD, no activity was reported for compound 6 with the
latter enzyme [34], indicating structural differences in the binding
pocket for ring B of the substrate, as supported by molecular
docking analysis (Figure S13).

2.3 | Selection of Sites for Mutagenesis

The strategy for amino acid replacement was initiated by aligning
ninety similar sequences from the NCBI database with sequence
identities of 26.9%-100% relative to PcQueD (Table S8), followed
by structure modeling. After molecular docking of compound
1 into the binding pocket of modeled PcQueD, specific amino
acids were selected and replaced with naturally occurring amino
acids at those positions based on multiple sequence alignment
of homologous QueDs (Figure S14). This alignment served as an
evolutionary filter for mutational robustness, selecting likely per-
missible amino acid substitutions in structurally similar QueDs.
See Table S9 for the degrees of conservation at the sites selected for
mutation. To improve binding of bulkier substrates (compounds
7, 8, 16, 17, and 18), we selected residues with high collision
potential and replaced them with residues that have smaller
accessible surfaces to reduce clashes between the enzyme and
the bound substrate (e.g., Phe — Leu) [40]. This resulted in

two enzyme variants: Mutl/2, Y55V/F-F134L-M143L. In contrast,
for smaller substrates, such as compounds 3, 20 and 21, certain
residues were replaced with residues that have larger accessible
surface areas to fill the empty space (e.g., Thr — Leu), resulting
in two mutants: Mut3/4, T73L-M143F-G145A-V1471/F. All newly
introduced amino acids were hydrophobic (Figure 3a). A 100-
ns molecular dynamics simulation of wild-type PcQueD and its
mutants revealed that the mutations likely introduced only very
small structural alterations. Mutl was found to have the most
flexible residues at the mutated sites of all investigated enzymes
(Figure S15).

The thermal unfolding data for PcQueD and its variants showed
that the mutant enzymes had lower thermostabilities than wild-
type PcQueD, which had melting temperatures of 62°C in the
activity-based assay and 70°C in the fluorescence-based assay.
The least thermostable enzyme was Mut2, with melting tem-
peratures of 57°C in the activity-based assay and 63°C in the
fluorescence-based assay (Figure S16).

2.4 | Substrate Specificities and Catalytic
Constants of PcQueD Variants

Using the above-mentioned strategy based on multiple sequence
alignment and molecular docking, we designed, produced, and
purified four PcQueD variants intended for higher activity toward
either flavonols with substitutions at C-8 (Mutl and Mut2) or
smaller flavonols (Mut3 and Mut4) (Figures S17-S23). According
to the molecular docking results, Mutl and Mut2 should allow
binding of compounds 8, 16, and 18 in their substrate-binding
pockets, in contrast to wild-type PcQueD. Compound 21, which
lacks three hydroxyls in comparison with compound 1, was
predicted to bind to all enzyme variants and wild-type PcQueD
with very similar binding energies (Figure 4).

