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Abstract: Enzymes of the cytochrome P450 monooxygenase family 4 (CYP4) in mam-
mals are generally involved either in endobiotic metabolism (e.g., acting on fatty acids
or eicosanoids), or the modification of xenobiotics including therapeutic drugs. CYP4B1
is special, as it is an enigmatic enzyme acting at the interface between xenobiotic and
endobiotic metabolism. However, a systematic analysis of CYP4B1’s substrate scope has
not yet been reported. Herein, a three-step approach to identify novel substrates for
three CYP4B1 orthologs (namely from rabbits, green monkeys, and mouse lemurs) is de-
scribed. First, screening of a library containing 502 natural products revealed potential
novel substrate groups for CYP4B1. Second, based on these results, a systematic library
was defined consisting of 63 compounds representing 10 compound groups. Third, in vitro
conversion of these compounds by CYP4B1 and identification of conversion products were
conducted, supported by in silico docking, allowing the prediction of binding probabilities
and potential oxidation sites. We report five new substrate groups (acyclic, monocyclic
and bicyclic terpenoids, stilbenoids, and vanilloids), twenty-eight new substrates (inter
alia capsaicin, gingerol, genistein, stilbene, myristicin, thioanisole), and two new reaction
types for CYP4B1 (S-oxidation, O-demethylation). Consequently, CYP4B1 is a far more
promiscuous enzyme than previously thought.

Keywords: CYP4B1; capsaicin; gingerol; genistein; stilbene; resveratrol; geraniol; nerol;
carvone; S-oxidation

1. Introduction

Cytochrome P450 monooxygenases (P450s) are heme-thiolate enzymes found in all
domains of life and even in viruses [1,2]. With more than 1,000,000 known sequences so far,
they constitute one of the largest enzyme superfamilies [2]. In general, P450s catalyze a
wide variety of oxidative reactions through the reductive activation of molecular oxygen,
with the hydroxylation of non-activated C-H bonds in organic substrates as the most
prevalent reaction [3]. Beyond this primary function, other reactions commonly catalyzed
by P450s include epoxidation of C=C double bonds, N- and S-oxidation, and N-, O-,
or S-dealkylation [3,4]. A defining feature of P450s is their ability to operate with high
stereospecificity and regioselectivity, allowing precise control of reaction pathways [5,6].
Thus, in drug development, they facilitate selective biotransformations to optimize drug
metabolites or synthesize bioactive compounds [7].
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P450s are divided into families according to their sequence identity, so that the number
following the term ‘CYP’ indicates the family in which the enzymes share > 40% sequence
identity with each other [8]. The mammalian CYP4 family, whose members are highly
conserved throughout evolution, evolved approximately 1.25 million years ago and is
therefore one of the oldest families [9,10]. Thirteen CYP4 proteins are known in humans,
which fall into six subfamilies, namely 4A, 4B, 4F, 4V, 4X, and 4Z [9]. Enzymes of the
CYP4 family are generally involved either in endobiotic metabolism, mostly associated
with w-hydroxylation of fatty acids and the metabolism of signaling molecules, or in the
modification of xenobiotics and therapeutic drugs in mammals [11,12].

CYP4B1 is special in this group (together with CYP4A11) because it accepts typical
endobiotic substrates and also plays a role in the activation of xenobiotics [11,13]. Endoge-
nous substrates described so far include saturated fatty acids, fatty alcohols (n-alkanols),
and n-alkanes, which are modified through hydroxylation, mainly on terminal and subter-
minal positions [13-15]. A key example of xenobiotic substrates is the so-called ‘hallmark’
substrate of CYP4B1, 4-ipomeanol (4-IPO), a furan derivative produced by sweet pota-
toes (Ipomoea batatas) as a defense mechanism against fungal infections with Fusarium
solani [16]. First identified in the 1970s, 4-IPO gained attention after cattle consuming
mold-infected sweet potatoes developed pulmonary edema and respiratory distress and
died as a result [17]. Subsequent animal and in vitro studies identified CYP4B1, which
is predominantly expressed in the lung, as responsible for the activation of 4-IPO to its
reactive DNA binding metabolite by initial epoxidation of its furan group [18-21]. Further
described xenobiotic substrates include other furan-containing compounds such as perilla
ketone (PK), which is found in the essential oil of the mint plant Perilla frutescens [18,22]
as well as other synthetic compounds comprising 2-furylpentyl ketone, 2-pentylfuran,
2-hexylfuran, and N-alkyl-3-furancarboxamides [23,24]. Other exogenous substrates in-
clude the anticonvulsant valproic acid [25,26], the gut microbial fermentation product,
3-methylindole (3-MI) [23], and the aromatic compounds 2-aminoanthracene (2-AA) and
cumene [23,27].

These unique metabolic capabilities highlight CYP4B1’s involvement in both physio-
logical processes and its potential application in targeted therapies, such as suicide gene
systems [24,28]. However, a systematic analysis of CYP4B1’s substrate scope has not been
conducted so far and therefore it remains incomplete.

One reason for the incomplete investigation of CYP4B1’s substrate scope might be the
fact that the human ortholog does not play a role in the human metabolic network, since
it has undergone evolutionary changes that render it catalytically inactive. Specifically, a
unique proline-to-serine substitution at position 427 (p.P427S) in the meander region of the
human CYP4B1 disrupts its catalytic function, distinguishing it from its active counterparts
in other species, such as rodents and rabbits that exhibit catalytic activity [29,30]. This
evolutionary inactivation has positioned human CYP4B1 as an ‘orphan’ enzyme with
an unclear physiological role, despite its conservation across species. Consequently, the
paramount studies referring to human CYP4B1 are focused on its gene regulation and
mRNA levels [31,32]. Although it has no catalytic activity, mRNA levels of the human
enzyme can be found in extrahepatic tissues, mainly in lung tissue, which is altered in
tumor cells and thus associated with the development of and/or response to cancer [31-35].

To approximate the pristine catalytical function of human CYP4B1, we have chosen two
CYP4B1 orthologs from closely related primates (sequences available in public databases),
namely the green monkey from the Old World monkey family (chCYP4B1, Chlorocebus
sabaeus, XM007978860.2) and the gray mouse lemur from the prosimian family (mlCYP4B1;
Microcebus murinus, XM_012776101.1). These orthologs were chosen because they have a
substantially higher sequence identity to the human CYP4B1 ortholog than the rabbit one
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(up to 95%) and contain a p.P427 (not the p.P427S substitution). Initial experiments with
lauric acid as the benchmark substrate revealed that both orthologs are catalytically active
and exceeded activity of rabbit CYP4B1 (rCYP4B1)—so far the best-investigated ortholog.

Herein, we report a systematic three-step approach to investigate the substrate scope
of CYP4B1 across the aforementioned two non-human primate orthologs in comparison
to rCYP4B1. First, the identification of promising new substance groups was based on
initiation of spectral changes indicating binding; second, representative compounds for
each group were compiled in a systematic library; and third, in vitro conversion of all
compounds and the identification of the respective conversion products were carried out.
In addition, in silico docking was applied to assist the identification of potential reaction
sites from the respective GC/MS, LC/MS or LC/MS/MS data.

2. Results and Discussion
2.1. Screening of a Natural Product Library for Spectral Changes Indicating Substrate Binding

Binding of substrates to the heme iron of a P450 is often accompanied by displacing
the water ligand and the induction of a shift of the ferric heme iron from a low-spin to
a high-spin state, altering its electronic configuration. This transition can be monitored
in cytochrome P450 spectra as a so-called type I shift, with a Soret absorption minimum
near 420 nm and a maximum around 390 nm [36,37]. Since binding of a compound to the
P450 is a necessary requirement for its catalytic conversion, monitoring of spectral changes
indicating potential binding to CYP4B1 can be used as first step for fast screening of large
compound libraries to identify potential novel substrates.

