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INTRODUCTION

Coumarin group compounds are naturally occurring heterocyclic
compounds. For example, 7-hydroxycoumarin, also known as umbelliferone,
is one of the most abundant plant-derived secondary metabolites, and is found
in celery, cumin, parsley, fennel, and other plants 2. When damaged, plants
produce a high diversity of natural coumarins as a defence mechanism against
insect herbivores as well as fungal and microbial pathogens “. For example,
hydroxycoumarins  have antibacterial activity against Ralstonia
solanacearum, Escherichia coli, Klebsiella pneumoniae, Staphylococcus
aureus, and Pseudomonas aeruginosa “®. Notably, 7-hydroxycoumarin
exhibits a wider spectrum of biological activities than any other homologous
coumarin. Hence, 7-hydroxycoumarin shows not only antibacterial and
antifungal properties, but it is also a good antioxidant, an effective
chemotherapeutic agent against colon and laryngeal cancers, and a strong UV
light absorber making it ideal for the production of sunscreens. In addition, 7-
hydroxycoumarin is a parent compound of other, more complex
pharmacologically active furanocoumarins and pyranocoumarins in higher
plants 3. Keeping in mind a wide spreading of coumarins in biosphere, there is
a great interest in understanding of biodegradation of this group of compounds
particularly in soil.

It has been shown previously that a number of soil microorganisms, such
as Pseudomonas, Arthrobacter, Aspergillus, Penicillium, and Fusarium spp.
can grow on coumarin as a sole source of carbon °°, The key intermediate
during coumarin catabolism in bacteria is 3-(2-hydroxyphenyl) propionic acid
101116 The bioconversion of coumarin to 3-(2-hydroxyphenyl) propionic acid
can be achieved in two different metabolic pathways. Bacteria belonging to
the Arthrobacter genus enzymatically hydrolyse the lactone moiety to give 3-
(2-hydroxyphenyl)-2-propenoic acid, and then reduce a double bond by using
a NADH-dependent enzyme to yield 3-(2-hydroxyphenyl) propionic acid .
In the case of Pseudomonas sp. 30-1 and Aspergillus niger ATCC 11394 cells,
coumarin is initially reduced to dihydrocoumarin by a NADH-dependent
oxidoreductase and only then is enzymatically hydrolysed ®1%14, Arthrobacter
and Pseudomonas species are capable of oxidizing 3-(2-hydroxyphenyl)
propionic acid to 3-(2,3-dihydroxyphenyl) propionic acid by using specific
flavin-binding aromatic hydroxylases °. However, no data are available on
further conversions of 3-(2,3-dihydroxyphenyl) propionic acid in these
bacteria. Also, no microorganisms or enzymes implicated in the metabolism
of any hydroxycoumarin including umbelliferone have been identified to date.
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Thus, to expand the existing fundamental knowledge about bacterial
degradation of hydroxycoumarins and to identify the unique enzymes that may
be adapted to selective and specific bioconversion reactions of
pharmacologically active compounds, the aim of this work was to identify
genes encoding enzymes involved in degradation of 7-hydroxycoumarin, and
to propose the catabolic pathway of hydroxycoumarins in bacteria.

The main tasks of this work were:

o Identify the genes encoding enzymes involved in degradation of 7-
hydroxycoumarin in Pseudomonas mandelii 7HK4 bacteria.

e Characterize the enzymes responsible of 7-hydroxycoumarin degradation
in Pseudomonas mandelii 7HK4 bacteria.

e Define the catabolic pathway of 7-hydroxycoumarin in Pseudomonas
mandelii 7HK4 bacteria.

Scientific novelty

Notwithstanding the importance of coumarins and numerous attempts to
elucidate the fate of such compounds in environment, only partially
characterized metabolic pathways of coumarin were described in several soil
bacteria. Moreover, even though the catabolic enzymes were partially purified
and intermediate metabolites were identified, the genes responsible for the
first stages of coumarin degradation were not identified. Particularly, a
catabolism of 7-hydroxycoumarin was not explored at all.

Therefore, here we described a 7-hydroxycoumarin catabolic pathway in
Pseudomonas mandelii 7HK4 bacteria. New metabolites and genes
responsible for the degradation of 7-hydroxycoumarin have been isolated and
identified. Our results show that the degradation of 7-hydroxycoumarin in
Pseudomonas mandelii 7HK4 involves a distinct metabolic pathway,
compared to the previously characterized catabolic routes for coumarin in
Pseudomonas, Arthrobacter and Aspergillus species.

New gene responsible for the reduction of 7-hydroxycoumarin has been
isolated and identified. Our results show that the reduction of 7-
hydroxycoumarin in Pseudomonas mandelii 7HK4 involves a similar
approach like in the previously characterized coumarin catabolic routes in
Pseudomonas sp. 30-1 and Aspergillus niger ATCC 11394. However, 7THK4
bacteria employ a uniqgue NADPH-dependent alcohol dehydrogenase family
protein HcdE for the reduction of the C-3/C-4 double bond of 7-
hydroxycoumarin lactone moiety forming 7-hydroxy-3,4-dihydrocoumarin.
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HcdE dehydrogenase described in this work has a significantly distant
sequence homology from the previously characterized enzyme implicated in
the degradation of structurally similar substrate, such as 8-hydroxycoumarin
in Pseudomonas putida 86. HcdE dehydrogenase is, to our best knowledge,
the first ene-reductase of MDR family involved in the in vivo degradation of
coumarin compounds.

Further, it has been shown that Pseudomonas mandelii 7HK4 bacteria
employ another unigue enzyme — a flavin-binding ipso-hydroxylase HcdA for
the oxidation of the aromatic ring of 3-(2,4-dihydroxyphenyl) propionic acid.
We showed that later compound is then converted to (2E,4E)-2,4-dihydroxy-
6-oxonona-2,4-dienedioic acid by extradiol dioxygenase HcdB. Finally, we
demonstrated that the ring cleavage product of HcdB protein is subsequently
hydrolysed by the putative HcdC hydroxymuconic semialdehyde hydrolase.
None of these proteins have substantial sequence homology to the previously
characterized enzymes implicated in the degradation of structurally similar
substrates, such as 3-(2-hydroxyphenyl) propionic acid in Rhodococcus sp.
V49, 3-(3-hydroxyphenyl) propionic acid and 3-hydroxycinnamic acid in E.
coli K-12, Comamonas testosteroni TA441, Rhodococcus globerulus PWD1,
or even 4-hydroxyphenylacetate in Escherichia coli W.

Thus, our results provide a fundamentally new insight into the degradation
of hydroxycoumarins by the soil microorganisms. In addition, the discovered
new bacteria and enzymes can be further employed for the development of
novel biocatalytic processes useful for industry.

The statements to be defended:

e A hcd gene cluster of Pseudomonas mandelii 7HK4 bacteria encodes
enzymes required for the degradation of 7-hydroxycoumarin.

o NADPH-dependent alcohol dehydrogenase HcdE reduces 7-
hydroxycoumarin to 7-hydroxy-3,4-dihydrocoumarin.

o Ipso-monooxygenase HcdA oxidizes 3-(2,4-dihydroxyphenyl) propionic
acid to 3-(2,3,5-trihydroxyphenyl) propionic acid.

e HcdB extradiol dioxygenase oxidizes 3-(2,3,5-trihydroxyphenyl)
propionic acid to (2E,4E)-2,4-dihydroxy-6-oxonona-2,4-dienedioic acid.

e Putative hydroxymuconic semialdehyde hydrolase HcdC hydrolyses
(2E,4E)-2,4-dihydroxy-6-oxonona-2,4-dienedioic acid.

11



1. LITERATURE OVERVIEW

Coumarin is a naturally occurring benzopyran-2-one (Fig. 1). This
compound was first discovered in 1820 in the plants of Dipteryx odorata 7,
but the name originated only a century after the name of the genus
Coumarouna odorata, because only then its physiological role in living
organisms was clarified. More than a thousand coumarin derivatives are now
known and described, from the simplest with hydroxy groups and alkyl side
groups to the most complex ones with benzoyl, furanoyl, pyranoyl, or other
larger side groups 8.

1.1. Occurrence and functions of coumarins in nature

Coumarins are found in grass, flowering, citrus, spice and other widespread
plants in nature, and many structures have already been described *°. They are
detectable in the roots, stems, leaves, and fruits of plants 2. There have been
many reports on the effect of simple coumarin in plants, at the organ, tissue or
cellular levels 2. Many researches tend to demonstrate that coumarin acts as a
plant hormone. However, until now there is a lack of evidence for a
physiological or molecular function in plant tissues.

Ubiquitous hydroxylated coumarins are involved in plant responses to
stressors like salicylic acid 22, Some hydroxylated coumarins also
demonstrate radical scavenging properties toward reactive oxygen species and
may be involved in the reduction of oxidative stress in plant cells 2% In
addition, 7-hydroxy-8-methoxycoumarin, also known as hydrangetin (Fig. 1),
had been described as a protein kinase inhibitor 2%, thus functioning during
cold acclimatization 2. This might be the first illustration of a coumarin
involved in hormone-like signalling 2.

There have been reports on many other minor coumarins in the
phytochemical articles. Amongst this vast chemical variety, methylenedioxy-
substituted coumarins (e.g., ayapin), prenylated coumarins (e.g., osthole and
puberulin), the linear or angular types of furanocoumarins (e.g., psoralen,
xanthotoxin, angelicin) and pyranocoumarins (e.g., xanthyletin) need to be
mentioned ?* (Fig. 1). Such compounds are difficult to detoxify by
phytopathogenic microorganisms 27, which supports their role as phytoalexins.

Due to the pleasant smell (e.g., vanilla-like odour), coumarins have been
commonly used as flavouring agents in the past. However, their toxic
properties were subsequently determined 2, therefore the use of coumarins as
a food additive was banned. Still, the toxicity of coumarins allowed the use of
coumarin derivatives in pesticide production 828, For example, the addition
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of the ethylene group into the benzene ring of 7-hydroxycoumarin produces
psoralen, which is converted to a toxin when exposed to ionizing radiation.
Psoralen binds to dsDNA and creates covalent cross-links primarily with
thymidine residues, therefore interferes with DNA transcription and repair
processes 2. Other coumarins can also act as strong anticoagulants *.

R,
Rs o &
N
4
R7 0 0] o
Rs 0 0
Rs
H

Coumarin: Rg, Rg, Ry, Rg: H

Umbelliferone: R7: OH Psoralen: Rs, Rg:
Hydrangetin: R7: OH, Rg: OMe Xanthotoxin: Rg: OMe
Osthole: Ry: OMe, Rg: CHy-CH=CMe,

Puberulin: Rg: OH, R7: O-CH,-CH=CMe;, Rg: OMe

O, L0
0 o~ O 0 0" o0 O

Ayapin Xanthyletin

Angelicin

Figure 1. Types of coumarins found in higher plants.

Basic coumarin derivatives are found in plants in free form or as glucoside
derivatives. Typically, there are 5 to 10 different coumarin derivatives of one
type in one plant species. In addition, the amount of coumarin in the plant also
depends on the growth stage of the plant. To date, there is only one possible
explanation for why these compounds are so prevalent in plants. In the course
of plant evolution, coumarin toxicity 2° and bitter taste are thought to have
become the only weapon of plants against herbivores and phytopathogenic
microorganisms. But it should be kept in mind that co-evolution of
phytopathogenic microorganisms also took place: several metabolic pathways
have been found in them, in which xenobiotics are processed and used as
carbon and energy sources or removed from the body 8.

1.1.1. Important bioactivities of 7-hydroxycoumarin

7-Hydroxycoumarin, also known as umbelliferone, is one of the most

abundant coumarin in plants. The umbelliferae family consists of many

economically important herbs such as sanicle, alexanders, angelica,

asafoetica, celery, cumin, fennel, parsley and giant hogweed. The name

Umbelliferone was derived from the umbelliferae family of plants, however
13



latter they were named for their umbrella-shaped inflorescences phenomena
3132 It is a pharmacologically active compound, for example, it acts as an
inhibitor of the 17p-hydroxysteroid dehydrogenases (17p-HSDs) to block the
formation of active hydroxysteroids that stimulate estrogeno-sensitive
pathologies (breast, ovarian, and endometrium cancers) and androgeno-
sensitive pathologies (prostate cancer, benign prostatic hyperplasia, acne,
hirsutism, etc). Its structural simplicity has been generally accepted as the
parent compound for the more complex coumarins and is widely used as a
synthon for a wider variety of coumarin-heterocycles 33,

It is widely thought that some coumarins, including umbelliferone and
furanocoumarins are phytoalexins that play important fungicidal roles in
plants. The antimicrobial and antifungal properties of umbelliferone were
examined against different bacterial and fungal strains. It showed some
inhibition levels against Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli, Fusarium culmorum and Byssochlamys fulva
microorganisms. However, umbelliferone usually display no antifungal
activities and very weak antibacterial activities regardless the used
concentrations *.

Umbelliferone has been shown to exhibit antioxidant properties including
radical scavenging, metal chelation and inhibition of lipid peroxidation. The
7-hydroxycoumarin is a moderate 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenger at a concentration of 50 pg/mL, demonstrating 59.6 %
inhibition % while ascorbic acid shows 96 % DPPH radical inhibition 2¢. Also,
umbelliferone scavenges hydroxyl radicals at all concentration in a
concentration-dependent manner . Further, it inhibits superoxide anion
formation during the oxidation of NADH by phenazine methosulphate
showing ICso value of 150 UM compared to ascorbic acid 1Csp value of 86 M.
In addition, it was reported that umbelliferone causes the reduction of the
Fe**/ferricyanide complex to the ferrous form monitoring by the formation of
Perl’s Prussian blue and bound Fe* ions by 58.8 % at 200 pg/mL *.
Additionally, umbelliferone was assessed for the protection of f-carotene
from linoleic acid induced bleaching. Linoleic acid is capable of producing
aqueous free radicals by generating hydrogen peroxide. The presence of
umbelliferone helps to neutralize hydroperoxide and inhibits the oxidation of
J-carotene 38,

Further, antihyperglycemic effects of umbelliferone were also reported.
Post-prandial hyperglycaemia is characterized as the earliest symptom of
diabetes. It inhibits a-glucosidase (ICso = 7.08 pg/mL) in a non-competitive
mode of inhibition. In vitro glycation assays showed that umbelliferone
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prevented each stage of protein glycation and exhibited a potent inhibition on
aldose reductase (ICso = 1.32-0.29 pg/mL) 3%,

Even the anti-carcinogenic efficacy was reported for umbelliferone alone
and in synergistic activity with 5-fluorouracil. These compounds are effective
and potential chemotherapeutic agents against 1,2-dimethylhydrazine-induced
colon carcinogenesis. Umbelliferone controls the side effects of 5-fluorouracil
%0 An anticancer activity against laryngeal cancer cells (RK33 LCC) by
reducing their viability and cell migration was also reported by Kielbus and
co-workers 4.

Umbelliferone absorbs strongly at 300, 305 and 325 nm, with loge values
of 3.9, 3.95 and 4.15 respectively, and it fluoresces blue in both ultraviolet and
visible light. The powerful absorption at three different wavelengths, coupled
with the fact that the energy is dissipated safely as visible light, make
umbelliferone a useful sunscreen agent. The fluorescent property of
umbelliferone was also used to design a fluorescent probe for hydrogen
peroxide which showed good selectivity over other reactive oxygen species 2.

1.2. Biosynthesis of coumarins in plants

The pathway of coumarin biosynthesis has been largely investigated during
the ‘60s and ‘70s 2. Radiolabelled cinnamic acid was incorporated into
coumarin or 7-hydroxycoumarins in vivo . It was discovered that the ortho-
hydroxylation of cinnamic acid is a key step of coumarin biosynthesis 4. A
P.so-dependent hydroxylation mechanism was suggested; however, the in
vitro results could not be reproduced, and the class of the enzyme involved as
well as its subcellular site remain to be established 2.

The formation of umbelliferone proceeds from p-coumaric acid or its ester
derivatives. It is synthesized from L-phenylalanine, which is produced via the
shikimate pathway. Phenylalanine is lyased into cinnamic acid which later is
converted to p-coumaric acid by cinnamate 4-hydroxylase, a cytochrome Paso
monooxygenase from the CYP73A family *. Following the related literature,
p-coumaric acid is ortho-hydroxylated by putative Piso enzyme to 2,4-
dihydroxycinnamic acid “. Further, the formation of esculetin (6,7-
dihydroxycoumarin) was examined in Cichorium intybus. These studies
revealed that umbelliferone was an efficient precursor but not a caffeic acid,
suggesting 6-hydroxylation of umbelliferone, probably by the action of a Paso
monooxygenase 4.