A detailed analysis of the docking results revealed a high collision
potential between the additional phenyl-based substituent of
compounds 16 and 18 and residues Y55 and F134 in the substrate-
binding pocket of wild-type PcQueD (Figure 3b). In contrast, the
simulated binding of compound 16 to Mut2 indicated favorable
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FIGURE 3 | (a) Substrate-binding cavity of wild-type PcQueD with docked compound 1. Conserved copper-coordinating residues are H86, H88,
H132, and E93. Wild-type amino acids replaced in the mutants are shown in gray (Mutl/2: Y55V/F-F134L-M143L) and in green (Mut3/4 T73L-M143F-
G145A-V1471/F). C, atoms are shown as spheres, and hydrogens are omitted. (b) Poses of compounds 16 (magenta) and 18 (yellow) docked to the
substrate-binding cavity of Mut2 (residues in magenta) are shown together with the corresponding residues of wild-type PcQueD (colored by element:
cyan for carbon, red for oxygen, and blue for nitrogen) after structural alignment of both proteins. (c) Interactions formed between docked compound 16
and Mut2 as displayed by PoseView: hydrogen bonds and electrostatic interactions are shown as black dashed lines; green lines and green labels indicate
hydrophobic interactions; 7-stacking interactions are depicted as connected filled green circles. (d) Poses of compound 8 (in blue and element colors)
docked to the substrate-binding cavities of Mutl (blue) and wild-type PcQueD (element color) are shown. Compound 1 docked to wild-type PcQueD is
shown in red. (e) The poses of compound 8 (blue, yellow, and element colors) docked to Mutl (blue), Mut2 (yellow), and wild-type PcQueD (element
color), respectively, are shown. (f) Electrostatic potential mapped for compound 8 docked to Mut2, with negative potential in red and positive potential
in blue. A hydrogen bond may form between the fluorine atom and the closely positioned polar amide group of GIn53 with a distance of 2.5-3.4 A.
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FIGURE 4 | Ligand binding energies of compounds 1, 8, 16, 18, and 21 for wild-type PcQueD (WT) and its variants Mutl, Mut2, Mut3, and Mut4.
The averaged data and standard deviations are based on molecular docking simulations using several representative AlphaFold 3 enzyme models.
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hydrophobic and 7z-stacking interactions, as well as hydrogen
bonds (Figure 3c). Differences in the binding poses of compound
8 in the substrate-binding pockets of Mutl, Mut2, and wild-type
PcQueD presumably explain part of the substantial differences
in activities among the three enzymes. The important role
of residue 55 in accommodating compound 8 is highlighted
(Figure 3d,e). Calculations of electrostatic potentials revealed a
possible additional positive interaction between the side chain of
Q53 and the fluorine atom of docked compounds 8 and 16 in Mut2
(Figure 3f).

The X-ray structure of QueD from Aspergillus japonicus, anaero-
bically complexed with compound 1, revealed distances of about
2.3 A between the oxygen atom at C-3 of bound 1 and the
copper center, and 2.7 A between HO3 of 1 and O,, of the
copper-coordinating Glu, suggesting close interactions that assist
in forming the enzyme-substrate complex (Scheme 1b) [14]. In
the modeled enzyme-substrate complexes of experimentally vali-
dated active enzyme-substrate combinations, nearly all distances
were within the range of 2.1-2.6 A (Table S10), indicating likely
productive substrate poses. Although the distances in low-activity
combinations were often higher, the difference in distances
between active and low-activity complexes was not statistically
significant (Table S11).

The four PcQueD variants were tested for their specific activ-
ities with substrates 1-21. For Mutl and Mut2, which were
designed to improve binding of bulkier flavonols, Mut2 showed
the greatest increases in activity, with 725- to 1750-fold higher
specific activities for compounds 8, 16, and 18 compared with
wild-type PcQueD. Eliminating substrate-induced collisions with
residues in the substrate-binding pocket led to much higher
activities of Mut2 toward bulky flavonols (Figure 5a). In terms
of absolute specific activities, Mut2 achieved fairly high values
of 2.2-2.9 s7! at 30 uM substrate concentrations for compounds
7, 8, 16, and 18 in aerated buffer (Table S12). Notably, compared
with wild-type PcQueD, the activity of Mut2 toward the natural
flavonol 1 decreased from 50 to 2.0 s™'. The much higher
activities of Mut2 toward compounds 8, 16, and 18 enabled
determination of their apparent Michaelis-Menten parameters,
which ranged from 13.5 to 26.0 uM for Ky, and 3.8 to 7.2 s7! for
k... (Table S13; Figure S24). Under O, saturation, the apparent
kinetic parameters changed. For compound 8, high oxygen
conditions alleviated the strong substrate inhibition observed
in aerated buffer. For compound 16, the apparent k., value
more than doubled in the presence of O, saturation. This again
indicates the absence of O,-saturating conditions in the aerated
buffer. For both compounds, the specificity constant k,,/Ky
increased under high oxygen concentrations (Table S13; Figure
S25). The mass spectrometry data for the products matched
expectations (Figure S26).