Here, a blinded screening of a commercial natural product library (502 compounds;
Supplementary Table S1) was conducted in 96-well microwell plates with rCYP4B1 and
mlCYP4B1. Out of the 502 compounds tested, 65 indicated a visible spectral shift with
rCYP4B1, and 56 with mICYP4B1 (summarized in Supplementary Table S1). Unblinding
of the library revealed repeated ‘hits’ for flavones, flavonoids, vanilloids, and structurally
related compounds, resulting in a pattern that emphasized these groups as the most promis-
ing ones for subsequent screening. For instance, quercetin 54, which is a representative
compound of flavonoids, exhibited a distinct maximum at 390 nm and minimum at 420 nm
with both rCYP4B1 and mICYP4B1. Some vanilloids, such as piperine 50 and gingerol 49,
induced spectral changes with mICYP4B1, but not with rCYP4B1. Conversely, myristicin
41 induced spectral changes in the screening with rCYP4B1, but not in mICYP4B]1.

In summary, these results already suggested potential differences in substrate bind-
ing preferences between the two chosen orthologs, indicating the necessity to include
catalytically active CYP4B1 orthologs with a close relation to the human one.

2.2. Definition of a Systematic Compound Library for In Vitro Conversion

A systematic substrate library was defined, consisting of 63 organic compounds that
were divided into 10 groups based on their structural properties (Figure 1). Groups I and II
consist of saturated fatty acids and n-alkanols, respectively, which are well investigated
substrates for rCYP4B1 [14]. They were included in order to identify potential differences
across species with respect to activity and hydroxylation patterns (e.g., w:w-1 ratio) by
chCYP4B1 and mlCYP4B1. Groups III to X contained compounds that had so far not been
described as being metabolized by CYP4B1 (with a few exceptions in groups VI and VII).
Therefore, the following requirements were defined: (i) the compound has been described
in the literature as being metabolized by a P450 enzyme; either (ii) a spectral change was
observed for the respective compound within the initial screening of the natural product
library, or (iii) the compound is structurally related to that particular compound, but was
not part of the natural product library (e.g., trans-Stilbene 42 was included, because spectral
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changes were frequently observed for structurally related isoflavones and flavones, such as
7-hydroxyflavone 56).
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Figure 1. CYP4B1 compound library for in vitro screening. 63 compounds were divided into
10 groups (I.-X.) as described in chapter 2.2. For 22, 23 and 26 enantiopure compounds were included:
(R)-(+)-limonene 22a, (S)-(—)-limonene 22b; (R)-(—)-carvone 23a, (S)-(+)-carvone 23b; (1R)-(+)-o-
pinene 26a, (15)-(—)-«-pinene 26b.

For each compound of the library in vitro conversion was conducted with the three
CYP4B1 orthologs, and the identification of potential binding sites was supported by
computational docking. This allowed us to study species differences in catalytic activity
and chemoselectivity of these CYP4B1 enzymes. The results for each group are described in
the following sections; all results of the in vitro screening are summarized in Section 2.3.9.

2.3. In Vitro Conversion of Library Compounds
2.3.1. Group I and II: Saturated Fatty Acids and n-Alkanols

Saturated fatty acids with chain lengths C9-C16 1-8 (C9-C16-FA) and n-alkanols 9-12
(C10-C16-0l) are well-investigated substrates for rCYP4B1 [14]. Here, we compared the
activity and hydroxylation patterns of rCYP4B1 with those of chCYP4B1 and mICYP4B1.
For rCYP4B]1, the highest activity was observed towards C11-3 (52%) and C12-FA 4 (50%)
and a decrease in activity towards longer and shorter chain lengths (Figure 2). In contrast,
both primate orthologs showed the highest conversion with C12-FA 4 (85%) and C13-FA 5
(78% for chCYP4B1 and 67% for mICYP4B1). In comparison to rCYP4B1, the activities for
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FAs with shorter chain lengths were lower, but they were higher in the case of C14-FA 6
(48% and 32%) and C15-FA 7. In conclusion, the activities for both primate orthologs are
shifted towards longer chain lengths compared to rCYP4B1.
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Figure 2. Substrate conversion of C9-C16-FA 1-8 using rCYP4B1, chCYP4B1 and mICYP4B1. Mean
substrate depletion [%] and standard deviation after 90 min incubation is calculated for at least three
independent experiments.

For all chain lengths, the main products formed were w- and w-1-hydroxylated fatty
acids, which is in line with previous reports on rCYP4B1 [14]. However, particularly in the
case of C11-FA 3 and C12-FA 4, strong differences in hydroxylation patterns (product distri-
butions) between the orthologs were observed (summarized in Supplementary Table S2):
rCYP4B1 forms seven products resulting from hydroxylations at positions w, w-1, w-2 on
the alkyl chain side, as well as o, 3, v, and & on the carboxyl group side (Figure 3). The
w:w-1 ratio for C12-FA 4 with rCYP4B1 was 1.3, but for mICYP4B1 the product distribution
was markedly different. There, w-hydroxylation accounted for ~90% of the observed
products, while positions w-1 and « were hydroxylated to a small extent and only traces
of y- and 8-hydroxylated products were observed (Figure 3). Consequently, the w:w-1
ratio was 13 (10x higher compared to rCYP4B1). For chCYP4B1, an w:w-1 ratio of 8 was
obtained with C12-FA 4 (6 x higher compared to rCYP4B1). The observed increased regios-
electivity for w-hydroxylation suggests that the architecture of the active center is altered
in both primate orthologs, but comparison of the homology models generated from the
rCYP4B1 crystal structure implies that the only structural difference in the binding pocket
is due to an exchange of isoleucine 221 (rCYP4B1) with leucine in chCYP4B1 (p.I221L), and
with methionine in mlCYP4B1 (p.I221M), respectively. Although this position is rather
far away from the heme (17.9 A distance between Cf and the iron), it seemingly affects
the binding of fatty acids. The different spatial extension of the isoleucine, leucine, and
methionine side chains causes changes in the orientation of the bound ligands despite the
lack of hydrogen-bonding between the substrate and any of these side chains (see also
Section 2.3.7).



Catalysts 2025, 15, 454

6 of 25

Signal intensity [AU]

(x1,000,000)
45-

40-

35-

30-

}\( ‘ - ‘ - ‘ e e )\ \ R - <~ control
625 650 675 7.00 725 750 775 800 825 850 875 900 925 950 975

Retention time [min]

Figure 3. GC/MS chromatograms of C12-FA 4 conversion. Comparison between rCYP4Bl1 (r),
chCYP4B1 (ch), mICYP4B1 (ml), and a reaction without P450 (control). The inset indicates the
observed hydroxylation positions of C12-FA 4 that are also pointed out in the GC/MS chromatograms.
1* and 2*: non-enzymatically formed lactones originating from y- and 6-hydroxylated products, S:
substrate C12-FA 4, IS: internal standard.

For n-alkanols 9-12, the conversion is generally lower compared to FAs 1-8. However,
a similar trend regarding the preferred chain lengths between the orthologs is visible:
The highest conversion with rCYP4B1 was observed for C12-ol 10 (18%), but C14-0l 11
with chCYP4B1 and mlCYP4B1 (15% and 18%, respectively). All four n-alkanols were
hydroxylated at the w-position, but to different extents (summarized in Supplementary
Table S3). In the case of C12-0l 10, the w-1 product was formed additionally, while for
C14-0l 11, w-1 hydroxylation was the main product for all three orthologs, with the w- and
w-2 products as byproducts.