While coumarin biosynthesis remains a mystery, several enzymes of the
furanocoumarin pathway have been isolated and characterized. Umbelliferone
rather than coumarin is the parent compound of furanocoumarins 248, It is
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biosynthesized by a coupling of dimethylallyl pyrophosphate (DMAPP) and
7-hydroxycoumarin.

1.3. Catabolism of coumarins

The electron charges of different atoms in a coumarin molecule vary
greatly. Negative charges are distributed on 3, 5, 6, 7, and 8 carbon atoms, and
positive charges only at positions 2 and 4 (Fig. 2). Quantitative differences in
negative charges lead to a variety of theoretical metabolic pathways, as well
as a variety of participations in different biological processes. Atoms with a
positive charge will tend to attach to the nucleophile, and at positions where
the charges are negative, there is a high probability of an electrophile attack.
The most common modification of coumarin in vivo is hydroxylation, which
usually occurs at positions 3, 7, and 8, while hydroxylation at positions 4 and
6 are very rare 182849,
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Figure 2. Electron charge distribution in the coumarin molecule.

Cytochrome P.sp enzymes are usually involved in the hydroxylation of
coumarins in vivo 24 These monooxygenases are present in both
microorganisms and animals; however, the metabolic routes differ. In
microorganisms, cytochrome Paso enzymes usually perform hydroxylation of
the coumarin benzene ring only. In animals, cytochrome P.sp monooxygenases
almost in all cases catalyze the epoxidation of the C3—-C4 double bond and/or
the hydroxylation of the C7 atom. The resulting coumarin 3,4-epoxide can be
further conjugated to glutathione or converted to o-hydroxy-
phenylacetaldehyde, which is immediately oxidized to o-hydroxyphenylacetic
acid or reduced to o-hydroxyphenylethanol (Fig. 3) 284°.
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Figure 3. Metabolism of coumarin in animals. 1 — coumarin; 2 — 7-
hydroxycoumarin; 3 — coumarin 3,4-epoxide; 4 — coumarin 3-
glutathione; 5 —  o-hydroxyphenylacetaldehyde; 6 - o-

hydroxyphenylethanol; 7 — o-hydroxy-phenylacetic acid; GSH —

glutathione.

In animals, Piso enzymes can also catalyze the dealkylation of
alkylcoumarins, however coumarins are not fully metabolized but only
modified and immediately eliminated from the organism 224, Unlike animals,
microorganisms (micromycetes and bacteria) can utilize coumarin and its
derivatives as the sole sources of carbon and energy, and therefore the
metabolic pathways are different from animals. The metabolic routes of
coumarins in both bacteria and microscopic fungi are very similar.

1.3.1. Biotransformation of coumarin and its derivatives in fungi

After elucidating the physiological significance of coumarins, there has
been a strong interest in the detoxification mechanisms of these compounds in
living organisms. As early as the middle of the twentieth century, quite a lot
was known about the metabolism of coumarin in plants and animals, but there
was a lack of knowledge about the metabolic pathways in microorganisms
18,20

The study of soil micromycetes (microscopic fungi), which use coumarin
as the sole source of carbon and energy, quickly revealed that 3-(2-
hydroxyphenyl) propionic acid (also known as melilotic acid) is one of the
major intermediates of the coumarin metabolic pathway °%. At that time,
several fungal genera were found, such as Fusarium, Aspergillus, Penicillium,
Mucor, in which coumarin is degraded to melilotic acid °. The latter compound
can then be hydroxylated to form 3-(2,3-dihydroxyphenyl) propionic acid
(Fig. 4). In the case of Aspergillus niger, very small amounts of o-coumaric
acid, 4-hydroxycoumarin and catechol were also detected among the coumarin
metabolites. When A. niger was grown with o-coumaric acid, as much as 72
% of the substrate was converted to 4-hydroxycoumarin, which was not
further metabolized 3,
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Figure 4. Intermediates of coumarin metabolism in micromycetes. 1 —
coumarin; 2 — melilotic acid; 3 — 3-(2,3-dihydroxyphenyl) propionic
acid.

Subsequent studies of biotransformation of coumarin in the plant pathogen
Colletotrichum capsici revealed that coumarin and 6-methylcoumarin are
converted to 2-(3’-hydroxypropyl)-phenol and 2-(3’-hydroxypropyl)-4-
methylphenol, respectively (Fig. 5) 5.
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Figure 5. Metabolism of coumarin and 6-methylcoumarin in
Colletotrichum capsici fungi. 1 — coumarin; 2 — (3'-hydroxypropyl)-
phenol; 3 - 6-methylcoumarin; 4 - 2-(3-hydroxypropyl)-4-
methylphenol.

Fungi of the genus Aspergillus are still widely studied. It is already known
that fungi of this genus have a very high synthesis of cytochrome Paso enzymes
and are able to detoxify various xenobiotics. Coumarins are most actively
metabolized by A. niger, A. flavus, and A. ochraceus .

Whole cells of A. ochraceus can consume coumarin as the sole source of
carbon and energy, though biotransformation products are not detected.
Meanwhile, in growing cells coumarin is not fully metabolized but only
modified to form the sole metabolite 3,4-dihydrocoumarin (Fig. 6) 4.

Studies with A. flavus revealed a slightly different metabolism when
coumarin was converted to a more polar compound. In experiments with both
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whole cells and growing cells, 5-hydroxycoumarin was detected as the sole
product of biotransformation (Fig. 6) **.

In experiments with A. niger whole and growing cells, two different
pathways of coumarin biotransformation were detected. It was found that A.
niger primarily reduce the C3-C4 double bond of coumarin to form 3,4-
dihydrocoumarin 4, This is followed by two different metabolic pathways: (a)
hydrolysis of the lactone ring between oxygen and carbonyl carbon atoms and
reduction of the resulting melilotic acid to the primary alcohol 2-(3'-
hydroxypropyl)-phenol, or (b) hydroxylation of 3,4-dihydrocoumarin
aromatic ring at C6 position (Fig. 6). These metabolic pathways have been
confirmed in biotransformation studies using 3,4-dihydrocoumarin as the
substrate, which is thought to be the major intermediate of coumarin
metabolism. The same resulting products were obtained. It is worth noting that
the metabolic pathway of coumarin a in A. niger (Fig. 6) coincides with the
metabolism of coumarin in previously studied C. capsici fungi 4.
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Figure 6. Biotransformation of coumarin in fungi of the genus
Aspergillus. 1 — coumarin; 2 - 3,4-dihydrocoumarin; 3 — 5-
hydroxycoumarin; 4 — 3,4-dihydro-6-hydroxycoumarin; 5 — melilotic
acid; 6 — 3-(2-hydroxyphenyl) propanal; 7 — 2-(3'-hydroxypropyl)
phenol.

A study of the influence of oxygen on coumarin conversion in A. niger
showed that with better aeration of medium, the final products of coumarin
metabolism were 3,4-dihydrocoumarin, 3,4-dihydro-6-hydroxycoumarin and
2-(3'-hydroxypropyl)-phenol. With less aeration, the final metabolites were
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3,4-dihydrocoumarin, 3,4-dihydro-6-hydroxycoumarin, and melilotic acid
only (Fig. 6) 4.

The metabolic pathways of coumarin derivatives were also studied in A.
niger fungi. Coumarins that were monohydroxylated at positions 3, 4, and 6
were found not to be metabolized by A. niger, and only biotransformation of
6-methoxycoumarin were recorded, when the appropriate methoxy derivative
was used as a substrate. First, 6-methoxycoumarin is converted to 3,4-dihydro-
6-methoxycoumarin, which can then be demethylated to 3,4-dihydro-6-
hydroxycoumarin or hydroxylated at the aromatic ring (Fig. 7) *.
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Figure 7. Biotransformation of 6-methoxycoumarin in Aspergillus
niger fungi. 1 - 6-methoxycoumarin; 2 - 3,4-dihydro-6-
methoxycoumarin; 3 — 3,4-dihydro-hydroxy-6-methoxycoumarin; 4 —
3,4-dihydro-6-hydroxycoumarin.

Metabolic studies of more complex coumarin derivatives such as
furanocoumarins or pyranocoumarins have revealed the fungus Glomerella
cingulata, which does not use coumarin as a source of carbon and energy but
only metabolizes it to melilotic acid . This microorganism performs
biotechnologically interesting bioconversions: it transforms psoralen (7H-
furo-[3,2-g]-chromen-7-one) and xanthyletin (8,8-dimethyl-2H,8H-pyrano-
[3,2-g]-chromen-2-one). G. cingulata reduces and hydrolyses the pyrone ring
of coumarin derivatives to form the corresponding acids and performs further
reduction to alcohols *°.
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1.3.2. Biotransformation of coumarin and its derivatives in bacteria

Like micromycetes, bacteria are able to use coumarin as their sole source
of carbon and energy. Despite the fact that fungi are eukaryotic organisms and
bacteria are prokaryotes, studied coumarin biotransformation and
intermediates are very similar in both bacteria and fungi. The first bacteria in
which coumarin metabolic routes were studied in detail belonged to the genera
of Arthrobacter and Pseudomonas %%, and only later the metabolism of
coumarin was described in genera of Streptomyces *2 and Rhodococcus *2.

Gram-positive bacteria of the genus Arthrobacter and gram-negative
bacteria of the genus Pseudomonas metabolize coumarin to 3-(2,3-
dihydroxyphenyl) propionic acid °¢, but the first stage of biotransformation
in these bacteria is different. Bacteria of the genus Arthrobacter primarily
hydrolyse the pyrone ring of coumarin to form o-trans-coumaric acid via the
intermediate  o-cis-coumaric acid. Then the NADH:0-coumarate
oxidoreductase enzyme reduces o-trans-coumaric acid to melilotic acid,
which is oxidized by melilotate hydroxylase to 3-(2,3-dihydroxyphenyl)
propionic acid in the presence of oxygen and NADH (Fig. 8) °.

OH

Figure 8. Biotransformation of coumarin in Arthrobacter bacteria. 1 —
coumarin; 2— o-cis-coumaric acid; 3 — o-trans-coumaric acid; 4 —
melilotic acid; 5 — 3-(2,3-dihydroxyphenyl) propionic acid.

Bacteria of the genus Pseudomonas first reduce the C3—-C4 double bond of
coumarin to form 3,4-dihydrocoumarin. This reaction is catalysed by NADH-
dependent coumarin reductase. This coumarin reductase has a Zn?* ion in the
active site. The bond of 3,4-dihydrocoumarin between oxygen and carbony!l
carbon atoms is hydrolysed to form melilotic acid. The latter compound is
oxidized by melilotate hydroxylase in these bacteria (Fig. 9) %°.
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Figure 9. Biotransformation of coumarin in Pseudomonas bacteria. 1
— coumarin; 2 — 3,4-dihydrocoumarin; 3 — melilotic acid; 4 — 3-(2,3-
dihydroxyphenyl) propionic acid.

During the metabolic studies of coumarin derivatives Streptomyces griseus
bacteria were detected that did not use coumarin and its derivatives as the sole
source of carbon and energy, however were able to modify the aromatic ring
52, For example, coumarin was hydroxylated at the C7 position. In addition,
the products obtained from 7-ethoxycoumarin as the sole carbon source were
7-hydroxycoumarin and 7-hydroxy-6-methoxycoumarin (Fig. 10).

It is believed that 7-ethoxycoumarin is primarily deethylated and then
hydroxylated at the C6 position to form the intermediate 6,7-
dihydroxycoumarin. However, the latter compound could not be detected in
the experiments. Therefore, its formation was demonstrated by usage of 6,7-
dihydroxycoumarin as the sole carbon source in bacteria, which yielded 7-
hydroxy-6-methoxycoumarin and its isomer 6-hydroxy-7-methoxycoumarin

(Fig. 10) %.
m m
H,;CH,CO . 6] e} HO ) 0] o]

HO . 0 0 H4CO s 0 o
Figure 10. Biotransformation of 7-ethoxycoumarin in Streptomyces
griseus. 1 — 7-ethoxycoumarin; 2 — 7-hydroxycoumarin; 3 — 6,7-
dihydroxycoumarin; 4 — 7-hydroxy-6-methoxycoumarin; 5 — 6-

hydroxy-7-methoxycoumarin.
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New aerobic bacterial strains of the genera Rhodococcus and Pseudomonas
that use coumarin and its derivatives as the only sources of carbon and energy
have also recently been described %*. Rhodococcus sp. K5 bacteria metabolize
coumarin, 6-hydroxycoumarin, 7-hydroxycoumarin, 7-methylcoumarin and
melilotic acid. The latter compound and coumarin are also degraded by
Rhodococcus sp. TMP1 bacteria that has a hypothetical kum operon encoding
a coumarin catabolic enzymes determined in their genome. Part of the proteins
encoded by this operon coincide with proteins encoded by the ohp operon in
Rhodococcus sp. V49 bacteria 534,

Two other novel bacterial strains are specific for C7-substituted coumarins.
Rhodococcus sp. 7HK9 bacteria are able to metabolize 7-hydroxycoumarin
and 7-methylcoumarin, and Pseudomonas sp. 7HK4 bacteria utilize 7-
hydroxycoumarin only. These two strains cannot use melilotic acid as the sole
source of carbon and energy % Based on the literature, 3-(2,4-
dihydroxyphenyl) propionic acid could be an intermediate in the metabolism
of 7-hydroxycoumarin, further exposed to aromatic hydroxylases at the C3-
or C5-positions, similar to melilotic acid in coumarin metabolism.

1.3.3. Catabolism of melilotic acid in bacteria

The first studies of coumarin metabolism in fungi and bacteria in which
coumarin was used as the sole source of carbon and energy revealed that
melilotic acid is the main intermediate in coumarin metabolism. In both
Arthrobacter and Pseudomonas bacteria melilotic acid is oxidized to 3-(2,3-
dihydroxyphenyl) propionic acid %16, At that time, the same compound was
also found in bacteria of the genus Achromobacter, which are able to use 3-
phenylpropionic acid and 3-phenylpropenoic acid (also known as cinnamic
acid) as the sole sources of carbon and energy . Achromobacter bacteria have
the enzymes responsible for the oxidative degradation of the benzene ring of
3-(2,3-dihydroxyphenyl) propionic acid and the conversion of the resulting
yellow compound to succinate and 4-hydroxy-2-oxovalerate. After about two
decades, results of 3-phenylpropionic acid metabolism in Escherichia coli
were also published %, which were analogous to 3-phenylpropionic acid
metabolism in Achromobacter bacteria. Melilotic acid was not detected as an
intermediate in the metabolism of 3-phenylpropionic acid in either
Achromobacter or E. Coli bacteria. However, it was thought that the
metabolism of 3-(2,3-dihydroxyphenyl) propionic acid in Arthrobacter and
Pseudomonas bacteria grown on coumarin may be similar to that in
Achromobacter *° and E. coli *°.

The metabolism of melilotic acid was elucidated at the end of twentieth
century when Rhodococcus sp. V49 bacterial strain capable of utilizing
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melilotic acid as a source of carbon and energy was found . Genetic analysis
of this strain revealed an ohp operon consisting of the ohpR, ohpA, ohpB,
ohpC, and ohpD genes encoding hypothetical regulatory and transport
proteins, confirmed monooxygenase, hydroxymuconic semialdehyde
hydrolase and catechol 2,3-dioxygenase, respectively. Biochemical analysis
of the ohpB, ohpC, and ohpD gene products revealed that OhpB
monooxygenase  specifically oxidizes melilotic acid to 3-(2,3-
dihydroxyphenyl) propionic acid. OhpD catechol 2,3-dioxygenase cleaves the
benzene ring of 3-(2,3-dihydroxyphenyl) propionic acid between the acid and
hydroxy groups (extradiol cleavage). The reaction yields a yellow 2-hydroxy-
6-ketonona-2,4-dienedioic  acid which is hydrolysed by OhpC
hydroxymuconic semialdehyde hydrolase. Both ohpD and ohpC enzymes are
specific for products of melilotic and o-coumaric acid metabolism only 3. The
proposed metabolic pathway for melilotic acid is shown in Figure 11.
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Figure 11. Metabolic pathway of melilotic acid in Rhodococcus sp.
V49 bacterial strain. 1 — melilotic acid; 2 — 3-(2,3-dihydroxyphenyl)
propionic acid; 3 — 2-hydroxy-6-ketonona-2,4-dienedioic acid; 4 — 2-
keto-4-penteneoic acid; 5 — succinate; OhpB — monooxygenase; OhpD
— catechol 2,3-dioxygenase; OhpC — hydroxymuconic semialdehyde
hydrolase.
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1.4. Catabolic enzymes and their mechanisms

Compounds containing the benzene ring constitute the second largest
group of naturally occurring substances (after sugar residues). Aromatic
compounds display resistance to environmental chemical degradation, owing
to the inherent thermodynamic stability of the benzene ring. However,
microorganisms possess a wide range of catabolic biodegradation pathways
and, thus, use these hazardous xenobiotics as the sole source of carbon and
energy °%. In general, the microorganisms degrade xenobiotics either
aerobically or anaerobically. The representative most common aerobic
biodegradation pathway exhibited by microorganisms is depicted in Figure 12.
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Figure 12. Schematic representation of the principal metabolic

pathways involved in aerobic biodegradation of aromatic compounds
by microorganisms.