Of the two variants designed to reduce empty space in the
substrate-binding pocket, only Mut3 showed notable activity,
specifically toward compounds 1, 3, and 21, with specific activities
exceeding 3 s™! (Table S12). Compared with wild-type PcQueD,
a 15-fold improvement in activity was observed only for com-
pound 21 (Figure 5b). This does not agree with the molecular
docking results, which identified favorable binding poses for all
investigated enzymes (Figure 4). However, close inspection of the
poses of compound 21 revealed substantial differences between

wild-type PcQueD and Mut3, with hydrogen bonds, electrostatic,
hydrophobic, and 7z-stacking interactions likely stabilizing the
complex (Figure S27). Regarding the very low activity of Mut4
with all tested compounds, we conclude that the combined amino
acid substitutions in this variant likely created a substrate-binding
pocket incompatible with activity, even for the smallest flavonols,
compounds 20 and 21. We speculate that one reason for the
lack of activity toward compound 21 is the distance between
HO3 and O,, of catalytic E93, which exceeds a critical limit
in Mut4 (Table S10). At this point, we must emphasize that
ligand binding is a prerequisite for enzyme catalysis. However,
this does not guarantee high activity for two reasons: (1) a key
aspect of catalysis in naturally evolved enzymes is stabilization
of the transition state with relatively weak substrate binding
in the ground state, information not accessible by molecular
docking [41, 42]; and (2) enzyme-based catalytic processes are
very complex, far more so than simply addressing ligand binding
[26]. The molecular docking data of compound 21 illustrates the
limits of docking-based ranking and underscores the importance
of experimental validation.

Remodeling substrate-binding cavities of enzymes with large
positive effects on their substrate specificity has recently been
described in a few reports that used more challenging methods,
such as directed evolution or gene library construction [21, 22].

In our engineering project, we used a rational approach with
computational predictive tools based on protein structure model-
ing, molecular docking of substrate ligands, and sequence-based
information from homologous enzymes. This approach proved
viable, identifying key sites in the substrate-binding pocket to
be altered by site-directed mutagenesis and predicting a small
number of enzyme variants with likely tolerated substitutions
selected from QueDs with a common evolutionary history.
Three of the four introduced sets of mutations redirected the
enzyme toward novel substrates by reshaping the substrate-
binding pocket to better accommodate the new substrates. This
highlights the high probability of enzyme improvement using our
approach, which is based on evolutionarily selected, likely QueD-
compatible alternative residues. We suggest that our approach
is especially suited for enzymes that require eukaryotic hosts
for expression, as in this case directed evolution and saturation
mutagenesis are much more difficult to perform than with
prokaryotic hosts.

3 | Conclusion

By introducing mutations in the substrate-binding cavity, we
significantly increased the activity of our model enzyme, a fungal
quercetin 2,3-dioxygenase, toward specific artificial flavonols.
Using an AlphaFold 3 model of the enzyme, our strategy
involved molecular docking of compound 1, identifying key
amino acids in the substrate-binding cavity whose substitution
would improve binding of novel artificial flavonols, and selecting
amino acids that are evolutionarily conserved at these positions
in homologous enzymes, considering the requirement to bind
either smaller or bulkier flavonols. Two variants with enlarged
substrate-binding pockets exhibited up to a 1750-fold increase in
activity toward bulkier flavonols with phenyl-based substitutions
at C-8. In contrast, one variant with a smaller substrate-binding
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FIGURE 5 | Increase in activities of the PcQueD variants by x-fold relative to the activity of the wild-type enzyme (WT) for the tested compounds
1-21. (a) Mutl and Mut2. (b) Mut3 and Mut4. Substrate concentrations in the aerated reaction mixtures were 30 uM, except for compounds 2 (10 uM), 3

(15 uM), 5 (14 uM), and 20 (15 pM).

pocket showed a 15-fold higher activity toward the smaller
flavonol 3,7-dihydroxyflavone. Our results and the straightfor-
ward procedure described here have implications for engineering
metalloenzymes to alter their substrate specificity toward novel
compounds.