In silico docking suggests that the carbon chain of longer n-alkanols (as well as fatty
acids) is compressed and folded within the binding pocket, thus exposing positions other
than both ends to the heme iron, which is in line with previous results for rCYP4B1 [14].

2.3.2. Group III: Acyclic Terpenoids

Terpenes and terpenoids are natural compounds responsible for various scents of
plant oils. In general, terpenes are composed of isoprene units and terpenoids contain
additional heteroatoms. Both occur naturally in acyclic and cyclic conformations. Their
use as volatile ingredients in cosmetics and perfumes leads to daily exposure to respiratory
enzymes such as CYP4B1, which makes them applicable as potential substrates [38].

Group III contains the acyclic terpenoids geraniol 13 and nerol 16 (E/Z diasteriomers
with two isoprene units), and farnesol 19 (three isoprene units), as well as their respective
acetate esters (14, 17, and 20) and acetonyl derivatives (15, 18, and 21).

Remarkably, all CYP4B1 orthologs converted all compounds built of two isoprene
units (13-18), whereas compounds 19-21 with three isoprene units were not converted
by any ortholog. Conversion of geraniol 13 was generally higher than for nerol 16. If one
compares the activities of the different orthologs for 13 and 16, chCYP4B1 and rCYP4B1 are
similar, but slightly higher than those of mICYP4B1.

Both geraniol 13 and nerol 16 were exclusively hydroxylated at the terminal position,
resulting in 8-hydroxygeraniol 13-P1 or 8-hydroxynerol 16-P1 as the only product. This
strong regioselectivity was also observed by previous studies with bacterial CYP154E1 and
CYP154A8 [39,40]. Regarding mammalian P450s, Hagvall et al. described geranial and
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epoxide derivatives as sensitizing products of geraniol catalyzed by CYP1A1 and CYP3A5
when exposed to human skin [41].

The general preference by CYP4B1 of E- over Z- was also observed when comparing
the activities of the three orthologs for the respective acetate esters (14 and 17) and acetonyl
derivatives (15 and 18). However, whereas activities for geranyl acetate 14 and geranyl
acetone 15 were almost equal for the individual orthologs (e.g., 24% in the case of rCYP4B1),
neryl acetate 17 was preferred over neryl acetone 18, most apparent in the case of chCYP4B1
(42% versus 16%).

The product distribution for the acetate esters (14 and 17) and acetonyl derivatives (15
and 18) of geraniol 13 and nerol 16 was broader: The main products result from epoxidations
of the C=C double bonds, but terminal hydroxylation to the 8-hydroxy products was also
observed, albeit to lesser extents. Notably, epoxides of geraniol 13 have been demonstrated
to be allergens in the context of cutaneous metabolic activation of geraniol 13 in fragrances,
and thus it may also be that epoxidation of the acetate esters and acetonyl derivatives in
the lung leads to allergic reactions [41].

2.3.3. Groups IV and V: Monocyclic and Bicyclic Terpenes/Terpenoids

Group 1V consists of the monocyclic terpenes (R)-(+)-limonene 22a and (S)-(—)-
limonene 22b, and the monocyclic terpenoids eugenol 25, (R)-(—)-carvone 23a, (5)-(+)-
carvone 23b, and dihydrocarvone 24 (mixture of diastereomers).

Within group 1V, (R)-(—)-carvone 23a and (S)-(+)-carvone 23b, as well as dihydrocar-
vone 24, were converted by all three orthologs. In all cases, rCYP4B1 showed the highest
activity, followed by chCYP4B1 and mlCYP4B1; and all orthologs preferred (R)-carvone
23a over (S)-carvone 23b. In nature, carvone 23 functions as a precursor of limonene 22,
for which no conversion by CYP4B1 was observed. Shimada et al. studied limonene 22
and carvone 23 metabolism in different animal species including rabbits and humans, and
observed that both were accepted by liver P450s such as CYP1A2 and CYP2B4, forming
carveol, carvone 23, and perillyl alcohol after incubation with limonene 22, and likewise
carveol after incubation with carvone 23, with CYP2C enzymes as the most responsible
P450s [42]. In contrast, GC/MS analysis of carvone 23 conversions by CYP4B1 indicated
three hydroxylated and/or epoxidized products (m/z +16) of carvone (R/S) 23, as well as
dihydrocarvone 24 and products of dihydrocarvone 24 (Figure 4). The obtained orientation
from docking points towards a reaction involving the C=C double bond of the isopropenyl
group in all three orthologs, suggesting 7,8-carvone oxide as one product. Notably, di-
hydrocarvone 24 was probably formed from carvone 23 by unknown endogenous E. coli
proteins present in the soluble protein of the reaction mixture rather than CYP4B1, which
was also observed by Yoshida et al. as a by-product of carvone 23 production in E. coli [43].
Nevertheless, dihydrocarvone 24 itself was accepted as a substrate by all three CYP4B1
orthologs, resulting in five hydroxylated and/or epoxidized products (m/z +16) (Figure 4).
Again, the docking results suggest a reaction at the C=C double bond of the isopropenyl
group to form 7,8-dihydrocarvone oxide.

In group V, six representatives of bicyclic terpenes/terpenoids are included: (R)-
(+)--pinene 26a, (S)-(—)-x-pinene 26b, and valencene 28 belong to the bicyclic ter-
penes, and camphor 27, nootkatone 29, and coumarin 30 built the selection of the
bicyclic terpenoids.
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Figure 4. Comparison of GC/MS chromatograms of (R)-(—)-carvone 23a and dihydrocarvone 24
conversion. Conversions with rCYP4B1 (r) and a reaction without P450 (control) are shown as
examples. IS = internal standard. The inset depicts the products formed by rCYP4B1 from 23a and 24;
the three products formed solely from 23a are underlined.

From group V, (R)-(+)-x-pinene 26a was the only compound for which conversion
was observed. o-Pinene 26 is a compound found in several types of wood (e.g., pines
and cedars) and is volatile under standard conditions. Its concentrations in the air can
reach up to 150 mg m~2 in wood-processing workplaces [44,45], making it worthwhile to
study the metabolism in the respiratory tract where CYP4B1 is expressed. In our screening,
the conversion rates of (R)-(+)-x-pinene 26a reached 34% and 30% using rCYP4B1 and
chCYP4B1, respectively, but only 9% with mlCYP4B1. Interestingly, (S)-(—)-x-pinene
26b was not converted by any ortholog. For 26a, myrtenol 26a-P1 was the only product
observed. The other products found, namely verbenol, verbenone, and 2,3-epoxy pinene,
are most likely formed by non-enzymatic autoxidative processes, since they were also
present in the negative control without CYP4B1. Myrtenol 26a-P1 was also found as a
urinary metabolite of a-pinene 26 in rabbits [46]. In conjunction with our results, this
suggests that rCYP4B1 might also be involved in the metabolic processing of a-pinene
26a. In a later study, an in vivo test in humans after oral admission was carried out in
which myrtenol 26a-P1 and cis- and trans-verbenol were likewise identified in blood and
urine samples [47]. This observation showed that other P450s must also be involved in the
metabolism of «-pinene 26, since the native form of human CYP4B1 is catalytically inactive
and therefore cannot be responsible for these conversion products.

2.3.4. Group VI: Aromatic Hydrocarbons

Aromatic hydrocarbons are organic compounds commonly found in petroleum prod-
ucts such as plastics, paints, and adhesives, as well as their fumes during combustion.
Other sources that release them into the environment include tobacco smoke and traffic
exhaust fumes, as well as the burning of natural materials such as wood and coal [48-52].
Thus, they are widespread compounds, which are frequently absorbed via the respiratory
tract and are typically metabolized by CYP1A1, CYP1B1, or CYP1A2 [48,52,53].