In the case of aerobic biodegradation, the original substrate undergoes
mostly oxygenation reactions and is converted to dihydroaromatic derivatives
such as catechol, protocatechuate, gentisate, homoprotocatechuate,
homogentisate, hydroquinone and hydroxyquinone. The key enzymes
catalysing the reactions are monooxygenases and/or hydroxylating
dioxygenases. These intermediates may act as substrates for enzymes that
cleave the aromatic ring in reactions involving molecular oxygen. The
aromatic ring may be opened by cleavage of the bond between two
neighbouring carbon atoms carrying hydroxyls. In this case, the process is
termed ortho-cleavage, and the enzymes involved are intradiol dioxygenases.
On the other hand, if other bonds taking a meta-position are cleaved in order
to open the aromatic ring, the term used is meta-cleavage with the enzymes
extradiol dioxygenases involved in the process. Central metabolic pathways
involve series of reactions that culminate in the formation of intermediates of
the Krebs cycle 571,
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1.4.1. Reduction of coumarin

Like previously described it is known that 3-(2-hydroxyphenyl) propionic
acid is one of the major intermediates of the coumarin metabolic pathway %3
Therefore, initial coumarin metabolic pathway stages must overcome
reduction and hydrolysis of its lactone moiety. Studies have shown that
microorganisms can harness two catabolic strategies for achieving this.
Primarily hydrolysing the pyrone ring of coumarin to form o-trans-coumaric
acid via the intermediate o-cis-coumaric acid, then reducing o-trans-coumaric
acid to melilotic acid by the NADH:o-coumarate oxidoreductase enzyme .
On the other hand, bacteria of the genus Pseudomonas first reduce the C3-C4
double bond of coumarin to form 3,4-dihydrocoumarin. This reaction is
catalysed by NADH-dependent coumarin reductase. Later, the bond of 3,4-
dihydrocoumarin between oxygen and carbonyl carbon atoms is hydrolysed
to form melilotic acid °. To this date, some enzymes having coumarin
reducing activity have been biochemically characterized %2, however no
genetic data or enzyme mechanisms have been presented.

Reduction of coumarin C=C-bond could be catalysed by ene-reductases
(ERs) ®. ERs are widely used in biocatalytic nicotinamide-dependent
asymmetric reduction of activated C=C-bonds yielding chiral a-substituted
and/or B-substituted reduction products. To date, four different classes of ERs
have been investigated capable of reducing a broad variety of substrates
including a,B-unsaturated aldehydes, ketones, carboxylic acids and
derivatives (such as esters, lactones, cyclic imides), and nitro compounds %
88, The most extensively investigated family of ERs is the FMN-containing
Old Yellow Enzyme (OYE) family of oxidoreductases %. Other families of
ERs are the oxygen-sensitive FAD and [4Fe-4S]-containing clostridial Enoate
Reductases (EnoR) ®, the leukotriene B4 dehydrogenase subfamily of
medium  chain  dehydrogenases/reductases (MDR) ™ and the
salutaridine/menthone  reductase-like ~ subfamily  of short chain
dehydrogenases/reductases (SDR) 72, The last two families contain a less
characterized NAD(P)H-dependent flavin-independent ERs that have been
recently researched for their biocatalytic mechanisms 73,

It was reported that as a member of OYE family Xenobiotic Reductase A
(XenA) from Pseudomonas putida 86 has the ability to reduce the C-3/C-4
double bond of coumarin and 8-hydroxycoumarin resulting in formation of
3,4-dihydrocoumarin and 3,4-dihydro-8-hydroxycoumarin, respectively ©2.
Though P. putida strain is capable to reduce coumarin, it is quinoline
degrading strain, and therefore do not grow with coumarin as a sole source of
carbon and energy. XenA enzyme shares a generally low amino acid sequence
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identity and similarity with other OYE enzymes and structural variation was
observed in the active site of XenA compared to the OYE family 4. However,
this was the only coumarin reducing enzyme that has been genetically,
structurally and biochemically described so far.

1.4.2. Lactonohydrolases

Despite the possible initial coumarin catabolic strategies either it starts with
reduction or hydrolysis of coumarin lactone moiety, the latter metabolic step
is also under-explored and little data are known so far. Two decades ago, a
novel lactonohydrolase, 3,4-dihydrocoumarin hydrolase (DCH), from
Acinetobacter calcoaceticus F46 growing on fluorene as sole carbon source
was found and isolated . It was shown that DCH can catalyze not only the
hydrolysis of 3,4-dihydrocoumarin, 2-coumaranone and homogentisic acid
lactone, but also the bromination of monochlorodimedon (2-chloro-5,5-
dimethyl-1,3-cyclohexanedione) in the presence of H,O,. Analysis of the
primary structure of this enzyme showed that it belongs to the esterase-
haloperoxidase family. This was the first demonstration of 3,4-
dihydrocoumarin hydrolase activity yielding phenylpropanoid in a bacterial
strain. However, the enzyme is not coumarin or 3,4-dihydrocoumarin induced,
and considered to participate in the metabolic pathway of polycyclic aromatic
compounds only 7576,

1.4.3. Hydroxylation of phenylpropanoids

At least several distinct pathways for the degradation of hydroxylated
aromatic compounds have been described 7. The specific route taken appears
to be dictated in large part by the number of hydroxyl groups and their relative
positions on the ring. A typical pathway for metabolizing phenylpropanoids is
to hydroxylate the ring, by the enzyme hydroxylase, resulting in catechol
formation 8. At present, P4so monooxygenases, which belong to the family of
prosthetic heme-binding monooxygenases, are most widely abundant in
nature among various organisms. These enzymes have the unique property of
catalysing the specific hydroxylation of inactivated carbon atoms of various
organic compounds "°#. In addition to P4so monooxygenases, other classes of
monooxygenases are known, such as heme-independent monooxygenase,
copper ion-dependent monooxygenase and flavin-dependent monooxygenase
81 It is the latter class that accounts for the largest proportion of naturally
occurring monooxygenases, such as most of the aromatic compound
hydroxylases found in aerobic bacteria 782,
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1.4.3.1. Flavin-binding monooxygenases

Flavin-binding monooxygenases belong to the class of oxidative enzymes.
These enzymes can perform a variety of reactions: hydroxylation, epoxidation,
Baeyer-Villiger oxidation, sulfoxidation, and more. The specificity and
selectivity of the oxidative reaction depend on the physical and chemical
properties of the active site of the monooxygenase, which are determined by
the primary and secondary structures of the protein ™.

Flavin monooxygenases are able to activate molecular oxygen, converting
the molecule to the singlet state (*Ag), which is higher energy and less stable,
making it significantly more reactive. To achieve this goal, monooxygenase
uses a cofactor - flavin. The reduced form of flavin is rich in electrons that can
be donated to molecular oxygen to form superoxide and the flavin radical (Fig.
13) 8,
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Figure 13. General mechanism of oxidative reaction catalysed by
flavin monooxygenases. Flavin bound in the active site of the enzyme
is reduced wusing NAD(P)H, reacts with O, to form
(hydro)peroxyflavin, which can participate in both nucleophilic (A)
and electrophilic (B) substrate hydroxylation reactions. 1(2) — reduced
flavin; 3 — flavin semi-quinone radical; 4 — Cs,-peroxyflavin; 5 — Cyq-
hydroperoxyflavin; 6 — Cs.-hydroxyflavin; 7 — oxidized flavin.
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During this reaction, the inversion of the O, electron spin occurs and a
reduced singlet state O, molecule is formed . In the case of most flavin
monooxygenases, a reactive intermediate Ca4,-hydroperoxyflavin (Fig. 13) is
formed in the active site, which is unstable and decomposes to form hydrogen
peroxide and oxidized flavin. However, flavin monooxygenases can stabilize
Cauq-hydroperoxyflavin, which is used to introduce a single oxygen atom into
organic compounds 8. Depending on the level of peroxyflavin protonation,
both nucleophilic (Fig. 13, A) and electrophilic reactions (Fig. 13, B) can
occur ™.

Flavin-dependent monooxygenases can be classified according to the type
of reaction catalysed, the substrate, the homology of the sequences, or the
spatial structures ®. In 2006, van Berkel and colleagues grouped flavin
monooXxygenases into six classes A—-F. The classification was based on the
similarities of primary and secondary protein structures ’°. However, class A
oxygenases make up the largest proportion of all flavin monooxygenases.
Oxygenases of this type are mainly responsible for the hydroxylation of
aromatic compounds &. For more than forty years, enzymes in this class,
especially p-hydroxybenzoate hydroxylase or phenol hydroxylase, have been
extensively studied and have already become a paradigm against which new
flavin-dependent monooxygenases are now compared 8.

1.4.3.2. Ipso-hydroxylation

Many aromatic compounds are degraded via hydroxylation of the aromatic
moiety at unsubstituted positions with subsequent ortho-hydroxylation and
cleavage of the aromatic ring by various dioxygenases . However, more than
twenty years ago reactions at the ipso-position of para-hydroxylated phenol
derivatives were also discovered . The term ipso-substitution describes two
substituents sharing the same ring position in an intermediate compound in an
electrophilic aromatic substitution. This discovery was unexpected, as a
number of cases were subsequently reported where ipso-substitutions
occurred after initializing attacks at positions which had previously been
believed unfavourable .

Founded on reactions catalysed by CYP systems, it has been proposed to
classify ipso-substitutions into two types, solely depending on the substrate
and not on the catalysing enzyme. Type | ipso-substitution — the leaving group
is detached from the substrate as an anion and the product will form a quinone.
During a type Il ipso-substitution, the leaving group is a cation, leading to the
formation of a quinol (Fig. 14) &°1,
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Figure 14. Ipso-substitution of phenolic compounds that have para-
substituents with electron-donating (B) or electron-withdrawing (A)
properties (as indicated by the direction of the arrow).

Several classes of enzymes are known to be capable of catalysing such
aromatic ipso-hydroxylation: CYP, FMO, GST, laccases, peroxidases and
dioxygenases. Laccases possess a broad substrate range . The degradation of
phenolic azo dyes by a laccase from Pyricularia oryzae is started through a
type | ipso-hydroxylation. It is initiated by the oxidation of the phenolic
moiety resulting in formation of a phenoxy radical and a carbenium radical at
the C atom linked to the azo group. A following nucleophilic attack by water
leads to the fade of the azo dye, releasing a benzoquinone derivative and 4-
sulfophenyldiazene which is further oxidized to 4-sulfophenylhydroperoxide
92 This reaction mechanism is characteristic for laccases, and it is involved in
various biotransformations, for example, the cleavage of aryl-alkyl bonds
from phenolic subunits in lignin backbones ®, 2,4,6-trimethoxyphenol
demethylation * or tetrachloroguaiacol dechlorination %.

The catabolism of the phenolic lignin compound arylglycerol-B-aryl ether
by a manganese peroxidase follows the same mechanism and results in the
same metabolites as described in the previous paragraph on laccases *.

Another class of enzymes that are known to catalyze attacks at the ipso-
position is dioxygenases. Two dioxygenases from C. testosteroni T2 and from
Sphingomonas sp. strain  RW1, respectively, were involved in the
desulfonation of 4-sulfobenzoate by ipso-substitution °7%8. In addition, a
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dioxygenase from Comamonas sp. strain JS765 converted a wide range of
isomers of mono-nitrotoluene and di-nitrotoluene to the corresponding
catechols with the accompanying release of nitrite *°.

Further, cytochrome Paso dependent monooxygenases (CYP) are also
known for their role in ipso-substitutions. A reconstituted rat-liver-CYP
system was able to convert p-chloro, p-bromo, p-nitro, p-cyano, p-
hydroxymethyl, p-formyl and p-acetyl phenols to hydroquinone by ipso-
hydroxylation 1%,

FMOs are responsible for a wide range of xenobiotic biotransformations
with no exceptions in ipso-hydroxylation. An FMO from Pseudomonas putida
is involved in nicotine degradation by hydroxylation of 6-hydroxy-3-
succinoyl-pyridine at the carbon bearing the succinic semialdehyde moiety
which leads to the fragmentation into 2,5-dihydroxypyridine and succinic
semialdehyde °*. An FMO from Sphingomonas sp. strain PWEL1 attacks
alkylphenols at the aromatic carbon bearing the alkyl chain, leading to the
formation of hydroquinone and the detached alkyl chain %2, What surprised
the most is the attack adjacent to quaternary carbon atoms which previously
thought to be improbable due to steric hindrances 1%,

In rare cases, the reactions initiating ipso-hydroxylation can result in side-
products where the initial ipso-group is not removed but shifted to adjacent
position by intramolecular rearrangements (NIH-shift) (Fig. 15) .
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Figure 15. Ipso-substitution mechanism with NIH shift. Para-
substituted hydroxybenzenes can undergo ipso-hydroxylation
followed by internal rearrangement leading to NIH-shift products. R —
alkyl group. H-A and B indicate proton donor and acceptor,
respectively.

Investigations showed that NIH-shifts occur for fluorinated benzenes with
CYP systems 1% and for 4-hydroxyarylaldehydes % and 4-alkylphenols with
FMOs. Also, other rearrangements are possible when some alkyl substituents
can be observed forming arylethers with the aromatic ring upon introduction
of the hydroxyl group 1. These side reactions are supposedly substrate-
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specific and the rearrangements are not enzymatically catalysed but rather
occurring spontaneously. However, these rearrangements have only been
observed in the degradation of alkylphenols by FMOs 8,

1.4.4. Aromatic ring degrading enzymes

Cyclic aromatic products containing two hydroxyl substituents on adjacent
carbon atoms of the ring are then converted to noncyclic products by ring-
cleavage dioxygenases that cleave the C-C bond either between the
hydroxylated carbons (ortho cleavage) or between a hydroxylated and non-
hydroxylated carbon (meta cleavage) 1%. Here a few representative enzymes
involved in activation and ring cleavage of aromatic hydrocarbons containing
only carbon and hydrogen are examined. Ring-cleavage dioxygenases can be
placed into two major classes, intradiol or extradiol, depending on the position
of cleavage relative to that of the ring hydroxyl groups 16107,

Intradiol ring-cleavage dioxygenases utilize non-heme Fe(l11) as a cofactor
to catalyze insertion of both atoms of molecular oxygen into catechols to break
the bond between two adjacent ring carbon atoms bearing hydroxyl groups
(ortho cleavage). The ortho-cleavage product of catechol is cis,cis-muconate.
A broad diversity of bacterial species utilizes these enzymes but all of the
proteins appear to be evolutionarily related and have similar properties. The
main differences are in subunit composition and quaternary structure 06107,

Extradiol ring-cleavage dioxygenases utilize non-heme Fe(ll) as a cofactor
to catalyze insertion of both atoms of molecular oxygen into catechols to break
the bond between vicinal hydroxylated and non-hydroxylated carbons (meta
cleavage). The meta-cleavage product of catechol is 2-hydroxy-6-oxo-hexa-
2,4-dienoate, also called 2-hydroxy-cis,cis-muconic semialdehyde. As with
the intradiol enzymes, extradiol dioxygenases are also found in a broad
diversity of bacterial species. However, the two types of enzymes are
evolutionary distinct from one another and extradiol dioxygenases utilize non-
heme Fe(lIl) as a cofactor. Structurally many of the extradiol enzymes consist
of one type of subunit with an o to ag quaternary structure 10617,

Following ring cleavage, subsequent reactions then yield products such as
acetate, pyruvate and succinate that enter the Krebs tricarboxylic acid cycle or
are used for biosynthesis.