4 | Experimental Section
4.1 | Materials

Quercetin (compound 1), galangin (3), fisetin (5), HEPES,
and MES were obtained from Merck Life Science spol. s.r.o.
(Prague, Czech Republic). Kaempferol (2) and myricetin (4) were
purchased from abcr GmbH (Karlsruhe, Germany). Morin (6)
was a product of Biosynth s.r.o. (Bratislava, Slovakia). All other
flavonols, that is 8-phenyl quercetin (7), 8-(4-fluorophenyl)
quercetin  (8), 8-allyl quercetin (9), 8-(3-aminophenyl)
quercetin  (10), gossypetin (11), 3,3’,4'-trihydroxyflavone
(12), 3,3',4',5'-tetrahydroxyflavone (13), 8-bromo quercetin

(14), 6,8-dibromo quercetin (15), 8-(4-fluoroanilino) quercetin
(16), 8-(4-methoxyanilino) quercetin (17), 8-(anilino) quercetin
(18), 3',4'-dimethoxyflavone (19), 3-hydroxyflavone (20), 7-
hydroxyflavone (21), were prepared according to previously
published methods [5, 43-47].

4.2 | Cloning and Mutagenesis of the
PcQueD-Encoding Gene

The in-gel digestion of protein bands and subsequent mass
spectrometry of the tryptic peptides were performed as previously
described [48]. Chromosomal DNA and total RNA were isolated
from freeze-dried Penicillium chrysogenum CCF 1269 biomass
using the RNA PowerSoil Total RNA Isolation Kit (Mo Bio
Laboratories, Inc., USA) [33]. Amplification with degenerate
primers was performed using Herculase hot start DNA poly-
merase (Agilent Technologies, Inc., USA). Amplification with
specific primers was performed using Q5 hot start high-fidelity
DNA polymerase (New England Biolabs) (Table S2). For cDNA
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synthesis, reverse transcriptase from a second-generation 5'/3’
RACE kit (Roche) and a specific primer were used (Table S2).
The cDNA-derived PcQueD-encoding gene without its predicted
signal sequence was then amplified and inserted into the pPICZa
A vector downstream of the a-factor signal sequence encoded by
the vector (Thermo Fisher Scientific Inc.; Table S2).

Mutagenesis of the PcQueD-encoding gene was performed using
either the QuikChange Lightning Multi Site-Directed Mutagen-
esis Kit or the QuikChange Lightning Site-Directed Mutagenesis
Kit (Agilent Technologies, Santa Clara, CA, USA). The company’s
web-based tool was used for primer design (Table S14). The
mutated PcQueD-encoding DNA sequences were verified by
sequencing both DNA strands.

4.3 | Heterologous Expression and Purification

Prior to electroporation of Pichia pastoris KM71H cells (Thermo
Fisher Scientific Inc.) with 5-10 pg of plasmid DNA using a
MicroPulser (Bio-Rad Laboratories, Inc., USA), the PcQueD-
encoding pPICZa A-based construct was linearized with Pmel.
The resulting transformants were plated on YPD agar plates
containing 0.5-1.0 mg mL™" zeocin (InvivoGen Europe, France).
Transformants were screened in liquid cultures using BMGY
and BMM media with 0.5% methanol as inducer as previously
described [48]. The BMM medium (30 mL per 300-mL baffled
flask) contained 30 uM CuSO,. The transformant with the
highest PcQueD production, determined by SDS-PAGE analysis
of culture supernatants, was selected for preparative cultivation
in BMGY/BMM media, with the latter supplemented with 30 uM
CuSO,.

After cultivation, the pH of the PcQueD-containing culture
supernatant was adjusted to 6.8 and loaded on 1-ml His-Trap
FF columns (Merck Life Science spol. s.r.o., Czech Republic)
equilibrated with binding buffer (20 mM phosphate, pH 7.4;
500 mM NacCl). Bound PcQueD was eluted with a linear gradient
of imidazole from O to 0.5 M.

The purified proteins were buffer-exchanged using
Amicon Ultra-15 centrifugal filters (10 kDa cutoff;
Merck Life Science spol. s.r.o., Czech Republic). Protein
concentrations were determined at 280 nm with a DS 11 Series
spectrophotometer (DeNovix Inc., USA) using the theoretical
extinction coefficients.