Group VI contained cumene 31, styrene 32, naphthalene 33, thioanisole 34, 2-
aminoanthracene (2-AA) 36, and the known CYP4B1 substrate 2-aminofluorene (2-AF)
35 [23]. Remarkably, conversion was observed for all orthologs with all compounds, ex-
cept 2-AA 36. This resulted in hydroxylated or epoxidized products, and in the case of
thioanisole 34 in S-oxidation, a reaction type that to our knowledge had so far not been
described for CYP4BL1.
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The highest conversion was observed for cumene 31 (62% for rCYP4B1; 30% and
37% with chCYP4B1 and mICYP4B1, respectively). Cumene 31 was hydroxylated at its
propyl group, forming 2-phenyl-1-propanol 31-P1 (36-64% ee (S)) as a product, which is
further oxidized to the respective aldehyde 31-P2 (Figure 5A). Product 31-P1 was previously
described by Chen et al., who analyzed the lung tissue of mice and rats [54]. They associated
it with hydroxylation by CYP2F1 or CYP2F2, which are both also described as being
predominantly expressed in lung tissues. Our in vitro results, as well as previous results
published by Henne et al. using recombinant rCYP4B1 [55], suggest that CYP4B1 may also
play a role in the metabolism of cumene 31 in the lung, at least in rabbits, green monkeys,
and mouse lemurs.
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Figure 5. GC/MS chromatograms of cumene 31 and thioanisole 34 conversion. Comparison between
rCYP4B1 (r), chCYP4B1 (ch), mICYP4B1 (ml), and a reaction without P450 (control). Substrates and
identified products are pointed out; IS: internal standard; (A) cumene 31 with 31-P1 and 31-P2 as
products; (B) thioanisole 34 with 34-P1 and 34-P2 as products.

Thioanisole 34 conversions of 50% (rCYP4B1), 57% (chCYP4B1) and 43% (mlYP4B1)
were determined, with sulfoxide 34-P1 and sulfone 34-P2 as reaction products (Figure 5B).
All three orthologs showed a preference towards reacting to the R-sulfoxide (er = ~75:25).
This reaction contributes to detoxification by making the products more polar and therefore
more water-soluble, thus being easier to excrete via the urine. To the best of our knowledge,
there are no publications so far reporting that thioanisole 34 can be converted by mam-
malian P450s. However, this reaction has previously been described for bacterial P450s,
such as CYP102A1 (BM3), CYP116B4, and P450cam, as well as unspecific peroxygenase
(UPO) and P450 peroxygenases, such as AaeUPO or CYP119 [56-59]. P450.am catalyzes the
sulfoxidation of thioanisole 34 with turnover rates of 3.5 Nmol;panisole / NMOlp450/ Min [60],
which is similar to those of CYP4B1 (3.8-4.4; calculated from the conversions summarized
in Section 2.3.9). These results highlight the importance of further investigation of animal
P450s in the detoxification of environmental toxins.
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Styrene 32 and naphthalene 33 are well-known lung toxicants with potential car-
cinogenic effects [61-64]. All three tested CYP4B1 orthologs catalyzed the regioselective
bioactivation of styrene 32, forming 7,8-styrene epoxide 32-P1 with no clear stereochemical
preference (9-14 % ee (S)) as the only P450 product, which is capable of forming carcino-
genic DNA-adducts [65]. In addition, 2-phenylethan-1-0l 32-P1* was present in all samples
(Figure 6A), which may have been the result of hydrogenation of the epoxide by endoge-
nous E. coli proteins. That reaction is also described in humans as a detoxification step
by microsomal epoxide hydrolases [66,67]. Other lung P450s, such as CYP2E1, CYP2F1,
and CYP2F2, are also known to be involved in the metabolism of styrene 32, leading to
32-P1 [68,69]. Naphthalene 33 conversions led to two hydroxylated products, namely
1-napthol 33-P1 and 2-naphthol 33-P2. With rCYP4B1 and chCYP4B1 1-naphthol 33-P1 was
the main product with around 83%, while mlCYP4B produced both products in almost
equal amounts (53% /47%; Figure 6B). These products were also described for P450BM3
variants, such as A74G/F87V /L188Q, where mainly 1-naphthol (96%) was formed [70].
Notably, the reactive epoxide metabolite of naphthalene 33, which is described for its
conversion by CYP2F [71], was not detected with CYP4B1, indicating that CYP4B1 takes
part in detoxification of naphthalene 33 rather than its activation.
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Figure 6. GC/MS chromatograms of styrene 32 and naphthalene 33 conversion. Comparison between
rCYP4B1 (r), chCYP4B1 (ch), mICYP4B1 (ml), and a reaction without P450 (control). Substrates and
identified products are pointed out; IS: internal standard; (A) styrene 32 with 32-P1 as product and
32-P1* as non-P450 catalyzed byproduct; (B) naphthalene 33 with 33-P1 and 33-P2 as products.

Of the two cyclic aromatic amines 2-AF 35 and 2-AA 36 tested here, only 2-AF 35 led
to hydroxylated products by all three orthologs with conversions between 26% (mlCYP4B1)
and 45% (rCYP4B1). No conversion could be observed with 2-AA 36. Testing of 2-AF 35
in former studies with cell survival assays of HepG2-cells expressing rCYP4B1 revealed



Catalysts 2025, 15, 454

11 of 25

unspecific cytotoxic effects in higher substrate concentrations, which may be explained by
the production of non-toxic metabolites [23].

2.3.5. Group VII: Heterocycles

Furan-containing heterocyclic compounds are well-known pro-toxic substrates for
CYP4B1, in particular rCYP4B1 [23], with 4-ipomeanol (4-IPO) 37 as its so-called ‘hallmark-
substrate’ [16,24,27,72,73]. In previous studies, we confirmed them as substrates for
rCYP4B1. Here, we compared the results for rCYP4B1 with those of the two primate
orthologs. rCYP4B1 had the highest activity against 4-IPO 37 (51%), while the primate
orthologs showed conversions of 26% and 31%. Perilla ketone (PK) 38 differs from 4-
IPO 37 only by a methyl group instead of a hydroxy group at the end of the alkyl chain.
However, this led to complete conversion (>99%) with all three orthologs under the ‘stan-
dard’ reaction setup (200 uM, 90 min), so that a second experiment was conducted in
order to recognize differences in activities between the orthologs (300 uM, 30 min). Under
these conditions, ~93% conversion was determined for chCYP4B1 and mICYP4B1, while
rCYP4B1 achieved ‘only” 81%. The preference for PK 38 over 4-IPO 37 of rCYP4B1 was
also observed by Roellecke et al. and was attributed to the fact that, unlike 4-IPO 37, PK
38 can also be hydroxylated at its alkyl chain in addition to forming the reactive species
by epoxidation of the furan ring [23]. The observation that the primate orthologs have a
~threefold higher activity towards PK 38 in comparison to 4-IPO 37 therefore indicates an
even higher preference for alkyl chain hydroxylation, as also observed with fatty acids
(compare Figure 3).

Indole 39 is a heterocyclic amine found in essential oils of jasmine and flowers, as
well as a breakdown product of tryptophan in feces. It is a known substrate of several
animal P450s, such as CYP2A6 and CYP2C19, where 3-hydroxyindole and indoxyl are
the major metabolites [74]. By conversion with CYP4B1, only one product was detected
and identified as indoline-2-one 39-P1. This metabolite is discussed as producing a toxic
effect upon mammalian tissues and having an inhibitory effect on the central nervous
system [75-77].