In summary, degradation of hydroxycoumarins has been poorly studied.
To fill many gaps existing in the understanding of catabolic pathways of
coumarins, the aim of this work is to identify genes encoding enzymes
involved in degradation of 7-hydroxycoumarin, and to propose the catabolic
pathway of hydroxycoumarins in bacteria.
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As a consequence, newly discovered enzymes could potentially be used as
environmentally friendly biocatalysts in the organic synthesis in
bioconversion of hydroxycoumarin-like compounds. In this field, there is a
particular lack of oxidation enzymes, such as aromatic hydroxylases, which
are attractive in drug synthesis. The benzene ring, whether phenyl or fused
with other rings, is the most common hydrophobic pharmacophoric moiety in
drug molecules. And through a pharmacokinetic effect, the aromatic hydroxy
group enhances the water solubility and elimination of the drug metabolites,
that is essential pharmacophoric status in some drug classes .
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2. MATERIALS AND METHODS

2.1. Reagents and materials

2.1.1. Bacterial strains, plasmids and reagents

Pseudomonas mandelii 7HK4 bacterial strain from laboratory collection
(DSMZ accession number DSM 107615) capable of using 7-
hydroxycoumarin as the sole source of carbon and energy was isolated from
Lithuanian soil by enrichment in mineral medium containing 0.05 % of 7-
hydroxycoumarin. For cloning purposes, E. coli DH5a bacteria (¢80
lacZAM15 A(lacZY-argF)U169 deoR recAl endAl hsdR17(rk—mx+) SupE44
thi-1 gyrA96 relAl) (Thermo Fischer Scientific, Lithuania) were used. E. coli
BL21 (DE3) bacteria (F- ompT gal dcm lon hsdSB(rB-mB~) A(DE3) [F-ompT
gal dem lon hsdSg(rs” mg™) A(DE3) [lacl lacUV5-T7 gene 1, ind1, sam7, nin5])
(Novagen, Germany) were used for gene expression studies.

All reagents used during this study are listed in Table 1 and plasmids are
described in Table 2.

Table 1. Materials and reagents used in the study.

Chemicals and reagents Source
7-Hydroxycoumarin, ethyl acetate, methanol, diethyl Merck,
ether, dichloromethane Germany

Ampicillin, streptomycin, 3-(2-hydroxyphenyl)-2-
propenoic acid, 3-(4-hydroxyphenyl)-2-propenoic acid, 3-
(3-hydroxyphenyl)-2-propenoic acid, pyrocatechol,

coumarin, cinnamyl alcohol, 3-(2,4-dihydroxyphenyl) Gzlrlrjrl::r;y
propionic acid, 2-ethylphenol, caffeic acid, Na,COs,

Na,HPO,, NaOH, glycerol, pf-mercaptoethanol,

ammonium acetate

3-Hydroxycoumarin, 4-hydroxycoumarin, 7-

methylcoumarin, 3-methylcatechol, 4-methylcatechol,

iodoacetamide, trifluoroacetic acid, kanamycin sulphate,
3-(2-hydroxyphenyl) propionic acid, trans-2,4- Sigma-
dihydroxycinnamic acid, 3-(2-bromophenyl) propionic Aldrich
acid, 3-(2-nitrophenyl) propionic acid, 3-phenylpropionic (Merck),
acid, trans-cinnamic acid, 2-propylphenol, 2- Germany

propenylphenol, o-cresol, o-tyrosine, resorcinol, 2,3-
dihydroxypyridine, 2-hydroxy-4-aminopyridine, N-
methyl-2-pyridone, N-ethyl-2-pyridone, N-propyl-2-
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pyridone, N-butyl-2-pyridone, indoline, indole, pyrogallol,
3-methoxycatechol, 2',3'-dihydroxy-4'-
methoxyacetophenone hydrate, gallacetophenone, 3,4-
dihydroxybenzoic acid, 2,3,4-trihydroxybenzoic acid,
2,3,4-trihydroxybenzophenone, 1,2,4-benzentriol, 6,7-
dihydroxycoumarin, acetonitrile, dimethyl sulfoxide,
sodium dodecyl sulphate (SDS), quinoline, isoquinoline,
7-methoxycoumarin, 4-methyl-7-hydroxycoumarin, 7-
ethoxycoumarin, 3,4-dihydroquinoline-(1H)-2-one, 2-
hydroxyquinoline, 3,4-dihydro-7-hydroxyquinoline-(1H)-
2-0ne

E-2,4-dihydroxycinnamic acid, 3-(2,3-dihydroxyphenyl) Synthesized
propionic acid, 7-hydroxy-3,4-dihydrocoumarin in this study
Agar, Brain Heart Infusion Broth (Bhi), Lysogeny broth Oxoid, UK
(LB)
Restriction endonucleases, T4 DNA ligase, Phusion High-
Fidelity PCR Master Mix with HF Buffer, Isopropyl -D- Thermo
1-thiogalactopyranoside (IPTG), PageRuler Prestained Fischer
Protein Ladder, RiboPure™ Bacteria RNA Purification Scientific
Kit, High-Capacity cDNA Reverse Transcription Kit, Fast Baltics,
SYBR™ Green Master Mix, Mass Ruler™ DNA Ladder Lithuania
(High Range)
. . Advansta,
Rapid Clean Resin US
Cis Reverse-Phase column (12 g) Grace, US
PCR primers Metabion,
Germany
Vilniaus
Ethanol degtiné,
Lithuania
Tris(hydroxymethyl)aminomethane (Tris), succinic acid, AppliChem,
glucose Germany
Agarose, ethidium bromide, chloramphenicol Serva,
Germany
Acrylamide, ethylenediaminetetraacetic acid (EDTA), Roth,
phenol-chloroform-isoamyl alcohol (25:24:1) solution Germany
Biosynth
7-hydroxyquinoline-(1H)-2-one Carbosynth,
UK
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Table 2. Plasmids used in the study.

Plasmids Properties Source
Novagen
+ R y
pET21b(+) | Amp®, lacl, Pr7iac, 5442 bp Germany
Novagen
+ R y
PET28b(+) Kan®, lacl, Pr7iac, 5368 bp Germany
N
DCDFDuet-1 | SmR, lacl, Prrisc, 3781 bp ovagen,
Germany
DACYCDuet-1 | CmR, lacl, Prriac, 4008 bp Novagen,
Germany
The hcdB gene is cloned into pET28b(+), .
pTHPPDO Ncol and HindlllI restriction sites This study
ApmPmo The hcdA gene is cloned into pET21b(+), Previous
PP Ndel and Xhol restriction sites study 108
The hcdA gene is cloned into pET21b(+), Previous
p4pmPmoH® | with C-terminal Hise-tag, Ndel and Hindlll study 1%
restriction sites y
The hcdC gene is cloned into pET21b(+), .
p2KA4PH Ndel and Xhol restriction sites This study
The hcdB and hedC genes are cloned into
pCDF-BC pCDFDuet-1, Ncol and Hindlll, or Ndel This study
and Xhol restriction sites, respectively
The gene of 3-(2-hydroxyphenyl)
5PMO propionic acid monooxygenase from Previous
P Rhodococcus sp. K5 is cloned into study 108
pET21b(+)
The 4XenA38 gene is cloned into .
4XenA . . Th
paXenA3s pPET21b(+), Ndel and Xhol restriction sites Is study
The 4XenA45 gene is cloned into .
paXenAds pET21b(+), Ndel and Xhol restriction sites This study
The 4XenA205 gene is cloned into .
paXenA205 pET21b(+), Ndel and Xhol restriction sites This study
The 3kb region containing hp4, hp7, hp9
and hp10 genes is cloned into .
HP4-1 - Th
P 0 pACYCDuet-1, Ndel and Xhol restriction Is study
sites
- - -
oHP7 The hp7 gene is cloned into pET21b(+), This study

Ndel and Xhol restriction sites
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2.1.2. Bacterial culture media

Mineral medium (pH 7.2): 5 g/L NaCl, 1 g/L NH4H2PO4, 1 g/L KoHPOy,
0,4 g/L MgSO04-7H0.

Minimal C-750501 medium (pH 8.0) %,

Lysogeny broth (LB) medium (pH 7.2): 20 g of powder in 1 L of water.

Brain Heart Infusion (BHI) medium (pH 7.4): 37 g of powder in 1 L of
water.

For the production of agar plates 15 g of agar powder was added to 1 L of
medium.

All media were sterilized for 30 minutes at 121 °C, 1 atm.

2.2. Organic synthesis methods

2.2.1. Synthesis of E-2,4-dihydroxycinnamic acid and 3-(2,3-
dihydroxyphenyl) propionic acid

The starting material 7-hydroxycoumarin (3.24 g, 20 mmol) was dissolved
ina 2 M KOH solution (50 mL) and stirred for 2 h at 80-90 °C temperature.
Completion of the reaction was determined by thin layer chromatography
(TLC, chloroform/methanol, 9/1). After the reaction was completed (TLC),
the reaction mixture was diluted with water (100 mL) and then acidified to pH
3-4 with HCI. The acidic compounds were extracted with ethyl acetate. The
organic solvent was dried (Na,SO4) and removed under reduced pressure. The
residue  was purified by column chromatography (silica gel,
chloroform/methanol mixture). The solvents were removed under reduced
pressure to afford 1.98 g (11 mmol, 55 % yield) of E-2,4-dihydroxycinnamic
acid. MS (ESI+): m/z 181.00 [M+H]*; 179.00 [M-H]". *H NMR (DMSO-ds,
400 MHz): 8 = 6.26 (dd, J = 8.5, 2.3 Hz, 2H, CH), 6.28 (d, J = 16.0 Hz, 1H,
CH=CH), 6.36 (d, J=2.3 Hz, 1H, CH), 7.38 (d, J = 8.6 Hz, 1H, CH), 7.71 (d,
J = 16.1 Hz, 1H, CH=CH). **C NMR (DMSO-ds, 100 MHz): § = 102.58,
108.15, 113.23, 115.26, 129.36, 140.14, 158.72, 161.11, 168.41.

2.2.2. Synthesis of 7-hydroxy-3,4-dihydrocoumarin

The analytical sample of 7-hydroxy-3,4-dihydrocoumarin was synthesized
in good yield by thermal cyclisation of 3-(2,4-dihydroxyphenyl) propionic
acid 1. In short, 3-(2,4-dihydroxyphenyl) propionic acid (182 mg, 1 mmol)
was heated in an oven at 135 °C for 3 hours. Resulting brown coloured melt
was cooled to room temperature and dissolved in a hot toluene (~50 °C). The
solution was treated with silica, filtered and the solvent was removed under
vacuum. The residue then was crystallized from small amount of toluene. The
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product was filtered and vacuum dried. Yield: 112 mg (68 %). MS (ESI+):
m/z 163 [M-H] (see Figure S1 in Supplementary Material). *H NMR (400
MHz, DMSO-de): 6 9.61 (s, 1H), 7.05 (d, J = 8.2 Hz, 1H), 6.52 (dd, J = 8.2,
2.4 Hz, 1H), 6.43 (d, J = 2.4 Hz, 1H), 2.86-2.82 (m, 2H), 2.74-2.70 (m, 2H).
13C NMR (100 MHz, DMSO-de): & 168.5, 157.1, 152.3, 128.7, 113.2, 111.2,
103.2, 29.0, 22.1.

2.3. Biochemical methods

2.3.1. Biochemical characterization of bacteria

Bacteria were characterized by using API strips according user manuals
(Biomerieux, USA). AP1 50 CH strip was used for carbohydrate fermentation
test. Pseudomonas mandelii 7HK4 bacteria were grown overnight (~2 OD) in
10 mL of LB medium in conical tube (50 mL volume). Cells were centrifuged
for 10 minutes at 3,220 x g and resuspended in 10 mL of APl 50 CHB/E
medium. 100 pL of resuspended culture was transferred into wells of API 50
CH strip and incubated at 30 °C for 48 h. Colour of the medium changes from
red colour to yellow colour due to acid production, if the test is positive.

And APl 20 ZYM strip was used to test enzyme activities. 10 mL of
overnight bacterial culture was resuspended in 3 mL of mineral medium
(without Mg?*) and aliquoted into wells of API 20 ZYM strip. Incubated at 30
°C for 4 h. After incubation 1 drop of ZYM A and 1 drop of ZYM B reagents
were added to each well. Colourless wells showed negative test results.

2.3.2. Whole-cell bioconversions

Pseudomonas mandelii 7HK4 bacteria were grown in mineral medium
supplemented with 0.05 % (w/v) of 7-hydroxycoumarin or glucose, as the sole
carbon and energy source, at 30 °C with rotary aeration (180 rpm) in conical
flask (50 mL volume) for 48 h (~5 OD). E. coli BL21 (DE3) bacteria
containing recombinant genes were grown in 30 mL of BHI medium at 30 °C
and 180 rpm aeration in conical flask (50 mL volume) overnight. High density
(15-20 OD) E. coli bacterial culture was centrifuged and resuspended in 30
mL of minimal C-750501 medium, in which the synthesis of proteins was
induced with 1 mM of IPTG after 1.5 h of incubation at 20 °C and 180 rpm
109.111 ‘Incubation at 20 °C was continued for another 24 h. Both Pseudomonas
mandelii 7HK4 and E. coli cells were sedimented by centrifugation (3,220 x
g, 15 min, 20 °C). The collected cells were washed twice with 15 mL of 0.9
% NaCl solution. For whole-cell conversion experiments, cells from 20 mL of
culture were resuspended in 1 mL of 50 mM potassium phosphate buffer (pH

7.2). All small-scale bioconversions with whole cells were made in 50 mM
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potassium phosphate buffer, pH 7.2, which contained 0.5-2 mM of the
substrate. The reaction mixtures were kept in a thermoblock at 30 °C and 500
rpm for 1-24 hours. Bioconversion mixtures were centrifuged for 2 min at
10,000 x g (20 °C), and 100 pL of the supernatant were analysed by UV-VIS
spectroscopy (range 200-600 nm). Measurements were repeated to record the
changes in the absorption intensity over time. All measurements were
performed with PowerWave XS microplate reader.

2.3.3. Preparation of cell-free extracts

Cells were sedimented by centrifugation (3,220 x g, 15 min, 20 °C). The
biomass was resuspended in 3 ml of 50 mM potassium phosphate buffer (pH
7.2). The cells were disrupted by pulse-mode sonication (3 min duration and
1 s cycles) at 4 °C. Cell debris was removed by centrifugation (4 °C, 16,100 x
g, 15 min).

2.3.4. Protein purification

Hiss-tagged proteins were purified with Akta purifier 900 chromatography
systems (GE Healthcare, Finland). Cell-free extracts were loaded onto a Ni%*
Chelating HiTrap™ HP column (1-5 mL) (GE Healthcare, Finland)
equilibrated with 50 mM potassium phosphate buffer (pH 7.0-7.2), at 1.0
mL/min. The column was washed with at least 3 volumes of the same buffer.
Then the bound proteins were eluted with 0.5 M imidazole in 50 mM
potassium phosphate buffer (pH 7.0-7.2). The fractions containing the
purified enzyme were combined and dialyzed against the 50 mM potassium
phosphate buffer (pH 7.0-7.2), at 4 °C overnight or applied to HiTrap™
Desalting column with Sephadex G-25 resin (GE Healthcare, Finland) and
eluted with 50 mM potassium phosphate buffer (pH 7.0-7.2). Protein
concentration was determined by the Lowry method 2,

2.3.5. Gelfiltration chromatography

The structure of the native HcdA protein was determined by gel filtration
chromatography. The purified protein was applied to Superdex™ 200 10/300
GL column (GE Healthcare, Finland) using a 50 mM Tris-HCI buffer, pH 7.5,
containing 0.1 M of NaCl at 0.3 mL/min. Protein molecular mass was
determined using the calibration curve, constructed by the application of
carbonic anhydrase (M=29 kDa), albumin (M=66 kDa) and apoferritin
(M=443 kDa). 0.8-1 mg of all proteins was dissolved in 0.5 mL 50 mM Tris-
HCI, pH 7.5 and 0.1 M NaCl buffer. The K values were calculated for 3
proteins using the equation Kay = (Ve-Vo)/(Vc-Vo), where Vo = column void
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volume = 8.2 mL, V. = geometric column volume = 23.6 mL and V. = elution
volume for each protein: carbonic anhydrase (29 kDa) V.=16.9 mL, albumin
(66 kDa) Ve=14.47 mL and apoferritin (443 kDa) V.=10.6 mL. For the sample,
the observed V. was used to calculate the corresponding Kav value that was
used to determine the molecular weight from the equation of the calibration
curve. The term K, indicates the ratio between the elution volume of a given
molecule and the total available volume of the column.

2.3.6. SDS-polyacrylamide gel electrophoresis

Proteins were analysed by SDS-PAGE according to Laemmli 3, using a
14 % separating gel (pH=8.8) and 4.5 % stacking gel (pH=6.8). To visualize
the protein bands, the gels were immersed for 1 min in a hot solution
consisting of 0.1 % Coomassie Brilliant Blue R250, 10 % acetic acid, and 50
% methanol, followed by destaining in 7 % acetic acid.