4.4 | Deglycosylation

Deglycosylation of PcQueD was performed according to the man-
ufacturer’s protocols using PNGase F (New England Biolabs).
4.5 | Reconstitution of Apo-PcQueD

The in vitro reconstitution of wild-type PcQueD involved chelat-
ing protein-bound metals with a 20-fold excess of both ethylene-

diaminetetraacetic acid (EDTA) and diethyl dithiocarbamate
(DDTC) in 50 mM Tris-HCI (pH 7.4) on ice for 45 min. This was

followed by dialysis in 20 mM HEPES (pH 7.4) for 24 h at 8°C and
ultrafiltration using Amicon Ultra-15 (Ultracel-10k) centrifugal
filter units (Merck Life Science spol. s.r.o0., Czech Republic). Apo-
PcQueD was then incubated on ice with a 100-fold molar excess of
a transition metal, followed by extensive ultrafiltration to remove
unbound metal ions.

4.6 | Activity Determination and Steady-State
Enzyme Kinetics

Enzyme activities were determined spectrophotometrically and
by thin-layer chromatography (TLC). For TLC analysis of the
reaction products, the enzymatic reactions were performed in
a total volume of 120 pL with 20 uL of P. pastoris culture
supernatant in 50 mM MES (pH 5.5) in the presence of 5 mM
flavonol and 7% dimethyl sulfoxide using a Thermomixer (30°C,
800 rpm; Eppendorf Czech & Slovakia s.r.0.). The mobile phase
was either ethyl acetate-2-propanol-water (3:2:2) or chloroform-
acetone-formic acid (2:1:0.1) using silica gel 60 F,;, plates (Merck
KGaA). Steady-state enzyme activities were determined in 50 mM
MES (pH 5.5; aerated [268 uM O,] or O,-saturated [1.37 mM
0O,] [49]) at 22°C in the presence of 3% dimethyl sulfoxide
using purified enzymes and a Shimadzu UV-1700 PharmaSpec
spectrophotometer, monitoring the time-dependent decrease of
the absorbance at 367 nm. For each substrate, the corresponding
extinction coefficient was determined (Table S15). The web-
based nonlinear regression program MyCurveFit was used for
determining the apparent Michaelis-Menten kinetic parameters.

The pH dependence of the QueD activity was determined with 1
as a substrate and purified buffer-exchanged QueD. The following
buffers (50 mM) were used: sodium citrate (pH 2.5-5.5), MES (pH
5.5 and 6.5), and HEPES (pH 7.5 and 8.2).

4.7 | Thermostabilities

Thermal stabilities of PcQueD and its variants were determined
by (1) analyzing residual enzymatic activities after a 10-
min incubation at selected temperatures between 30 and
70°C, and (2) measuring fluorescence intensity at 330 and
350 nm with an excitation wavelength of 280 nm while
continuously heating the protein sample at 1.0°C per minute
(nanoDSF; Prometheus NT.48; NanoTemper Technologies
GmbH, Germany).

4.8 | Circular Dichroism

Far and near-UV CD spectra were recorded with a Chirascan-plus
CD spectrometer (Applied Photophysics Ltd., UK) at room tem-
perature in 10 mM phosphate (pH 6.5) and 50 mM HEPES (pH 7.5)
buffers, respectively. Far-UV CD measurements were performed
in 1I-mm cuvettes with protein concentrations of 0.13-0.15 mg
mL~!, whereas 1-cm cuvettes and protein concentrations of 0.18-
0.50 mg mL™" were used for the near-UV CD measurements. The
secondary structure contents were estimated using the far-UV CD
data and the CDNN software package.
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4.9 | Inductively Coupled Plasma Mass
Spectrometry

The metal contents in recombinant wild-type native PcQueD after
purification were determined using an Agilent 8900 inductively
coupled plasma mass spectrometer (ICP-MS). The determination
was performed in single quadrupole mode with helium gas in the
collision cell (4.1 mL min~!) using external calibration functions.
The monitored isotopes were 3Mn, >*Fe, *Co, °Ni, %Cu, %Zn,
HCd, and '®Rh, with '®Rh serving as the internal standard.
Before analysis, the protein samples were washed eight times with
approximately seven volumes of 25 mM HEPES (pH 7.4) per wash
using Amicon Ultra-0.5 centrifugal filters (10 kDa cutoff; Merck
Life Science spol. s.r.0., Czech Republic). The samples were then
prepared in 0.2% (m v~') HNO, for analysis. The metal content in
the buffer solution was negligible.