The association of 3-methylindole (3-MI) 40 with CYP4B1 has previously been de-
scribed in the literature [23]. 3-MI 40 is a fermentation product of tryptophan from rumen
and intestinal microbes and is also found in cigarette smoke [78,79]. It is reported to be a
pro-toxic compound with a methylene imine as the toxic product formed by initial dehydro-
genation reaction with several pulmonary P450s, including CYP4B1 [79-81]. Lung-specific
toxicity in vivo was observed first in several animals such as cattle and rabbits [82]. Later,
the reaction with rCYP4B1 and its toxicity in in vitro studies could be confirmed [23]. Here,
it is confirmed that 3-MI 40 is also converted by chCYP4B1 (47%) and mlCYP4B1 (albeit
only 18%).

Myristicin 41 is a naturally occurring heterocyclic benzodioxole derivative found in
several herbs and spices, most notably nutmeg. It is known for its biological activities such
as antimicrobial, insecticidal, or anti-inflammatory activity, as well as being a psychoactive
drug in higher doses, which has led to medicinal interest, but also concerns about potential
toxicity [83-85]. The toxicity of myristicin 41 may be due to activation by P450s forming 1’-
hydroxymyristicin, which has been described for several hepatic P450s including CYP1A1
and CYP2C9 [86]. Another metabolite from 41 is 5-allyl-1-methoxy-2,3-dihydroxybenzene
(6-hydroxyeugenol) 41-P1, which has been described as resulting from demethylation by
CYP1A2 and CYP3A4 [87]. Here, it was found that all three CYP4B1 orthologs are also
capable of performing this ring-opening O-demethylation reaction. Although this reaction
product has not shown direct toxic effects in previous studies, it might still be converted to
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its toxic form by other enzymes via 1’-hydroxylation on the allylic side chain, as has been
shown for methyl eugenol, which shares the same allylic group [84,88].

2.3.6. Group VIII: Stilbene and Stilbenoids

Stilbene and stilbenoids are a class of naturally occurring compounds found in a
variety of plants, including grapes, berries, nuts, and certain types of wood, such as pine
and eucalyptus [89]. They have attracted the attention of the scientific community for
their potential health benefits, comprising potential cancer prevention and treatment, with
resveratrol 47 being the most extensively studied [90-92]. They can exist in two configu-
rational isomers: trans-stilbene 42 (E-stilbene) and cis-stilbene (Z-stilbene), with the trans
form being more abundant and stable in nature [90]. Therefore, our screening focused
only on the trans-isomers. With respect to P450s, stilbenoids can act either as inhibitors or
as substrates. For example, resveratrol 47 has been described as an inhibitor of CYP1A1
and CYP3A4, while the former also catalyzes the biotransformation of trans-stilbene 42 to
trans-4-hydroxystilbene 45 in rats and humans [93,94].

Here, trans-stilbene 42 and monohydroxylated trans-stilbenoids 43—45 were identified
as substrates for the three CYP4B1 orthologs, with mlICYP4B1 showing the highest activity
(87% conversion of trans-stilbene 42). In all cases, hydroxylations at positions 4, 4/, and
3" were favored, and thus 4-hydroxystilbene 45, 4,4’-dihydroxystilbene 42-P2, and 4,3'-
dihydroxystilbene 42-P1 were formed from trans-stilbene 42 (Figure 7).

. : ) " " <8
N t/ oh/ ml § O + HO N O . /‘/V‘/
42 O 45 42-P1 HO 42-P2
89%/ 86%/ 80% 10%/ 8%/ 8% 1%/ 6%/ 12%
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Figure 7. Product distribution of in vitro reactions with trans-stilbene 42 and stilbenoids 43—46.
Reactions with (A) trans-stilbene 42; (B) trans-2-hydroxystilbene 43; (C) trans-3-hydroxystilben 44;
(D) trans-4-hydroxystilbene 45 and (E) pinosylvin 46 as substrates. Ortholog specific product distri-
bution is shown in %; rCYP4B1 in bold, chCYP4B1 in italic, mlCYP4B1 underlined.

In the case of mono-hydroxylated stilbenes 43, 44, or 45 as substrates, the 3'-position
was preferred for the second hydroxylation (43-P1, 44-P2, 42-P1), followed by the 4'-position
(43-P2, 44-P1, 42-P2). Only in the case of 2-hydroxystilbene 43 was the 2’-position also
addressed to a small extent, resulting in 43-P3. In no case could a second hydroxylation on
the same ring be detected.
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Several studies have shown that not only resveratrol 47, but also dihydroxystilbenes
such as 4,4'-hydroxystilbene 42-P2 have high potential as anticancer agents by, for example,
inhibiting the proliferation of human breast cancer cells, preventing colon tumor growth, or
suppressing metastatic colonization in the lungs [91,95,96]. Since the natural occurrence of
these dihydroxystilbenes is limited, such as 4,4’-dihydroxystilbene 42-P2, which is mainly
described as a minor secondary metabolite produced by Yucca periculosa [97], the biocatalytic
production of 44/ -dihydroxystilbene 42-P2 from stilbene 42 and 4-hydroxystilbene 45 is
of interest.

2.3.7. Group IX: Vanilloids

Vanilloids, for example capsaicin 48 and gingerol 49, are a diverse group of compounds
characterized by their ability to interact with the transient receptor potential vanilloid
1 (TRPV1) receptor, sharing structural similarities, for example a phenol fragment and
an alkyl chain [98-100]. While piperine 50 does not possess this characteristic vanillyl
group, it can be classified as a vanilloid-like substance in the context of its interaction
with the TRPV1 receptor [101,102]. These compounds are found in various plants, such as
chili peppers, black pepper, and ginger, and exhibit a wide range of biological activities,
including analgesic, anti-inflammatory, and antioxidant properties. The conversion by
P450s produces various metabolites, including electrophilic products and radicals, which
are likely to cause their biological effects and potential toxicity, which has been described
previously [103-105]. Capsaicin 48 is also used as a treatment for allergic and non-allergic
rhinitis in aerosols, and therefore potentially interacts with pulmonary enzymes [106,107].

Remarkably, conversion of the chosen vanilloids was only observed with the two
primate orthologs, but (almost) not with rCYP4B1, which is supported by the observation
that in the initial screening a spectral shift (type I) was only observed with mlCYP4B1, but
not with rCYP4B1. Gingerol 49 was best accepted (70% and 51% conversion by chCYP4B1
and mlCYP4B1, respectively), whereas piperine 50 was only converted to a small extent
(2% max.). Reactions with capsaicin 48 and gingerol 49 resulted in terminal hydroxylation
at the alkyl chain, but not at the vanillyl group (Figure 8), as confirmed by LC/MS/MS
analysis, where the dissociated vanillyl group of the reaction products (48-P1, 49-P1) has
the same m/z value as the respective substrates (Figure 8B). The orientation of capsaicin 48
as obtained from the docking results also indicates hydroxylation at the terminus of the
carbon chain, in agreement with the experimental results (Figure 8C).

The same reaction on gingerol 49 is also described for human CYP2C19 and CYP1A2,
while both also catalyze oxidations, as well as demethylation reactions at the vanillyl
group [108]. Terminal and subterminal hydroxylation of the alkyl chain of capsaicin 48
is known for hepatic P450s, such as CYP2E1 and CYP2C9, but was not detected for goat
CYP4B1 in the same study [109]. However, CYP2E1 is also expressed in the lung and
shares styrene 32 activity with CYP4B1 (see Section 2.3.4). The binding mechanism of
capsaicin 48 in CYP2C9 has been hypothesized to be similar to that of fatty acids and
n-alkanols in CYP4B1 by stabilization of the ‘head group” via amino acids on the opposite
side of the heme in the narrow active center, leading to terminal hydroxylation of the alkyl
chain [14,104].