2.3.7. Preparation of proteins from a polyacrylamide gel for mass
spectrometric analysis

Proteins were fractionated on an SDS-polyacrylamide gel. After
Coomassie blue R-250 staining, protein samples were extracted from the gel
114 Protein bands were excised from the gel with a razor, and the gel was then
destained twice with 200 pL of 25 mM ammonium bicarbonate and 50 %
acetonitrile solution for 30 min at 37 °C. Protein disulphide bonds were
reduced with 40 pL of 10 MM DTT for 45 min 60 °C, followed by incubation
with 30 pL of 100 mM iodoacetamide for 1 h at room temperature in the dark
to alkylate free cysteines. Gel slices were washed again twice with 100 pL 25
mM ammonium bicarbonate and 50 % acetonitrile solution for 15 min at 37
°C, dehydrated by adding 50 puL 100 % acetonitrile and dried using a vacuum
centrifuge. Gel pieces were incubated with up to 40 pl of activated trypsin (10
ng/pL) at 37 °C overnight. The next day, the supernatant was saved and the
peptides were extracted from the gel by incubating gel slices in two
consecutive changes of 50 pL of 5 % trifluoroacetic acid and 50 % acetonitrile
solution for 1 h at 37 °C. Combined supernatants were dried using a vacuum
centrifuge at 30 °C. Lyophilized peptides were dissolved in 20 pL of 0.1 %
trifluoroacetic acid solution. Peptides purified and concentrated using
Millipore C18 ZipTips.

2.3.8. Enzyme assays

3-(2,4-dihydroxyphenyl) propionic acid hydroxylase activity was
measured spectrophotometrically by monitoring absorption changes of the
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reaction mixture at 340 nm wavelength due to the oxidation of either NADH
or NADPH (e310 = 6,220 M~tcm™) after the addition of the substrate. The
activity measurements were made with cell-free extracts or the purified
protein. All measurements of the enzyme activity were carried out at 22 °C in
1 mL of reaction mixture, containing 25-50 mM tricine or potassium
phosphate buffers (pH 7.8), 100 uM NAD(P)H, and 150 pM aromatic
substrate. One unit of activity was defined as the amount of the enzyme that
catalysed the oxidation of 1 umol of NAD(P)H per minute in buffer of pH 7.8
at 22 °C.

Reducing activity of HcdE protein was measured spectrophotometrically
by monitoring absorption changes of bimolecular reaction at 340 nm
wavelength due to the oxidation of NADPH and reduction of various coumarin
derivatives (e340 = 5,580 M*cm™ (for 7-hydroxycoumarin), e = 4,780 M~
tem (for 6-hydroxycoumarin), ezs0 = 4,440 M~*cm* (for 6-methylcoumarin),
e340 = 8,500 M~tcm™ (for 6,7-dihydroxycoumarin), s, = 3,690 M~cm™ (for
coumarin)) after the addition of the enzyme. The activity measurements were
made with cell-free extracts or the purified protein. The standard
measurements of the enzyme activity were carried out at 22 °C in 0.8 mL of
reaction mixture, containing 50 mM potassium phosphate buffer (pH 7.0), 160
UM NADPH, and 60 uM aromatic substrate.

Kinetic characterization of HcdE protein was performed by monitoring
absorption changes of reaction mixture at 365 nm wavelength due to the
oxidation of NADPH only (esss = 3,500 M-tcm™), after the addition of the
enzyme. The measurements of the enzyme activity were carried out at 22 °C
in 0.8 mL of reaction mixture, containing 50 mM potassium phosphate buffer
(pH 7.0), 5-200 uM NADPH, 5-150 uM 7-hydroxycoumarin, and 99 nM
HcdE protein. Each measurement was performed three times. Kinetic data
were analysed using Wolfram Mathematica software (Wolfram Research,
Inc).

2.3.9. Invivo bioconversion of 3-(2,4-dihydroxyphenyl) propionic acid

E. coli BL21 (DE3) bacteria, containing p4pmPmo and pTHPPDO
plasmids, were grown in 200 mL of BHI medium at 30 °C and 180 rpm
aeration in conical flask (500 mL volume) overnight. High density (15-20
OD) bacterial culture was centrifuged (3,220 x g, 20 °C) and resuspended in
200 mL of minimal C-750501 medium, in which synthesis of proteins was
induced with 1 mM of IPTG at 20 °C and 180 rpm 116 After 24 h of
induction 3-(2,4-dihydroxyphenyl) propionic acid was added to the final
concentration of 4 mM. Bioconversion mixture was incubated for another 3
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days at 30 °C with shaking (180 rpm). Cells were removed by centrifugation
for 30 min at 3,220 x g (20 °C) and the supernatants were kept at 4 °C.

2.3.10. Purification of 3-(2,4-dihydroxyphenyl) propionic acid bioconversion
product

The supernatant containing the 3-(2,4-dihydroxyphenyl) propionic acid
oxidation product was incubated with 1.2 M ammonium chloride at room
temperature overnight 1>116, Reaction mixture was concentrated to ~100 mL
volume and adjusted to pH 1 with concentrated HCI. The remains of substrate
were extracted by five consecutive changes of 25 mL of ethyl acetate, and then
aqueous fraction was purified using a reverse phase Cis column, equilibrated
with water. Column was washed with at least 100 ml of water and then eluted
with linear gradient of 0—60 % methanol solution at a flow rate of 2 mL/min.
Aqgueous fractions were combined and evaporated (40 °C). Brownish crystals
were dissolved in 0.1 % formic acid solution and again loaded onto a reverse
phase Cig column, previously equilibrated with 0.1 % formic acid solution.
Column was washed with at least 30 ml of 0.1 % formic acid solution and then
eluted with 60 % methanol solution. Picolinic acid derivative was eluted with
0.1 % formic acid solution. Fractions containing the product were collected,
combined and evaporated (40 °C). Picolinic acid yield from 145 mg of 3-(2,4-
dihydroxyphenyl) propionic acid fermentation was 34 mg, 24 % of the
theoretical yield. The product had traces of formic acid impurities, which
aided the dissolution of the analyte in D,O for NMR analysis.

2.3.11. Invivo bioconversion of 7-hydroxycoumarin

E. coli BL21 (DE3) cells, containing pHP7 plasmid, were grown in 6 x 200
mL of LB medium at 30 °C and 180 rpm aeration in conical flasks (500 mL
volume) overnight. High density (15-20 OD) bacterial cultures were supplied
with 0.5 mM of IPTG for induction of protein synthesis, and incubated at 20 °C
and 180 rpm. After 48 hours of induction cells were centrifuged (3,220 x g, 20
°C) and resuspended in respective volumes of 50 mM potassium phosphate
buffer (pH 7.2). Then, 7-hydroxycoumarin was added to the final concentration
of 0.3 mM. Bioconversion mixture was incubated at 30 °C with shaking (180
rpm) overnight. Cells were removed by centrifugation for 40 min at 3,220 x g
(20 °C) and the supernatants were used for product purification.

2.3.12. Purification of 7-hydroxycoumarin bioconversion product

Bioconversion product was purified as described in Serra et al. (2019) with
minor changes *’. The biotransformation broth was treated with concentrated
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HCI ag. in order to bring the pH between 4 and 5. The solution was saturated
with NaCl and extracted with CH,Cl, (4 x 100 mL). The combined organic
phases were dried (Na;SQO4) and concentrated under reduced pressure resulting
in 7-hydroxycoumarin residues (MS (ESI+): m/z 161 [M-H]"). Ethyl acetate
(100 mL) was then added to the aqueous solution and the mixture was filtered
on a celite pad. The phases were separated and the aqueous phase was
extracted with further solvent. The combined organic phases were dried
(NazS0.) and concentrated under reduced pressure. The obtained pale-yellow
precipitates consisted of 3-(2,4-dihydroxyphenyl) propionic acid. MS (ESI+):
m/z 181 [M-H]"* *H NMR (DMSO-ds, 400 MHz): & 11.97 (s, 1H), 9.14 (s,
1H), 8.96 (s, 1H), 6.80 (d, J = 8.2 Hz, 1H), 6.26 (d, J = 2.4 Hz, 1H), 6.11 (dd,
J=8.1, 2.4 Hz, 1H), 2.63 (dd, J = 8.6, 6.9 Hz, 2H), 2.40 (dd, J = 8.5, 6.9 Hz,
2H); C NMR (DMSO-ds, 100 MHz): § 174.73, 157.00, 156.23, 130.41,
117.79, 106.33, 102.84, 34.63, 25.37. Given NMR spectra complies with
known spectra of 3-(2,4-dihydroxyphenyl) propionic acid standard (*H NMR
(DMSO-ds, 400 MHz): 6 11.98 (s, 1H), 9.14 (s, 1H), 8.96 (s, 1H), 6.80 (d, J =
8.1 Hz, 1H), 6.26 (d, J = 2.4 Hz, 1H), 6.11 (dd, J = 8.1, 2.4 Hz, 1H), 2.63 (dd,
J=8.5,6.9 Hz, 2H), 2.40 (dd, J = 8.5, 6.9 Hz, 2H); **C NMR (DMSO-ds, 100
MHz): & 174.73, 157.00, 156.23, 130.41, 117.79, 106.33, 102.83, 34.63,
25.36). The yield of 3-(2,4-dihydroxyphenyl) propionic acid from 59 mg of
starting material was 50 mg (75.7 % of the theoretical yield).

2.3.13. Biosynthesis of 3-(2,3-dihydroxyphenyl) propionic acid

E. coli BL21 (DE3) bacteria, containing p5Pmo plasmid, were grown in
200 mL of LB medium at 30 °C and 180 rpm aeration in conical flask (500
mL volume) overnight. High density (15-20 OD) bacterial culture was
centrifuged and resuspended in 200 mL of minimal C-750501 medium, in
which synthesis of proteins was induced with 1 mM of IPTG at 20 °C and 180
rom 18, After 24 h of induction cells were centrifuged (3,220 x g, 20 °C) and
resuspended in 200 mL of potassium phosphate buffer (pH 7.2). 3-(2-
Hydroxyphenyl) propionic acid was added to the final concentration of 2 mM.
Bioconversion mixture was incubated for another 12 hours at 30 °C with
shaking (180 rpm). Cells were removed by centrifugation for 30 min at 3,220
x g (20 °C) and the supernatant were immediately used.

2.4. Molecular biology methods

2.4.1. Purification of genomic DNA

Pseudomonas mandelii 7HK4 bacteria were grown overnight in 20 mL of
LB medium containing 1 % of glycerol. Cells were centrifuged for 10 min at
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3,220 x g (20 °C) and washed with 3 ml of 50 mM citrate buffer (pH 8.2).
Cells were divided into 6 parts, each of them was resuspended in 600 pL of
lysis buffer (50 mM Tris-HCI (pH 8.0), 50 mM EDTA, 3 % SDS, 1 %
mercaptoethanol, 0.2 M NaCl) ¢, also 15 pL of 20 mg/mL Proteinase K was
added, and incubated for 2 hours at 65 °C. Then lysates were centrifuged for
15 min at 16,100 x g (20 °C) and 300 pL of 7.5 M ammonium acetate (pH
6.0) was added to the supernatant, followed by mixing by inversion several
times and centrifugation for 20 min at 16,100 x g (20 °C). DNA was
precipitated with 2 volumes of ethanol overnight at —20 °C, followed by
centrifugation. DNA precipitates were resuspended and combined in 60 pL of
20 mM Tris-HCI buffer (pH 8.0) and incubated with 10 pg RNase A. Genomic
DNA was purified using Rapid Clean protein removal resin.

2.4.2. Purification of plasmid DNA

Plasmid DNA from E. coli was isolated by standard alkaline lysis *°. E.
coli bacteria were grown overnight in 20 mL of LB medium. Cells were
centrifuged for 10 minutes at 3,220 x g (20 °C) and resuspended in 1 volume
of lysis solution | (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCI (pH 8.0)).
After addition of 2 volumes of freshly made lysis solution 11 (0.2 N NaOH, 1
% SDS) samples were gently mixed by inverting and incubated for up to 5
min on ice. Later, 1.5 volume of ice-cold 7.5 M ammonium acetate was added
to the lysate followed by repeated gentle inversion and incubated for up to 3
min on ice. Lysates were centrifuged for 5 min at 16,100 x g (20 °C) and 2
volumes of ice-cold ethanol was added to the supernatants, followed by
thorough mixing. pDNA was precipitated after 2 hours or overnight at —20 °C,
followed by centrifugation (16,100 x g, 20 °C). pDNA precipitates were
resuspended in 35 pL of water.

2.4.3. DNA amplification

Multiplication of genes was conducted by PCR using Phusion High-
Fidelity PCR Master Mix with HF Buffer, following the user manuals
provided by manufacturer of reagents. Amplification conditions:

For hcdA gene: initial denaturation for 1 min at 98 °C, then 40 cycles of
denaturation for 10 s at 98 °C, annealing for 20 s at 69 °C, and extention for
50 s at 72 °C, final extension for 5 min at 72 °C;

For hcdB and hcdC genes: initial denaturation for 1 min at 98 °C, then 40
cycles of denaturation for 10 s at 98 °C, annealing for 15 s at 60 °C, and
extention for 30 s at 72 °C, final extension for 5 min at 72 °C;
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For XenA38, XenA45 and XenA205 genes: initial denaturation for 1 min at
98 °C, then 30 cycles of denaturation for 10 s at 98 °C, annealing for 15 s at
68.5 °C, and extention for 60 s at 72 °C, final extension for 5 min at 72 °C;

For 3kb region of hcdDEFG genes: initial denaturation for 1 min at 98 °C,
then 35 cycles of denaturation for 20 s at 98 °C, annealing and extention for 8
min at 72 °C, final extension for 7 min at 72 °C.

For hcdE gene: initial denaturation for 30 s at 98 °C, then 35 cycles of
denaturation for 10 s at 98 °C, annealing for 10 s at 65 °C, and extention for
45 s at 72 °C, final extension for 3 min at 72 °C

All PCR primers used during this study are listed in Table 3.

Table 3. The list of primers used in this study.

Primers Primer sequence, 5'-3' Features, target Source
gtaattccatatggactacgatgtcat | Ndel restriction site, This
hcdA_F
- cat hcdA gene study
HindlIlI restriction This
hcdA_R1 | aaaccaagcttctggcttagtcectg site, hcdA gene study
Xhol restriction site, .
hedA_R2 aaaattctcgagttactggcttagtcc STOP codon. hedA This
ctg study
gene
catgccatgggtatgcccgceattacc | Ncol restriction site, This
hcdB_F
- gactat hcdB gene study
aacccaagcttcagccgattcgaac Hindlll restriction This
hcdB_ R cc g geegaticg site, STOP codon, stud
g hcdB gene y
gtaattccatatgaagcttatttcgtac | Ndel restriction site, This
hcdC_F
- cg hcdC gene study
aaaattctcgagttaggcttcgtcaat Xhol restriction site, This
hcdC_R gagtiaggeticy STOP codon, hcdC
aacgc study
gene
Wool | agagtttgatcmtggctc 16S rRNR gene 120
Wo02 | gntaccttgttacgactt 16S rRNR gene 120
4XenA38 | gtaattccatatgagtctgcetgettga | Ndel restriction site, This
Nde F | acc XenA38 gene study
Xhol restriction site, .
4XenA38 | aaattctcgagtcaatcacgcaaatc STOP codon. XenA38 This
tXho R | cgactc study
gene
4XenA45 | gtaattccatatggagcgtcccatge | Ndel restriction site, This
Nde_F | ccgt XenA45 gene study
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Xhol restriction site,

4XenA45 | aaattctcgagttaaaccagggtcat STOP codon, XenAd5 This
tXho_R | caacgcct study
gene
4XenA20 | gtaattccatatggagttaccgatgg | Ndel restriction site, This
5Nde_F | ccgc XenA205 gene study
4XenA20 | aaattctcgagttacaactcagcagc Xhol restriction site, This
5tXho_R | caacc STOP codon, stud
- g XenA205 gene y
4hpd- | gtaattccatatgatgtcgettgtgat | Ndel restriction site, This
16Nde_F | gott hcdD gene study
4hp7- | gtaattccatatgttggagaacatcat | Ndel restriction site, This
16Nde_F | gac hcdE gene study
Xhol iction si .
4hp7- | aaattctcgagtcaaggacagatga ol restriction site, This
STOP codon, hcdE
16Xho_R | cgtagtt study
gene
Xhol iction si .
4hpl10- | aaattctcgagttaagccaagcgcect ol restriction site, This
STOP codon, hcdG
16Xho_R | gattt study
gene
4XenA38 taaacatagcancatcasac XenA38 gene, primer This
gPCR_F ggeagey for qPCR study
4XenA38 Hia0cCOaa0caacaaa XenA38 gene, primer This
gPCR_R gittageegaageg g for qPCR study
4XenA45 CCCANCAANAtAteCaTaac XenAd45 gene, primer This
gPCR_F geaag 99 for qPCR study
4XenA45 ctacettcccanaaganct XenAd45 gene, primer This
gPCR_R g gaagaacty for qPCR study
45X(I3’r23AF\€20 aagcagatcagcgatttcgt XenA205 gene, This
q E geagatcagegatticy primer for gPCR study
45X(I3’r23AF\€20 cgaggaactggttaatga XenA205 gene, This
q R ggcgaggaactggtiaaly primer for gPCR study
4hcdAgP hcdA gene, primer for | This
CR F ggttttatcggtcgattcca GPCR study
4hcdAgP hcdA gene, primer for | This
CR R ctccatcttcaagcccagtce GPCR study
4hcdBgP saqtcatecancaagteca hcdB gene, primer for | This
CR_F g gegagteea gPCR study
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4hcdBgP ateaactatitttcatoace hcdB gene, primer for | This

CR R gocty g gPCR study
4hcdCgP hcdC gene, primer for | This

CR F cgtcgttgaagcaggtgtaa gPCR study
4hcdCqgP aoaccicanatatcaganca hcdC gene, primer for | This

CR R 99 99 gad gPCR study
4hcdRgP aaqtcacatiaaccaadat hcdR gene, primer for | This

CR_F gaagtegedty g gPCR study
4hcdRgP hcdR gene, primer for |  This

CR R caaccctgaaccctttgttg gPCR study
4hpl- . .
Hp4 gene, primer for This

16qFI’:CR_ atgccaaggattcaggacag 4PCR study
4hpl- . .
Hp4 gene, primer for This

16qPRCR_ ttgacgtcctcgggataaac GPCR study
4hp4- . :
hcdD gene, primer This

16q||3:CR_ actggacgtcgaggaagtgt for qPCR study
4hp4- . :
hcdD gene, primer This

16qFI;CR_ gcccctaaccctctcagttc for qPCR study
4hp7- . .
hcdE gene, primer for | This

16q||3:CR_ tctgggtaccgcectacaaag gPCR study
4hp7- . .
hcdE gene, primer for | This

16qI;CR_ gccaggtctttcaccttctg GPCR study

2.4.4. DNA digestion and ligation

DNA was digested with an appropriate DNA restriction endonuclease
according to the recommendations of manufacturer. All ligations were
performed using the T4 DNA ligase overnight at 8 °C. The ligase was
inactivated by heating the ligation mixture for 10 min at 65 °C.