4.10 | Large-Scale Biotransformation

The reaction mixture contained 10 mM 1, 4.4 mL recombinant P.
pastoris culture supernatant and 10% dimethyl sulfoxide in 25 mM
HEPES (pH 7.5) in a total volume of 26 mL. After 24 h of shaking at
30°C, the reaction mixture was placed on ice and acidified to pH
2.1 with ice-cold HCI. The reaction product was extracted with an
equal volume of ethyl acetate, and the organic phase was dried
over Na,SO,, filtered, and evaporated in vacuo. The dry residue
was dissolved in CD;0D for NMR analysis.

4.11 | Analyses of Enzymatic Reaction Products

A Bruker Avance III HD spectrometer (‘H, 600 MHz; “C,
151 MHz) was used for NMR analysis. HPLC analyses were per-
formed on a Shimadzu Prominence LC analytical system using a
Chromolith RP-18e reversed-phase column (100 x 3 mm, Merck,
Germany) (Figure S26). Reaction samples were analyzed by
electrospray ionization mass spectrometry (ESI-MS) as described
in Figure S26.

4.12 | Enzymatic Release of Carbon Monoxide

Compound 1, unlabeled or C-labeled at position C-3 [47], was
used as the substrate for the PcQueD-based reaction. The reaction
mixture (30 uM 1, 800 ng mL™' purified PcQueD, and 13%
dimethyl sulfoxide in aerated 25 mM HEPES (pH 7.5) buffer;
total volume of 800 uL) was placed in sealed GC vials fitted with
PTFE septa, and the samples were left reacting for a given time at
22°C. The amount of released CO was determined by headspace
sampling using a GC equipped with a TIC/MS detector operating
in SIM mode and a PLOT CP-Molsieve 5A GC column (30 m
length, 0.53 mm inner diameter and 50 um film thickness; Agilent
J&W). The instrument was calibrated as described in Ramundo
and coworkers (Figure S28) [47].

4.13 | Mass Photometry

A TwoMP mass photometer (Refeyn Ltd., UK) was used with
precleaned glass coverslips. A silicon spacer (Grace Bio-Labs,

USA) was placed on the glass surface to create wells for sample
loading. The experiments were initiated with a drop of 18 pL
of 50 mM citrate buffer containing 150 mM NaCl (pH 4.5), to
which 2 pL of purified protein was added, resulting in a final
protein concentration of 10 nM. Immediately after mixing, data
were collected using AcquireMP with an acquisition time of 60 s.
Calibration proteins were bovine serum albumin and IgG (Merck
Life Science spol. s.r.o., Czech Republic). Protein masses were
estimated by fitting the mass histograms to Gaussian functions
(DiscoverMP software).

4.14 | Protein Model Construction and Molecular
Docking

Sequence logos were generated with the online server WebLogo
3 [50] based on a multiple sequence alignment constructed by
CLUSTAL W [51] as part of the BioEdit software [52]. Enzyme
model structures were obtained using the AlphaFold 3 server
[35]. Of the five generated models, those with different amino
acid rotamers within 3.0 A of bound compound 1 (position
determined from the X-ray structure with the pdb accession
code 1hli) [14] were selected as representatives for docking
analysis. For molecular docking, the compounds were prepared
in YASARA, which was also used for structural alignments of
proteins and molecular dynamics simulations (without includ-
ing the C-terminal His-tag of PcQueD) using the standard
protocol (Yamber3 force field and NPT ensemble, 298 K and
1 bar, 100 ns) [53, 54]. The structure of compound 1 was
downloaded from the PubChem database [55]. The software
PLANTS was used for molecular docking [56, 57]. Docking poses
were scored with the empirical scoring function CHEMPLP.
The scores were reported as average values. Electrostatic poten-
tials were calculated with Gaussian 16 and visualized using
VMD. PoseView was used for 2D visualization of enzyme-ligand
interactions [58].
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