Other human P450s, such as CYP1A2, CYP2C19, and CYP2B6, catalyze the bioacti-
vation of capsaicin 48 and its derivatives by, for example, O-demethylation and aromatic
hydroxylation, to form toxic electrophilic metabolites [103,104,110]. These reaction prod-
ucts were not detected in our experimental setup, suggesting that CYP4B1 is not involved
in the bioactivation, but rather in detoxification of capsaicin 48. However, according to our
results, this only applies to the two primate orthologs, but not to rabbits and, according to
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previous studies, also not to goats, as no reaction on capsaicin 48 could be detected [109].
These results highlight again the importance of investigating species differences of CYP4B1.
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Figure 8. Identification of capsaicin metabolite 48-P1. (A) LC/ESI-MS chromatograms of in vitro
conversions with rCYP4B1 (r), chCYP4B1 (ch), and mlCYP4B1 (ml) in comparison to a reaction
without P450 (control); substrate capsaicin 48 and its product 48-P1 are pointed out; (B) identification
of 48-P1 via MS/MS fragmentation suggests terminal hydroxylation; (C) overlay of the crystal
structure of rCYP4B1 (5T6Q.pdb) with the homology models of chCYP4B1 and mICYP4B1 with
docked capsaicin 48 shown in light brown with the hydroxylated position depicted as a sphere. The
residues of the binding pocket differ only in position 221: grey: rCYP4B1, green: chCYP4B1, mauve:
mlCYP4B1. Some parts of the protein have been omitted for clarity.

2.3.8. Group X: Miscellaneous

Group X is a miscellaneous group containing all compounds that did not fit into
groups I-IX and includes flavones, isoflavones, flavonoids, and steroids. They are naturally
occurring substances that have been described as substrates for several human P450s such
as CYP1A1, CYP1A2, and CYP1B1 [111,112]. This group was included since isoflavones
and flavonoids repeatedly induced spectral changes in the initial screening of the natural
product library and therefore initially appeared to be promising candidates for CYP4B1.

Unexpectedly, for most of the tested compounds no or only very small amounts of
products were observed during the in vitro experiments, even after prolonged incubation
for 24 h (<1%; oxidation sites could not be identified due to low quantities).

The only exception was the isoflavone genistein 52, for which a maximum conversion
of 11% was observed by rCYP4B1 after 24 h incubation. Structurally related natural
products, such as apigenin 51 and kaempferol 53, showed a maximum conversion of only
~1%. Since members of these substance groups are also known as inhibitors of other animal
P450s, for example apigenin 51, kaempferol 53, and quercetin 54 for CYP3A4, and genistein
52 for CYP1A2 and CYP1BI, they may also have inhibitory effects on CYP4B1 activity
which led to the observed spectral changes [113-115].
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None of the orthologs showed any activity with cholecalciferol 59 or testosterone 60.
Considering the results with FAs (Figure 2; C16-FA 8) and acyclic terpenoids (no conversion
with farnesol and derivatives 19-21; Section 2.3.2), it is suggested that these compounds
are either too large to be accommodated in the binding pocket, or are likely to be inhibitors
rather than substrates, as indicated by their predicted unusually high binding affinities
from in silico docking (e.g., <100 nM for cholecalciferol and <30 nM for testosterone).

2.3.9. Summary and Overview of Substrate Conversion by CYP4B1

All results obtained from the in vitro conversions with rCYP4B1, chCYP4B1, and
mlCYP4B1 are summarized in Table 1, including the conversion and the respective main
products that were identified by either GC/MS, LC/MS, or LC/MS/MS analysis.

Table 1. Overview of substrate conversion by rCYP4B1, chCYP4B1, and mlCYP4B1 within the sys-
tematic compound library. The mean conversion =+ standard deviation (SD; for conversions > 5%)
of at least three independent experiments after in vitro conversion with 200 uM substrate in 90 min

* = mixture of stereoisomers; # = 200 uM substrate, 24 h conversion; b — 300 uM sub-

is shown.
strate, 30 min conversion; ¢ = hydroxylation(s) /epoxidation(s) at unknown position(s); d_ product

identification based on literature data [23,27,79].

Conversion [%]

No Substance Group Compound Main Product(s) Observed
r ch mL
1 1 Nonanoic acid 14+6 12+1 6+ <1 w-, w-1-OH
2 Decanoic acid 46 + 3 19+2 11 £<1 w-, w-1-OH
3 Undecanoic acid 52+3 39+10 38+6 w-, w-1-OH
4 Saturated fatty Dodecanoic acid 50+1 85+2 85+1 w-, w-1-OH
5 acid Tridecanoic acid 9+1 78 £1 67 £7 w-, w-1-OH
6 Tetradecanoic acid 5 48+3 32+3 w-, w-1-OH
7 Pentadecanoic acid 1 5 2 w-, w-1-OH
8 Hexadecanoic acid - 1 1 w-, w-1-OH
9 I 1-Decanol 10 +2 11+2 9+<1 w-OH
10 Fatty alcohol 1-Dodecanol 18+1 9+1 16 +1 w-, w-1-OH
11 (n-alkanol) 1-Tetradecanol 5 15+4 18+1 w-1-OH, w-OH, w-2-OH
12 1-Hexadecanol 5 15+2 13+1 w-OH
13 I Geraniol 61+3 69 +2 54 +3 8-Hydroxygeraniol 13-P1
14 Geranyl acetate 24 +1 49+7 44+ 6 Epoxides ©
15 Geranyl acetone 24+1 51 +2 38+ 4 Epoxides ©
16 Acyclic Nerol 15+2 13+1 6+1 8-Hydroxynerol 16-P1
17 terpenoid Neryl acetate 10+1 42 +4 14+1 Epoxides ©
18 Neryl acetone 8+ <1 16 £1 82 Epoxides ©
19 Farnesol * - - -
20 Farnesyl acetate * - - -
21 Farnesyl acetone * - - -
22a/b 1V Limonene (R/S) -/- -/- -/-
. 73+2/ 50 +3/ 29+2/
23a/b Monocyclic Carvone (R/S) 4440 29 41 25+ 2 nd. €
terpene/ Dihydrocarvone *
24 terpenoid . . 62+2 44 +2 29+2 nd. €
(mixture of isomers)
25 Eugenol - - -
26a/b V o-Pinene (R/S) 34+1/- 30+ 1/- 9+2/- Myrtenol 26a-P1
27 Biyclic Camphor - - -
28 terpene/ Valencene - - -
29 terpenoid Nootkatone - - -
30 Coumarin - - -
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Table 1. Cont.
Conversion [%]
No Substance Group Compound Main Product(s) Observed
r ch mL
31 VI 62+5 30 £ <1 37 +8
Cumene 56+ 6%ce 64+ 2%ee 36+ 8%ee 1 nenyll-propanol 31-P1
(S) (S) (S)
32 25+4 36 +2 24 +1 .
Styrene 11 +4%ece  9+3%ee 15+ 5%ee O Otyreneepoxide32-Pl
Aromatic (S S (S
33 hydrocarbon Naphthalene 23+2 22+3 124+3 1-/2-Naphthol 33-P1/33-P2
34 o 50+5 57 +9 43 £ 6 Sulfoxide 34-P1, sulfone
Thioanisole 46 +3%ee 49+ 1%ee 534 2%ee 34-P2
(R) (R) R)
35 2-Aminofluorene 45+ 2 39+3 26 + 10 nd. €
36 2-Aminoanthracene - - -
37 VII 4-Ipomeanol 51+6 26 +4 3342 Furan epoxide d
38 Perilla ketone P 81+3 92+2 9442 Furan epoxide 4
39 Heterocvcle Indole 46 £ 2 65+1 18 + <1 Indoline-2-one 39-P1
40 Y 3-Methylindole 38 8 47 £ 4 187 3-Methyleneindolenine 4
. 5-Allyl-2,3-
a 7
41 Myristicin 52+ 2 38 +2 28 +1 dihydroxyanisole 41-P1
. 4-OH 45, 3,4'-OH 42-P1,
42 VIII trans-Stilbene 27+ 3 77 £ 3 87 +3 44'-OH 42-P2
trans-2- 2,3/-OH 43-P1, 2,4’-OH
43 Hydroxystilbene 40+5 77+5 47+6 43-P2,2,2'-OH 43-P3
Stilbene/ trans-3- 3,3’-OH 44-P1, 3,4'-OH
M stilbenoid Hydroxystilbene 14+l 26+1 36£5 42-P1
trans-4- 3,4’-OH 42-P1, 4,4’-OH
5 Hydroxystilbene >+l 3044 31£5 42-P2
46 Pinosylvin 6+1 2 <1 Resveratrol 47
47 Resveratrol - - -
48 X Capsaicin 1 17 £2 16 £1 17-Hydroxycapsaicin 48-P1
49 Vanilloid [6]-Gingerol 0 70 + <1 51+ 4 lo'HydrOg_'I[g]'gmgeml
50 Piperine ? <1 2 1 nd. ¢
51 X Apigenin @ <1 <1 <1 nd. €
52 Genistein 2 11+5 5 2 n.d. €
53 Kaempferol @ <1 <1 <1 nd. €
54 Quercetin 2 - - -
55 Flavone 2 - -
56 ) 7-Hydroxyflavone @ 3 2 1 nd. €
Miscellaneous 5.7,
7 C
57 Dihydroxyflavone 2 <1 <1 <1 n.d.
58 6-,7- ) ) )
Dihydroxyflavone ?
59 Cholecalciferol @ - - -
60 Testosterone 2 - - -