2.4.5. Preparation of electrocompetent cells and electroporation

E. coli competent cells were prepared by the method described by Sharma
and Schimke 2, Briefly, DNA was mixed with 100 pL of ice-cold competent
cells. Later, transferred to the electroporation cuvette (capacity of 100 pL) and
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subjected to 20 kV/cm electric pulse using the Eppendorf electroporator. Cells
were immediately diluted with 1 mL of LB medium and incubated for 30-60
min at 37 °C with shaking. After the recovery, cells were spread on the plates
containing an appropriate antibiotic or substrate.

2.4.6. DNA electrophoresis in agarose gel

Horizontal DNA electrophoresis was performed using 0.8-1.2 % agarose
gels in TAE buffer as described by Sambrook et al 1%, Gels were stained with
ethidium bromide and analysed under UV using Transilluminator UVT-
28ME, Herolab.

2.4.7. Purification of total RNA

Pseudomonas mandelii 7HK4 was cultivated overnight in mineral medium
containing 0.05 % of glucose as the sole carbon source. Then cells were
sedimented by centrifugation (3,220 x g, 10 min, 20 °C) and resuspended in
50 mM potassium phosphate buffer, pH 7.2. Pseudomonas mandelii 7THK4
cells were supplemented with 1 mM of various coumarin derivatives and
incubated for additional 3 h at 30 °C with shaking. Total RNA was isolated
using a RiboPure™ Bacteria RNA Purification Kit according to the
recommendations of manufacturer.

2.4.8. Quantitative RT-PCR

cDNA synthesis was performed using a High-Capacity cDNA Reverse
Transcription Kit from 340 ng input of total RNA per sample. Quantitative-
PCR (qPCR) amplification was performed using a Fast SYBR™ Green Master
Mix according to the recommendations of manufacturer on 7500 Fast
RealTime PCR system (Thermo Fisher Scientific). g°PCR was conducted in 20
pL of reaction mixture containing 10 pL of Fast SYBR™ Green Master Mix,
500 nM of each primer (see Table 3), and 2 pL of the cDNA sample. For
quantitative analysis, fluorescence data were recorded after the annealing step.
All experiments were carried out in triplicate. To verify the absence of DNA
in the total RNA samples, the gPCR was performed directly for RNA samples.
The threshold cycle (CT) (threshold value, 5 % of amplification curve plateau)
values were obtained using 7500 Fast RealTime PCR Software v2.0 (Thermo
Fisher Scientific).
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2.5. Analytical methods

2.5.1. High-performance liquid chromatography and mass spectrometry

For the HPLC-MS analysis, most of the analytes were dissolved in
acetonitrile, otherwise the aqueous samples were mixed with an equal part of
acetonitrile and centrifuged before the analysis. High-performance liquid
chromatography and mass spectrometry (HPLC-MS) was carried out using the
system, consisting of the CBM-20 control unit, two LC-2020AD pumps, SIL-
30AC auto sampler and CTO-20AC column thermostat, using the SPD-M20A
detector and LCMS-2020 mass spectrometer with ESI source (Shimadzu,
Japan).

Chromatographic fractionation was conducted using YMC-Pack Pro Cis
column, 1503 mm (YMC, Japan) at 40 °C, with 0.1 % formic acid solution
in water and acetonitrile gradient from 5 % to 95 % for acidic compounds and
with water and acetonitrile gradient from 5 % to 95 % for lactones.

Mass spectra were recorded from m/z 10 up to 500 m/z at 350 °C and £
4500 V using N2. Mass spectrometry analysis was carried out using both the
positive and negative ionization modes. The data were analysed using
LabSolutions LC/MS software (Shimadzu, Japan).

2.5.2. Nuclear magnetic resonance spectroscopy

!H NMR and *C NMR spectra were recorded in DMSO-ds on Avance Il
400 NMR spectrometer, at 400 MHz for H and 100 MHz for **C, chemical
shifts are reported in ppm relative to solvent resonance signal as an internal
standard (*H NMR: & (DMSO-ds) = 2.50 ppm; *C NMR: & (DMSO-dg) =
39.52 ppm).

2.5.3. Protein MS-MS analysis

Peptides were subjected to de novo sequencing based on matrix-assisted
laser desorption ionization time of flight (MALDI-TOF/TOF) mass
spectrometry (MS) and subsequent computational analysis at the Proteomics
Centre of the Institute of Biochemistry, Life Sciences Center, Vilnius
University (Vilnius, Lithuania). The sample was purified as described
previously. 0.5 pl of tryptic digests were transferred on 384-well MALDI plate
with 0.5 pl 4 mg/ml a-cyano-4-hydroxycinnamic acid (CHCA) matrix in 50
% acetonitrile with 0.1 % trifluoroacetic acid and analysed with an Applied
Biosystems/MDS SCIEX 4800 MALDI TOF/TOF™ mass spectrometer.
Spectra were acquired in the positive reflector mode between 800 and 4000
m/z with fixed laser intensity at 3700 (Laser shots: 400; Mass accuracy: £50
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ppm). The most intense peaks of each survey scan (MS) were fragmented for
sequence analysis (Collision energy: 1 keV; CID: no CID or medium air
pressure CID used; Laser intensity: 4200-4400; Laser shots: 500-1000;
Fragment mass accuracy: +0.1 Da). Sequence analysis and peak lists were
generated using GPS Explorer™ De Novo Explorer.

2.5.4. Whole-genome sequencing

The sequencing and subsequent assembly of the Pseudomonas mandelii
7HK4 genome was performed by BaseClear (Leiden, The Netherlands). The
quality-filtered Illumina FASTQ sequence reads were assembled into a
number of contig sequences. The analysis was performed using ABYSS
version 1.5.1. The contigs were linked and placed into scaffolds based on the
alignment, which was performed with BLASR.

2.5.5. Nucleotide sequence determination

Plasmid DNA was purified using the ZYMO Plasmid PREP Kit.
Concentration of DNA was determined by electrophoresis in agarose gel using
the Mass Ruler DNA Ladder (High Range). The nucleotide sequences were
determined at the Macrogen (South Korea).

2.6. Analysis of DNA and protein sequences

DNA and protein sequences were analysed using VectorNTI Advance 11.0
122 and MEGA 5.0 12124 respectively. The search of homologues was
conducted against NCBI database using BLAST 1%, Phylogenetic trees were
constructed by MEGA version 5.0 application tool 123124 using the Neighbour-
joining method (N-J) % in accordance with the Maximum Composite
Likelihood model for nucleotides or Poisson model for amino acids 7.

2.7. GenBank accession numbers

The accession number for partial 16S ribosomal RNA nucleotide sequence
of Pseudomonas mandelii 7THK4 is MH346031. Accession numbers for the
sequences of hcdA, hcdB and hcdC genes are MH346032, MH346033,
MH346034, respectively. Accession numbers for the sequences of hcdE,
xenA38 and xenA45 genes are MW310254, MW310255, MW310256,
respectively. The whole fragment of Pseudomonas mandelii 7HK4 genome
containing hcd genes could be found by the accession number MW310253.
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3. RESULTS

3.1. Screening and identification of 7-hydroxycoumarin-
degrading microorganisms

By the means of enrichment culture using various coumarin derivatives, an
aerobic strain 7HK4 degrading 7-hydroxycoumarin was isolated from the
garden soil in Lithuania in previous study >*. This bacterium was tested for its
ability to grow on several coumarin derivatives, such as coumarin, 3-
hydroxycoumarin, 4-hydroxycoumarin, 6-hydroxycoumarin, 6-
methylcoumarin, 6,7-dihydroxycoumarin, and 7-methylcoumarin, as the sole
carbon and energy source in a minimal salt medium. However, of all the
aforementioned compounds, the strain 7HK4 was able to utilize 7-
hydroxycoumarin only. The strain utilized glucose, which was used as a
control substrate in whole-cell reactions.

The API 50 CH test was used to study the growth of 7HK4 strain on
different carbohydrates. When a carbon source is metabolized, the medium
would acidify, however biochemical analysis of this strain showed that acid is
not produced from glycerol, erythritol, D-arabinose, L-arabinose, ribose, D-
xylose, L-xylose, adonitol, methyl-xyloside, mannitol, galactose, D-glucose,
D-fructose, D-mannose, L-sorbose, dulcitol, rhamnose, inositol, sorbitol, o-
methyl-D-mannoside, a-methyl-D-glucoside, N-acetyl-glucosamine,
amygdalin, arbutin, esculin, salicin, cellobiose, maltose, lactose, melibiose,
saccharose, trehalose, inulin, melezitose, D-raffinose, amidon, glycogen,
xylitol, gentiobiose, D-turanose, D-lyxose, D-tagatose, D-fucose, L-fucose, L-
arabitol, D-arabitol, gluconate, 2-keto-gluconate, 5-keto-gluconate. Also,
activities for esterase lipase (C8), B-galactosidase, B-glucosidase, esterase
(C4), a-galactosidase, lipase (C4), cystine arylamidase, a-chymotrypsin, -
glucuronidase, o-mannosidase, a-fucosidase, alkaline phosphatase,
leucinearylamidase, valnearylamidase, trypsin, acid phosphatase, o-
glucosidase, N-acetyl-B-glucosaminidase were absent. However, activity for
naphthol-AS-BI-phosphohydrolase was present.

The nucleotide sequence of 16S rRNA gene was determined by sequencing
of the cloned DNA fragment, which was obtained by PCR amplification. The
strain 7HK4 showed the highest 16S rDNA sequence similarity to that form
Pseudomonas genus and was similar to 16S rDNA from Pseudomonas
mandelii species (identity of 99 %) according to the phylogenetic analysis
(Fig. 16).
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Figure 16. Phylogenetic tree of Pseudomonas mandelii 7HK4 bacteria
based on partial 16S rDNA sequences. The numbers on the nodes
indicate how often (no. of times, %) the species to the right grouped
together in 1000 bootstrap samples. Bars represent the number of base
substitutions per site. Accession numbers are given in parentheses.

3.2. Bioconversion experiments by using whole cells of
Pseudomonas mandelii 7HK4

Time-course experiments using whole cells of Pseudomonas mandelii
7THK4 pre-grown in the presence of 7-hydroxycoumarin showed that the cells
converted coumarin, 6-hydroxycoumarin and 6,7-dihydroxycoumarin in
addition to 7-hydroxycoumarin, according to the changes in the UV-VIS
spectra (Fig. 17, A-D). UV absorption maxima were dropping down over
time, although the biotransformation rates of 6-hydroxycoumarin, 6,7-
dihydroxycoumarin and coumarin were approximately 5-fold to 10-fold
lower, respectively. After the completion of bioconversions, there were no
visible spectra observed for the residual aromatic compound in the reaction
mixtures with 7-hydroxycoumarin, except for the reactions with 6-
hydroxycoumarin, 6,7-dihydroxycoumarin and coumarin, which had non-
disappearing UV absorption maxima at 260-270 nm wavelengths. These
spectra are similar to that of 3-phenylpropionic acid (data not shown),
suggesting that 7-hydroxycoumarin-induced 7HK4 strain can only catalyze
the hydrolysis and reduction of lactone moiety of coumarin, 6-
hydroxycoumarin, and  6,7-dihydroxycoumarin ~ producing  3-(2-
hydroxyphenyl) propionic, 3-(2,5-dihydroxyphenyl) propionic, and 3-(2,4,5-
trihydroxyphenyl) propionic acids, respectively, comparable to similar
biotransformations in other microorganisms %-11:1416,
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Figure 17. Biotransformation of 7-hydroxycoumarin (A, E), 6-
hydroxy-coumarin (B, F), coumarin (C, G) and 6,7-
dihydroxycoumarin (D, H) by whole cells of Pseudomonas mandelii
7THKA4. Cells were pre-grown with 7-hydroxycoumarin (A-D) and
glucose (E—H). Biotransformations were carried out with bacterial
culture (ODeoo ~2) in 50 mM potassium phosphate buffer (pH 7.2) at
30 °C with 0.5 mM of substrate. Incubation time is shown in min. 24
h — incubation for 24 hours.

In addition, uninduced Pseudomonas mandelii 7HK4 cells grown in the
presence of glucose showed delayed and slower conversion of 7-
hydroxycoumarin (Fig. 17, E). The bioconversion process only started 0.5 h
after the addition of substrate, suggesting that 7-hydroxycoumarin induced its
own metabolism. In addition, uninduced cells did not catalyze any conversion
or showed delayed and much slower biotransformations for coumarin, 6,7-
dihydroxycoumarin and 6-hydroxycoumarin, respectively (Fig. 17, F-H).
This demonstrates that in Pseudomonas mandelii 7HK4 bacteria, the
metabolism of 7- hydroxycoumarin is an inducible process.