3. Materials and Methods
3.1. Plasmid Construction for cyp4bl Expression in E. coli

cyp4bl-genes (chCYP4B1, Chlorocebus sabaeus, XM007978860.2; mlCYP4B1, Microcebus
murinus, XM_012776101.1; human codon-optimized synthetic genes obtained from Geneart
AG, Regensburg, Germany) were amplified via PCR and ligated into plasmid pET22b(+)as
described previously for rCYP4B1 [23]. To achieve soluble expression, the N-terminal
membrane anchors were removed by truncation of amino acids 2 to 24 (Na»_p4) and alanine
was added as the second amino acid. For ligation into pET22b(+), the restriction sites
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Ndel and Notl were utilized, supplying the amino acid sequence AAALEHHHHHH to the
C-terminus of CYP4B1; the 6 x His tag was utilized for IMAC purification.

3.2. Protein Expression in E. coli and Purification of Recombinant Enzymes
3.2.1. CYP4B1 Orthologs

Strain E. coli OverExpress C43(DE3) [F~ ompT hsdSp (rg~ mp~) gal dem (DE3)] (Lu-
cigen Corporation, Middleton, WI, USA) was used for cyp4bl expression. Main cul-
tures in 2 L shake flasks containing 400 mL terrific broth medium supplemented with
100 pg mL~! ampicillin and 400 puL trace element solution (27 g L~! FeCl3-6H,0,2 g L~!
ZnCly-4H,0, 2 g L~ CoCl,-6H,0, 2 g L~! Na,MoO,-2H,0, 2 g L~! CaCl-2H,0, 1 g L~!
CulCly, 0.5 g L~! H3BO3, 100 mL L~! 37% HCI) were grown at 37 °C, 180 rpm. Expression
was induced at ODggp = 0.6 with 0.5 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG).
At the same time, 0.5 uM d-aminolevulinic acid was added and the culture conditions set
to 27 °C, 120 rpm for 48 h.

Cells were harvested by centrifugation (5000 g, 30 min, 4 °C; Avanti J-26 XP, Beck-
man Coulter, Brea, CA, USA) and the obtained cell pellet was resuspended in a 50 mM
potassium phosphate buffer (KP;), pH 7.4, containing 20% glycerol and 500 mM KCl. The
cell suspension was supplemented with 0.5% (v/v) of a solution of ‘cOmplete™ EDTA-
free protease inhibitor cocktail tablets’ prepared according to the manufacturer’s manual
(Roche Diagnostics, Mannheim, Germany), 100 uM C12-FA from a 100 mM stock solution
in dimethyl sulfoxide (DMSQO), 20 mM (3-mercaptoethanol, 5 mM imidazole, and 1% (w/7v)
sodium cholate. Cell disruption was performed by sonification (15 min, 15 s intervals
with 15 s breaks; Sonifier SFX 550, Branson Ultrasonic, Brookfield, CT, USA). The insoluble
proteins and cell debris were removed by ultracentrifugation (150,000 g, 1 h, 4 °C; Optima
XPN-80, Beckman Coulter, Brea, CA, USA).

For purification by affinity chromatography (IMAC), the soluble protein fraction
was incubated with 6 mL nickel nitrilotriacetic acid-agarose (Ni-NTA-Superflow, Cytiva,
Malborough, MA, USA) that was equilibrated with buffer (50 mM KP; pH 7.4, 20% glycerol,
500 mM KCI, 5 mM imidazole, 0.2% (w/v) sodium cholate) for 30 min at 10 °C under gentle
mixing in an overhead shaker. The suspension was then poured into a gravity column, the
flow-through was discarded, and the resin was washed with five column volumes of wash
buffer (50 mM KPi, pH 7.4, 20% glycerol, 40 mM imidazole, 0.2% (w/v) sodium cholate).
Bound CYP4B1 was eluted with elution buffer (500 mM imidazole in wash buffer) and
concentrated by ultrafiltration (30 kDa molecular weight cut-off; 4000x g, 4 °C, Allegra X-
15R, Beckman Coulter, Brea, CA, USA). Desalting and removal of detergent and imidazole
were performed by application of a PD MidiTrap G-25 column (Cytiva, Malborough, MA,
USA) that was equilibrated with storage buffer (100 mM KP;, pH 7.4, 20% glycerol, 0.1 mM
EDTA). CYP4B1 concentrations and yield were calculated from CO-difference spectra with
€450490 = 91 mM~! cm~! [116] (Supplementary Figure S1 and Supplementary Table S6).
Purified enzymes were stored at —20 °C until further use.

3.2.2. Fdr and YkuN

Expression and purification of flavodoxin (YkuN) from Bacillus subtilis and flavodoxin
reductase (Fdr) from E. coli J]M109 were carried out as described previously [117].

3.2.3. bCYB5

For expression of bovine cytochrome b5 (bCYB5), plasmid pET17b (kindly provided
by Prof. Rita Bernhardt (as described in [118])) was utilized in E. coli OverExpress C43(DE3)
following an expression protocol described by Mulrooney et al. [119]. Purification via IMAC
was carried out following the protocol described for bovine CPR by Zollner et al. [120].
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3.2.4. GDH

Glucose dehydrogenase (GDH) from Bacillus megaterium (gdhlV; GenBank D10626)
was expressed in E. coli BL21(DE3) from pET22b(+) and partially purified by a combination
of salt precipitation and heat denaturation of endogenous E. coli proteins as described
elsewhere [121].