It has been shown previously that 3-(2-hydroxyphenyl)-2-propenoic and 3-
(2-hydroxyphenyl) propionic acids are the intermediates in a known coumarin
metabolic pathway in several microorganisms %1416 By analogy, it was
suggested that 3-(2,4-dihydroxyphenyl) propionic acid may be an intermediate
metabolite in 7-hydroxycoumarin catabolism. The cells of 7HK4 strain pre-
cultivated in the presence of 7-hydroxycoumarin catalysed no conversion of
3-(2-hydroxyphenyl)-2-propenoic or 3-(2-hydroxyphenyl) propionic acid,
however 3-(2,4-dihydroxyphenyl) propionic acid was straightforwardly
consumed. The HPLC-MS analysis of the bioconversion mixtures showed that
Pseudomonas mandelii 7HK4 cells cultivated in the presence of 7-
hydroxycoumarin produce 3-(2,4-dihydroxyphenyl) propionic acid as an
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intermediate metabolite (Fig. 18). In 7HK4 bacteria grown on glucose, the
aforementioned compound was not observed suggesting that 3-(2,4-
dihydroxyphenyl) propionic acid is an intermediate metabolite during 7-
hydroxycoumarin degradation.
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Figure 18. Pseudomonas mandelii 7HK4 bacteria were grown in the
presence of 7-hydroxycoumarin, and produced metabolites were
analysed by HPLC-MS. UV 254 nm trace of metabolites (a). UV and
MS spectra of peaks with retention times 5.082 min (b and d) and 5.759
min (c and e). The negative ions [M-H]™ generated are at m/z 181 (3-
(2,4-dihydroxyphenyl) propionic acid) and 161 (7-hydroxycoumarin).
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3.3. Screening for XenA reductase homologues in the
genome of Pseudomonas mandelli 7THK4

Reduction of activated coumarin C=C-bond could be catalysed by ERs 2.
It was reported that as a member of OYE family Xenobiotic Reductase A
(XenA) from Pseudomonas putida 86 has the ability to reduce the C-3/C-4
double bond of 8-hydroxycoumarin forming from a cleavage of the N-
heterocyclic ring of quinoline 1?8, Therefore, to find out whether Pseudomonas
mandelii 7HK4 cells utilized the ERs for the catabolism of 7-
hydroxycoumarin, we used the amino acid sequence of the known XenA
protein to search for the homologues encoded in the partially sequenced
genome of Pseudomonas mandelii 7HK4 12, In this way, three genes denoted
as xenA38, xenA45 and xenA205 encoding putative reductases with close
similarity to the known XenA proteins were discovered. The products of the
xenA38, xenA45 and xenA205 genes belonged to the mycofactocin system
FadH/OYE oxidoreductase family. The first two proteins had the most
resemblance to a putative NADH oxidoreductase from Pseudomonas
fluorescens SBW25 and 2,4-dienoyl-CoA reductase from Pseudomonas
fluorescens F113, respectively (Fig. 19, aand b). XenA205 protein was similar
to 2,4-dienoyl-CoA reductase from Pseudomonas sp. 0k602 (Fig. 19, c). All
three genes were scattered throughout the genome of Pseudomonas mandelli
7HK4 and were unlikely belonging to any putative gene clusters.
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XenA38 [Pseudomonas mandelii THK4]

Putative NADH oxidoreductase [Psewdomonas fiuorecens SBW25] (C3KDR8)

Putative xenobiotic reductase A [Pseudomonas fluorecens ATCC BAA-477] (Q4KHN1)
Oxidoreductase [Pseudomonas agarici] (AOAOX1SXB6)

NADH flavin oxidoreductase [Pseudomonas fluorecens F113] (G8QB45)

2,4-dienoyl-CoA reductase [Pseudomonas sp. ok602] (ADATI4Q0Q1)

NADPH dehydrogenase [Psevdomonas sp. M47T1] (4N8H3)

2 \; Putative xenobiotic reductase [Pseudomonas syringae ATCC BAA-871/DC3000] (Q886T7)
Thermostable OYE [Thermoanaerobacter pseudethanolicus E39] (3KRZ)”
Chromate reductase [Thermus scoteductus Sa-01] (3HF3)*

Xencbictic reductase A [Pseudomonas putfida] (3N14)*

01
b 74~ XenAd5 [Pseudomonas mandelii THK4]
80 2.4-dienoyl-CoA reductase [Pseudomonas fluorescens F113] (GBQBS7)
n 2 4-dienoyl-CoA reductase [Pseudomonas sp. 0k602] (ACA1I4PTED)

Putative oxidoreductase [Pseudomonas fluorescens SBW25] (C3K1X2)

100
% 2,4-dienoyl-CoA reductase [Pseudomonas guineae] (AOA1I3PGGE8)
H? N-ethylmaleimide reductase [Pseudomonas afcaligenes ATCC 14809] (U2ZIL0)

53 1,2-oxophytodiencate reductase [Pseudomonas syringae] (AOA0BSVQU9)
68 FAD/FMN-dependant oxidoreductase [Pseudomonas fluarescens ATCC BAA-477] (Q4KIBO)

FMN-binding oxidoreductase [Shewanella oneidensis MR-1] (4B5N)*
4‘—:Xenobiutic reductase B [Pseudomonas putida KT2440] (4AB4)*
100 NADH:flavin oxidaredu DH oxidase [Chroo o ] (6532

XenA205 [Pseudomonas mandelii THK4]
2 4-dienoyl-CoA reductase [Pseudomonas sp. ok602] (AOA1I4RYP7)
2 4-dienoyl-CoA reductase [Pseudomonas fluorescens ATCC BAA4TT] (Q4KSL4)
NADPH-dependant 2 4-dienoyl-CoA reductase [Pseudomonas agaricil (AOAOX1T684)
Putative 2 4-dienoyl-CoA reductase [Pseudomonas fluorescens SBW25] (C3JYI16)
2.4-dienoyl-CoA reductase [Pseudomonas taeariensis M3-3] (AOADATYMU1)
2,4-dienoyl-CoA reduclase [Pseudomonas sp. 5] (AOAOFOE9ET)
100 2,4-dienoyl-CoA reductase FadH [Pssudomonas putida CSV86] (L1LX06)
\— 2 4-dienayl-CoA reductase [Escherichia cofi] (1PS9)*

Putative NADH-dependant flavin oxireductase [Cupriavidus metaliidurans] (50CS)*

Trimethylamine dehydrogenase [Methylophilus methylotrophus W3A1] (1DJQ)*
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Figure 19. Phylogenetic trees of XenA38 (a), XenA45 (b) and
XenA205 (c) proteins. Neighbour joining analyses were performed on
the closest homologues with or without known structures and/or
function. The numbers on the nodes indicate how often (no. of times,
%) the species to the right grouped together in 1000 bootstrap samples.
Bars represent the number of amino acid substitutions per site.
UniProt/PDB accession numbers are given in parentheses. Proteins
with known structure and/or function are marked with an asterix (*).

3.3.1. Characterization of putative xenobiotic reductases

E. coli BL21 cells transformed with the pET21b plasmid harbouring
xenA38, xenA45 or xenA205 gene were used for the assay of the activity of the
appropriate enzyme by time course experiments. E. coli BL21 containing
xenA38 gene showed bioconversion of coumarin, 6-hydroxycoumarin, 6-
methylcoumarin,  7-hydroxycoumarin,  7-methylcoumarin and 6,7-
dihydroxycoumarin according to the changes in the UV-VIS spectra (Fig. 20,
a—f). Whole cells of E. coli BL21 containing XenA45 reductase showed
similar activities against these substrates except for the reaction with 6,7-
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dihydroxycoumarin of which UV-VIS spectra did not change over time (Fig.
20, g-1). No activities were observed with o-coumaric acid and 2,4-
dihydroxycinnamic acid. The E. coli cells with xenA205 gene or without any
of these genes showed no activity towards those compounds. These findings
revealed that Pseudomonas mandelii 7HK4 encode two putative xenobiotic
reductases, which could utilize a number of differently substituted coumarins.
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Figure 20. Biotransformation of 6-methylcoumarin (a and @), 6-
hydroxycoumarin (b and h), 7-hydroxycoumarin (c and i), 7-
methylcoumarin (d and j), 6,7-dihydroxycoumarin (e and k) and
coumarin (f and 1) by whole cells of E. coli BL21 containing xenA38
(a—f) or xenA45 (g-1) gene. Biotransformation was carried out in 50
mM potassium phosphate buffer pH 7.2 at 30 °C with 0.5 mM of
substrate. Arrows indicate changes of absorbance. Incubation time is
shown in hours. 24 h — incubation for 24 hours.

200 250

For further characterization the C-terminal Hise-tagged XenA38 and
XenAd45 proteins were produced in E. coli BL21, and purified by affinity

chromatography. Both purified enzymes migrated as ~40 kDa bands in SDS-
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PAGE, the solution of XenA45 enzyme was colourless contrary to the
XenA38 protein that had a bright yellow colour inferring that the protein
contained a tightly bound flavin 13 However, all attempts to measure
enzymatic activity under aerobic conditions gave no results.

3.4. Identification of 7-hydroxycoumarin-inducible proteins

To elucidate which enzymes are involved in 7-hydroxycoumarin
metabolism, Pseudomonas mandelii 7HK4 cells were cultivated in a mineral
medium supplemented with 7-hydroxycoumarin (0.3 mM) or glucose (0.3
mM) as the sole carbon and energy source. Several 7-hydroxycoumarin-
inducible proteins of different molecular mass were observed by using SDS-
PAGE analysis of cell-free extracts from Pseudomonas mandelii 7THK4 (Fig.
21, A).
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Figure 21. (A) SDS-PAGE analysis of cell-free extracts of
Pseudomonas sp. 7HK4. Bacteria were cultivated in the presence of
GLC (lane 1) or 7HK (lane 2). M — molecular mass ladder (kDa). The
arrows indicate inducible 23, 32 and 50 kDa proteins. The peptide
sequences determined by MS-MS are given on the right. The sequence
in bold was identified after the peptide sequences obtained by MS-MS
were compared with the partially sequenced genome of Pseudomonas
mandelii 7HK4. (B) Organization of hcd genes in Pseudomonas sp.
7HK4 bacteria. The arrows indicate ORFs encoding HcdA, HedB and
HcdC. The gene for the 7-hydroxycoumarin-inducible protein of 31.2
kDa is marked by an asterix.
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Three bands corresponding to the inducible proteins of 23, 32 and 50 kDa
(Fig. 21, A) were excised from the SDS-PAGE gel and analysed by MS-MS
sequencing. For the identification of corresponding genes of inducible
proteins, the sequences of the identified peptides were searched against the
partial 7HK4 genome sequence. Thus, the genome fragment (Fig. 21, B) was
discovered, encoding a 31.2 kDa protein containing 16 aa-long sequence (Fig.
21, A — bolded sequence) identical to that found in 7-hydroxycoumarin-
inducible ~32 kDa protein.

Adjacent to the 31.2 kDa protein-encoding gene, two open reading frames
(ORFs) were identified. All three genes are arranged on the same DNA strand,
and are separated by short intergenic regions, suggesting that these genes are
organized into an operon (Fig. 21, B). The putative operon was designated
hcdABC (hydroxycoumarin degrading operon), where hcdC encodes the 31.2
kDa protein.

3.5. Quantitative RT-PCR analysis of the Pseudomonas
mandelii 7HK4 transcripts induced by coumarins

To investigate whether the expression of the hcdABC gene cluster and
putative reductase genes were dependent on 7-hydroxycoumarin, quantitative
PCR analysis was performed. Pseudomonas mandelii 7HK4 cells were
induced with various coumarin derivatives and total RNA was isolated as
described in Materials and Methods. Results revealed that the expression of
each of the xenA38 and xenA45 genes were not induced when Pseudomonas
mandelii 7THK4 was cultivated in the presence of either 7-hydroxycoumarin,
or the other coumarin derivatives (Fig. 22, a). Moreover, xenA45 gene was not
expressed under any tested condition, although the expression levels of the
xenA38 gene were significantly higher than its counterpart. Hence, xenA38
MRNA synthesis levels of hydroxycoumarin-induced 7HK4 strain cells were
compared to glucose-grown (non-induced) cells, which showed that the
transcription of xenA38 gene was increased two-fold in the presence of 6-
hydroxycoumarin and three-fold in the presence of 7-hydroxycoumarin.
Expression of xenA38 gene was compared to expression levels of hcdABC
genes. It was found that the levels of mMRNA synthesis of hcdABC genes were
increased 1000-fold in the presence of 7-hydroxycoumarin or 3-(2,4-
dihydroxyphenyl) propionic acid (Fig. 22, b). Therefore, we concluded that
the hcdABC gene cluster was dependent on 7-hydroxycoumarin, however
xenA38 mRNA levels are too low to be induced by coumarin derivatives and
XenA38 could be more as a constitutive enzyme that shares a broad reducing
activity in the Pseudomonas mandelii 7THK4 cells.
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Figure 22. Quantitative RT-PCR analysis of Pseudomonas mandelii
7THK4 transcripts. Strain 7HK4 was cultivated in minimal medium
supplemented with either 1 mM coumarin derivative (induced
conditions) or glucose (non-induced condition) as a single source of
carbon. (a) gPCR analysis of the transcription of xenA38 and xenA45
genes. (b) gPCR analysis of the transcription of hcdABCRDE and hp4
genes. Primers were designed to amplify the regions of corresponding
genes. The data are presented as relative RNA amounts calculated from
the threshold cycles using the threshold cycle of 16S RNA as a
reference. The averages of three independent runs are presented. GLC
— glucose; KUM — coumarin; 6HK — 6-hydroxycoumarin; 7HK — 7-
hydroxycoumarin; 6MK 6-methylcoumarin; 7MK - 7-
methylcoumarin; 67DHK — 6,7-dihydroxycoumarin; DHFP — 3-(2,4-
dihydroxyphenyl) propionic acid. (c) Organization of hcdABCDEFG
genes in Pseudomonas mandelii 7HK4 bacteria. The black arrows
indicate in previous paragraph described ORFs encoding putative
HcdA, HedB, HedC proteins and grey arrows indicate hcdDEFG genes
and ORFs encoding hypothetical proteins (hp).

For further investigation, we conducted a quantitative PCR analysis of
genes that are adjacent to hcdABC gene cluster (Fig. 22, c). The results
revealed that randomly chosen putative hp4, hcdR, hcdD and hcdE genes were
also induced in Pseudomonas mandelii 7HK4 cells (Fig. 22, b). Expression
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levels of hcdR, hp4, hcdD and hcdE genes were increased approximately
1000-fold, and were similar to expression levels of the hcdABC genes under
the same conditions. Each of hcdABCR, hp4, hcdD and hcdE gene was
specifically induced when Pseudomonas mandelii 7HK4 was cultivated in the
presence of either 3-(2,4-dihydroxyphenyl) propionic acid or 7-
hydroxycoumarin. In addition, a 100-fold increase of mMRNA synthesis of
these genes was also observed in Pseudomonas mandelii 7THK4 cells pre-
cultivated with 7-methylcoumarin. No expression of the analysed genes was
observed in Pseudomonas mandelii 7HK4 cells pre-cultivated with coumarin,
6-hydroxycoumarin, 6-methylcoumarin, 6,7-dihydroxycoumarin, o-coumaric
acid, p-coumaric acid, 2,4-dihydroxycinnamic acid, quinoline and
isoquinoline.

3.6. Analysis of the genome locus encoding the 7-
hydroxycoumarin-inducible protein

Analysis of Pseudomonas mandelii 7HK4 genome sequences showed that
the inducible 31.2 kDa protein (HcdC) belongs to the fumarylacetoacetate
(FAA) hydrolase family, which includes such enzymes as 2-keto-4-pentenoate
hydratase, 2-oxohepta-3-ene-1,7-dioic acid hydratase, 2-hydroxy-6-0xo-6-
phenylhexa-2,4-dienoate hydrolase or bifunctional
isomerases/decarboxylases (catechol pathway) (see Figure S2 in the
Supplementary Material). The FAA family proteins are usually involved in
the last stages of bacterial metabolism of aromatic compounds 32134
suggesting that 31.2 kDa protein from Pseudomonas mandelii 7HK4
participates in the final steps of 7-hydroxycoumarin metabolism, after
oxidative cleavage of the aromatic ring.

A BLAST analysis of hcdA and hcdB sequences revealed that these genes
encode the putative FAD-binding hydroxylase and ring-cleavage
dioxygenase, respectively. HcdA protein was not assigned to any family, but
it showed similarity to a putative 2-polyprenyl-6-methoxyphenol hydroxylase
(see Figure S2 in the Supplementary Material). This type of enzymes belongs
to class A of FAD-binding monooxygenases, which are involved in bacterial
degradation of aromatic compounds 8"881%51%_ The product of the hcdB gene
belongs to the cl14632 superfamily that combines a variety of structurally
related metalloproteins, including the type | extradiol dioxygenases (see
Figure S2 in the Supplementary Material). The type | extradiol dioxygenases
catalyze the incorporation of both atoms of molecular oxygen into aromatic
substrates that results in the cleavage of the aromatic rings 371,

61



3.6.1. Production and substrate specificity of HcdA hydroxylase

For further characterization of HcdA hydroxylase, the hcdA gene was
amplified by PCR and cloned into the pET21b expression vector. The
sequence was confirmed by Sanger sequencing. The recombinant C-
terminally Hisg-tagged soluble protein was produced in Escherichia coli
BL21, and purified by affinity chromatography. The purified enzyme migrated
as a ~62 kDa band on SDS-PAGE (Fig. 23, a), and had a bright yellow colour
with absorbance maxima at 380 and 450 nm wavelengths (Fig. 23, b),
suggesting that the protein contains a tightly bound flavin 79130131 The gel-
filtration showed that the purified HcdA protein is a monomer (Fig. 23, c).
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Figure 23. (a) SDS-PAGE of Hisg-tagged HcdA protein purified by
affinity chromatography. Lanes 1-3 — various amounts of eluted
protein. M — molecular mass ladder (kDa). (b) UV/Vis’s spectrum of
HcdA protein purified by affinity chromatography. (c) Analytical gel
filtration chromatography of HcdA protein. The calibration curve used
to estimate the native molecular weight based on the elution position
during analytical gel filtration is indicated. Filled circles — carbonic
anhydrase (MW = 29 kDa), albumin (MW = 66 kDa) and apoferritin
(MW = 443 kDa); filled triangle — native HcdA protein.