3.3. Reconstitution of CYP4B1 Activity for Substrate Screening

Substrate conversion was carried out in 50 mM KP;, pH 7.5, in a total volume of 100 pL.
Reaction mixtures contained 0.25 uM CYP4B1, 2 uM Fdr, 20 uM YkuN, 0.5 uM bCYB5,
1.000 U mL~! catalase, 25 U mL~! GDH, 20 mM glucose, 25 g mL~! 1,2-didodecanoyl-
sn-glycero-3-phosphocholine (DLPC), 200 uM substrate (from a 10 mM stock solution
dissolved in DMSO), and 200 tM NADP*. Samples were incubated as indicated in the
results section for either 30 min, 90 min, or 24 h at 30 °C with 600 rpm shaking in a
thermomixer C (Eppendorf, Hamburg, Germany).

Reactions containing saturated fatty acids 1-8 and n-alkanols 9-12 (group I and II)
were stopped and acidified by addition of 2 pL. 37% HC], followed by addition of 100 uM
of an internal standard. The substrates and their reaction products were extracted twice
with 500 pL tert-buty-methyl ether (MTBE) by vortexing for 2 min and centrifugation for
phase separation. The organic phases were pooled, dried with water-free MgSO,, and
evaporated. The residuals were resolved in 30 pL N,O-bis(trimethylsilyl)trifluoroacetamid
with 1% trimethylchlorosilane, incubated at 80 °C for 30 min, and subjected to GC/MS.

Reaction mixtures containing compounds of groups III-VII were extracted with 100 uL
ethyl acetate after addition of 100 uM internal standard, and the organic phases were
subjected to GC/MS.

Reaction mixtures containing compounds of groups VIII-X were extracted with 300 uL
ethyl acetate, the organic phases evaporated, and the residues dissolved in 30 uL acetonitrile
and subjected to LC/MS analysis.

All GC/MS, LC/MS, and LC/MS/MS methods used for individual compounds are
listed in Supplementary Tables 54 and S5.

3.4. Screening for Compound-Induced Spectral Changes of CYP4B1

Screening of a natural product library (Screen-Well® Natural Product Library, BML-
2865 Version 7.6; 502 compounds, Supplementary Table S1) was conducted in 96-well plates
in a total volume of 100 uL 50 mM KP;, pH 7.5, with 0.4 uM purified CYP4B1 and 2 pL
substrate (2 mg/mL in DMSO; concentration as provided by the Natural Product Library).
After 5 min incubation, spectra were recorded between 360 nm and 480 nm on a plate reader
(Infinite M200 PRO, Tecan, Madnnedorf, Switzerland). Reference spectra were obtained by
measurement of samples in the absence of either the substrate (2 pL. DMSO instead) or
CYP4B1. Potential binding spectra of two recordings for each compound were obtained by
subtracting both reference spectra from the respective sample spectra. To avoid bias, the
screening was performed blinded and by two different individuals.

3.5. Computational Methods

Homology models of CYP4B1 for the green monkey and mouse lemur were con-
structed on the basis of the crystal structure of the corresponding rabbit enzyme (pdb 5T6Q)
using SWISS-MODEL [122-124].

For subsequent molecular docking, all ligand molecules were energetically optimized
employing the build-in MM+ force field of HYPERCHEM version 8.0.10 (Hypercube Inc.,
Gainsville, FL, USA, 2011). AutoDock atom types and partial charges were computed with
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an in-house PERL script. AutoDock Tools (Windows version 1.5.6r3) was used for further
preparation of the ligands and the receptor structures [125].

Protonation states of the histidine residues were assigned by visual inspection in order
to optimize their local hydrogen-bonding network. Partial charges for the receptor were
generated as previously reported, also accounting for the changes caused by the covalent
bond between the oxygen atom OE2 of Glu310 (5T6Q.pdb) and the carbon atom CMD of
the heme-cofactor [126].

The rectangular grid box (74 x 48 x 56 points) was chosen to be large enough to
comprise the whole binding pocket. The grid spacing was kept at the default value of
0.375 A, whereas the number of docking runs for the Lamarckian Genetic Algorithm was
increased to the maximum value of 250. AutoDock version 4.2 was used to be consistent
with our previous studies [127,128].

The protein part was kept rigid, but all rotatable bonds of the ligands were treated
as flexible.

4. Conclusions

Within our three-step approach based on spectral changes, in vitro conversions and
computational methods, twenty-eight new substrates from eight groups were found, includ-
ing terpenes, terpenoids, and aromatic and heterocyclic compounds, as well as stilbenoids
and vanilloids. Furthermore, two reaction types that had so far not been observed for
CYP4B1 were presented—with myristicin 41 a substrate undergoing an O-demethylation,
and with thioanisole 34 an S-oxidation.

In silico docking and spectral changes present a good method for fast screening of
large compound libraries; it should be noted, however, that these methods alone are not
sufficient to achieve conclusive results, since in some cases false-positive results (meaning
spectral changes indicating type I shift) were observed and false-negative results can also
not be excluded. One example is quercetin 54, which induced a clearly visible spectral
change in the initial screening, but was not converted by CYP4B1 in the in vitro setup.

The comparison of the non-human primate orthologs chCYP4B1 and mlCYP4B1 with
the well-investigated rabbit ortholog revealed several differences in substrate preferences
with regard to catalytic activity, regioselectivity, and (in some cases) promiscuity. Generally,
it can be stated that rCYP4B1 preferred smaller molecules (e.g., shorter chain-lengths of
saturated fatty acids) and smaller cyclic molecules (e.g., «-pinene 26 and carvone 23),
whereas the primate CYP4B1 orthologs showed better acceptance for longer chain-lengths
of saturated fatty acids and sterically more demanding compounds, including stilbene 42
and stilbenoids 4345, [6]-gingerol 49 and capsaicin 48. Moreover, comparison of hydroxy-
lation patterns of saturated fatty acids revealed that both primate orthologs have higher
regioselectivity towards terminal w-hydroxylation, whereas rCYP4B1 is more promiscuous
in terms of targeted hydroxylation positions. These observations suggest that CYP4B1 has
undergone some changes during primate evolution that have an effect on its active site.
However, a comparison of the crystal structure of rCYP4B1 with the homology models
of chCYP4B1 and mlCYP4B1 revealed only one amino acid that is directly related to the
active site, namely isoleucine at position 221 (rCYP4B1), which has mutated to a leucine at
the corresponding position in chCYP4B1, and to a methionine in mlCYP4B1. Since crystal
structures of the primate orthologs are not yet available, we can only discuss these results
based on homology modeling. Although the structural identity to rCYP4B1 in both primate
orthologs is about 85% (and 89% to each other), it cannot be excluded that the sequence
differences outside the active site can also lead to structural changes that have an influence
on the active site but cannot be seen in the modeling.
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In conclusion, our results demonstrate that CYP4B1 acting at the interface between
endobiotic and xenobiotic metabolism is a far more promiscuous enzyme than previously
thought. The differences in activity observed across the three investigated species indicate
that CYP4B1 has undergone evolutionary changes ultimately leading to a complete loss
of catalytic function in humans. Further investigations should therefore focus on these
evolutionary aspects.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal15050454/s1, Table S1: screening results of the Natural
Product Library Screen-Well® Natural Product Library, BML-2865 Version 7.6; Table S2: product
distribution obtained with saturated fatty acids; Table S3: product distribution obtained with n-
alkanols; Table S4: summary of GC/MS methods; Table S5: summary of LC/MS methods; Table Sé6:
expression yields; Figure S1: CYP4B1 expression in E. coli; synthetic gene sequences.
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