The specificity for both flavin and nicotinamide cofactors was investigated
(Fig. 24). The HcdA hydroxylase was able to utilize either NADH or NADPH,
although the oxidation rates of NADPH were almost two-fold lower. The
addition of FAD or FMN to the reaction mixtures showed no significant
changes in NADPH oxidation, however additional FAD and FMN increased
the oxidation rates of NADH by 6 to 12 %, respectively (Fig. 24). The
optimum reaction conditions for the HcdA activity were found to be a low
ionic strength 25 mM tricine buffer, pH 7.8-8.0 and 18-25 °C temperature
(Fig. 25 and 26).
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The NADH oxidation assay was used to determine the kinetic parameters
of HcdA. The Ky value for NADH calculated from the initial velocity analysis
was 50.10 £ 3.50 uM in the presence of 500 uM 3-(2,4-dihydroxyphenyl)
propionic acid (Fig. 27), and the apparent Kwv for 3-(2,4-dihydroxyphenyl)
propionic acid was 13.00 + 1.20 uM in the presence of 300 uM NADH (Figure
28), with ket Of 7.91 + 0.17 s7*. Besides, the initial velocities were measured
for HcdA with an excess of FMN varying both NADH and 3-(2,4-
dihydroxyphenyl) propionic acid concentrations using steady state kinetics
and the NADH oxidation assay. The derived velocities were plotted using the
double reciprocal plots, which indicated the formation of a ternary complex

since lines were not parallel but intersected in the upper left quadrant (Fig. 29)
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Figure 24. Specificity of HcdA protein to flavin and nicotinamide
cofactors. Enzymatic assays were carried out in 50 mM tricine buffer
(pH 7.8) with 40 nM HcdA enzyme and 50 pM of 3-(2,4-
dihydroxyphenyl) propionic acid, in presence of 75 uM NAD(P)H
with/without 30 uM FAD/FMN at 22 °C. Rates of NAD(P)H oxidation
were observed at 340 nm wavelength. Experiment was performed in
triplicate and error bars indicate standard deviation.
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Figure 25. Activity of HcdA protein in different buffer systems.
Enzymatic assays were carried out in 50 mM potassium phosphate (K-
P), Tris-HCI, glycine, tricine or imidazole buffers (pH 8.0) with excess
of HcdA enzyme and 150 pM of 3-(2,4-dihydroxyphenyl) propionic
acid, in presence of 100 uM NADH at 22 °C. Rates of NADH oxidation
were observed at 340 nm wavelength. Experiment was performed in
triplicate and error bars indicate standard deviation.
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Figure 26. Activity of HcdA protein in different pH. Enzymatic assays
were carried out in 50 mM potassium phosphate (K-P) buffer with
excess of HcdA enzyme and 150 uM of 3-(2,4-dihydroxyphenyl)
propionic acid, in presence of 100 uM NADH at 22 °C. Rates of NADH
oxidation were observed at 340 nm wavelength. Experiment was
performed in triplicate and error bars indicate standard deviation.
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Figure 27. Kinetic analysis of HcdA as determined by NADH
oxidation. Initial velocities were measured in the presence of 25 mM
tricine buffer (pH 7.8) with 35.8 nM HcdA enzyme, 500 uM of 3-(2,4-
dihydroxyphenyl) propionic acid, 30 uM FMN and 5-300 uM NADH
at 22 °C. The curve for the NADH oxidation assay was fit to the
standard equation for Michaelis-Menten reactions. Rates of NADH
oxidation were observed at 340 nm wavelength. Experiment was
performed in triplicate and error bars indicate standard deviation.
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Figure 28. Kinetic analysis of HcdA as determined by NADH
oxidation. Initial velocities were measured in the presence of 25 mM
tricine buffer (pH 7.8) with 35.8 nM HcdA enzyme, 300 uM of NADH,
30 uM FMN and 2-500 pM 3-(2,4-dihydroxyphenyl) propionic acid
(DHFP) at 22 °C. The curve for the NADH oxidation assay was fit to
the standard equation for Michaelis-Menten reactions. Rates of NADH
oxidation were observed at 340 nm wavelength. Experiment was
performed in triplicate and error bars indicate standard deviation.



The activity of the HcdA enzyme was assayed in the presence of NADH
cofactor against various substrates. The highest rate of oxidation of NADH
was recorded in the presence of 3-(2,4-dihydroxyphenyl) propionic acid. A
40-fold lower rate was observed when trans-2,4-dihydroxycinnamic acid was
used as the substrate. The HcdA was not active towards trans-cinnamic, Cis-
2,4-dihydroxycinnamic, 3-(2-hydroxyphenyl) propionic, 3-(2-hydroxy-
phenyl)-2-propenoic,  3-(4-hydroxyphenyl)-2-propenoic,  3-(3-hydroxy-
phenyl)-2-propenoic, 3-(2-bromophenyl)  propionic, 3-(2-nitrophenyl)
propionic and 3-phenylpropionic acids, cinnamyl alcohol, pyrocatechol, 3-
methylcatechol, 4-methylcatechol, 2-propylphenol, 2-propenylphenol, 2-
ethylphenol, o-cresol, o-tyrosine, resorcinol, 2,3-dihydroxypyridine, 2-
hydroxy-4-aminopyridine, N-methyl-2-pyridone, N-ethyl-2-pyridone, N-
propyl-2-pyridone, N-butyl-2-pyridone, indoline and indole. These data
demonstrate that the HcdA is a highly specific monooxygenase, which shows
a strong preference to 3-(2,4-dihydroxyphenyl) propionic acid. The addition
of Hise-tag did not affect the enzymatic activity of the HcdA protein.
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Figure 29. Double reciprocal plot of NADH oxidation as a function of
NADH concentration. Ternary complex formation of FMN loaded
HcdA with NADH and 3-(2,4-dihydroxyphenyl) propionic acid. 3-
(2,4-Dihydroxyphenyl) propionic acid concentrations used were 10
MM (filled diamonds), 50 uM (filled circles), and 100 puM (filled
triangles). Rates of NADH oxidation were observed at 340 nm
wavelength. Experiment was performed in triplicate and error bars
indicate standard deviation.

The product of the reaction catalysed by the HcdA hydroxylase was
analysed by UV-VIS absorption spectroscopy and HPLC-MS. A new UV
absorption maximum was observed at 340 and 490 nm upon addition of 3-



(2,4-dihydroxyphenyl) propionic acid to the reaction mixture. The consequent
red colouring was observed, which indicated the presence of para- or ortho-
quinone *°, a presumed product of the autooxidation of the corresponding
hydroquinone. The same coloration was also observed in vivo when
Pseudomonas mandelii 7HK4 cells were grown in an excess of 7-
hydroxycoumarin and when Escherichia coli BL21 cells harbouring the
p4pmPmo plasmid were cultured in the presence of 3-(2,4-dihydroxyphenyl)
propionic acid. HPLC-MS analysis of the reaction mixtures of both in vitro
and in vivo bioconversions confirmed the formation of 3-(trihydroxyphenyl)
propionic acid and quinone, found [M-H] masses were 197 (traces seen only
in vivo) and 195, respectively (Fig. 30).
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Figure 30. HPLC-MS analysis of 3-(2,4-dihydroxyphenyl) propionic
acid bioconversion mixture in vitro. UV 254 nm trace of 3-(2,4-
dihydroxyphenyl) propionic acid and its hydroxylated product under
the same peak with retention time 5.472 min (on the left), and MS
spectrum of the dominant peak (on the right). The negative ions [M-
H] generated are at m/z 181 (3-(2,4-dihydroxyphenyl) propionic
acid), 195 (product of 3-(trihnydroxyphenyl) propionic acid
autooxidation).

However, the structure of the product was not confirmed at this stage by
chemical analysis since it was not possible to chromatographically separate
the product from the reaction mixture. The substrate and product have similar
structures and chemical properties; therefore, both were detected under the
same HPLC-MS chromatogram peak with retention time of ~5.5 min.
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3.6.2. Synthesis and substrate specificity of HcdB dioxygenase

HcdB dioxygenase was synthesized from the plasmid pET28b having hcdB
gene in E. coli BL21. All attempts to purify HcdB aerobically resulted in the
loss of the enzymatic activity, even in the presence of organic stabilizers, such
as glycerol, ethanol, and acetone, that were known as stabilizers for similar
enzymes “143 The addition of dithiothreitol and ferrous sulphate to the
aerobically purified protein did not restore its activity, although it had been
shown to activate and/or stabilize other extradiol dioxygenases 4+-14,

Therefore, due to the highly unstable nature of the HcdB enzyme, all the
activity measurements were carried out in vivo using the whole cells of E. coli
BL21 transformed with the pTHPPDO plasmid. The bioconversion of
pyrocatechol, 3-methylcatechol, 3-methoxycatechol, 4-methylcatechol, 3-
(2,3-dihydroxyphenyl) propionic and caffeic acids in each case produced
yellow products with the absorbance maxima expected for the proximal meta-
cleavage products of these catechols (Fig. 31, solid ling) 56:146:147,

1,6
14

o

Absorbance

Wavelength, nm

Absorbance

220 320 420 220 320 420
Wavelength, nm Wavelength, nm

Figure 31. Biotransformations of pyrocatechol (A), 3-methylcatechol
(B), 3-methoxycatechol (C), 4-methylcatechol (D) and caffeic acid (E)
by whole cells of E. coli BL21 containing hcdB gene.
Biotransformations were carried out in 50 mM potassium phosphate
buffer pH 7.5 (solid line) at 30 °C with 0.5-1 mM of substrate.
Incubation time is shown in min. Dashed lines indicate peak shifts to a
shorter wavelength after acidification of reaction mixtures.

No changes in colour took place, but the absorbance maxima shifts were
observed during reactions with pyrogallol, gallacetophenone, 2',3'-dihydroxy-
4'-methoxyaceto-phenone hydrate, 3,4-dihydroxybenzoic acid, 2,3,4-
trihydroxybenzoic acid and 2,3,4-trihydroxy-benzophenone (Fig. 32). No
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activity was observed with 1,2,4-benzenetriol and 6,7-dihydroxycoumarin.
The E. coli cells without the hcdB gene showed no activity towards the
aforementioned compounds. The expected shift of peaks of the UV-VIS
spectra of the reaction products to a shorter wavelength were observed after
acidification of the reaction mixtures containing pyrocatechol, 3-
methylcatechol, 3-methoxycatechol, 4-methylcatechol and caffeic acid (Fig.
31, dashed line) %148, These findings revealed that hcdB encodes an extradiol
dioxygenase, which can utilize a number of differently substituted catechols.

Furthermore, the HcdB dioxygenase was co-produced with the HcdA
hydroxylase in E. coli BL21 cells. The activity of those cells towards 3-(2,4-
dihydroxyphenyl) propionic acid was analysed. No coloration occurred during
the incubation of over 72 h, compared to the formation of a reddish
bioconversion product by E. coli cells containing the hcdA gene only. Products
of 3-(2,4-dihydroxyphenyl) propionic acid conversion by HcdA and HcdB
were analysed by HPLC-MS. lons with masses 181, 195 and 197 ([M-H] )
were not detected showing a complete conversion of substrate and its
hydroxylated forms. Also, none of the expected ions ((M-H] 229 or [M+H]*
231) were observed for a presumed product of the oxidative cleavage of 3-
(trihydroxyphenyl) propionic acid.
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Figure 32. Biotransformations of 3,4-dihydroxybenzoic acid (A), 2',3'-
dihydroxy-4'-methoxyaceto-phenone hydrate (B), gallacetophenone
(C), pyrogallol (D), 2,3,4-trihydroxybenzoic acid (E) and 2,3,4-
trihydroxy-benzophenone (F) by whole cells of E. coli BL21
containing hcdB gene. Biotransformations were carried out in 50 mM
potassium phosphate buffer pH 7.5 at 30 °C with 0.5-1 mM of
substrate. Incubation time is shown in hours.
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3.6.3. Isolation and identification of 3-(2,4-dihydroxyphenyl) propionic acid
bioconversion product

Due to difficulties in detecting colourless meta-cleavage product of
catechol derivative, and since no reasonable mass spectra could be registered,
we decided to transform a cleavage product into the derivative of picolinic
acid by incubation with NH4Cl as described in Materials and Methods. The
formation of a picolinic acid derivative was proven by HPLC-MS analysis,
which showed the formation of [M-H] ion 210 mass (Fig. 33), corresponding

to the addition of NHs to the meta-cleavage product and the loss of two H,O
molecules 14°.
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Figure 33. HPLC-MS analysis of 3-(2,4-dihydroxyphenyl) propionic
acid bioconversion mixture in vivo. UV 254 nm trace of picolinic acid
derivative with retention time of 4.500 min, UV spectrum and MS

spectrum of the dominant peak. The negative ion [M-H] generated
are at m/z 210.

The TH NMR spectrum of this derivative [§ 7.73 (s, 1H), 6.89 (s, 1H), 2.65
(t, J=7.4Hz, 2H), 2.38 (t, J = 7.4 Hz, 2H)] showed a set of two aryl protons
that, from the coupling pattern (singlet + singlet), were in meta- or para-
positions to each other on the aromatic ring **° (Fig. 34). The appearance in
the spectrum of two triplets with chemical shifts of 2.38 and 2.65 ppm
indicated the presence of four methylene protons 0.
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Figure 34. 'H NMR spectrum (400 MHz, Deuterium Oxide) of 6-(2-
carboxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid.
Identification of aryl (A) and methylene (B) protons. 9 — trace
impurities of formic acid; 10 — solvent residual peak.

The *C NMR spectrum [8 181.51, 179.99, 171.01, 143.14, 136.74, 130.11,
115.22, 35.50, 24.00] showed two sp® carbons with chemical shifts of 24.00
and 35.50 ppm, and three sp? carbons of carbonyl groups with chemical shifts
of 171.01, 179.99 and 181.51 ppm, respectively (Fig. 35). The carbonyl
carbon atoms were the most strongly deshielded and their resonances formed
a separate region at the highest frequency. Another four sp? carbon signals
were in the aromatic carbon region %%, The presence of the third carbonyl
group indicated the formation of oxo-pyridine, for which six possible
theoretical structures of oxo-picolinic acid derivative were presumed (Fig. 36).

Since the *H NMR spectrum showed a set of two singlet aryl protons in
meta- or para-positions to each other, only structures 7 and 9 (Fig. 36) were
further analysed. Besides, pyridine aromatic carbons are usually differentiated
into two resonances at higher field (C-3/5, meta position) and three at lower
field (C-2/6, ortho position; C-4, para position), where the electron-
withdrawing effect of nitrogen is effective %0151,
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Figure 35. 3C NMR spectrum (101 MHz, Deuterium oxide) of 6-(2-
carboxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid.
Identification of carbonyl (A), aryl (B) and methylene (C) carbons. D
— trace impurities of formic acid.
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Figure 36. Suggested structures of oxo-picolinic acid derivative,
formed during oxidative ring cleavage of 3-(2,4-dihydroxyphenyl)
propionic acid and conversion of the ring fission product. Solid lines
indicate possible positions of hydroxylation by HcdA enzyme; hollow
arrays indicate the probable oxo-picolinic acid derivatives forming
after hydroxylation at each position.

The chemical shift of 115.22 ppm showed that the analysed compound had
relatively strongly shielded unsubstituted aromatic carbon, which should be in
meta-position from nitrogen, in ortho-position from the carbonyl group, and
in meta- or para-position from the carboxyl group (Fig. 37, C5 atom) 1521%,
This led to the conclusion that structure 3 (Fig. 36), 6-(2-carboxyethyl)-4-oxo-
1,4-dihydropyridine-2-carboxylic acid, was formed during incubation of
meta-cleavage product of catechol with NH4Cl, as depicted in Fig. 38.
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Figure 38. The proposed metabolic pathway of 3-(2,4-
dihydroxyphenyl) propionic acid in Pseudomonas mandelii 7HK4
cells. Incubation of the compound 4 with NH4ClI gives picolinic acid
derivative. 1 — 3-(2,4-dihydroxyphenyl) propionic acid; 2 — 3-(1,2-
dihydroxy-4-oxocyclohexa-2,5-dienyl)-propanoic acid; 3 — 3-(2,3,5-
trihydroxyphenyl) propionic acid; 4 — (2E,4E)-2,4-dihydroxy-6-
oxonona-2,4-dienedioic acid; 5 — (E)-2-hydroxy-4-oxopent-2-enoic
acid; 6 — succinic acid; 7 — 6-(2-carboxyethyl)-4-hydroxypicolinic
acid; 8 — 6-(2-carboxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylic
acid; HcdA - 3-(2,4-dihydroxyphenyl) propionic acid 1-
monooxygenase; HcdB — 3-(2,3,5-trihydroxyphenyl) propionic acid
1,2-dioxygenase; HcdC — putative (2E,4E)-2,4-dihydroxy-6-oxonona-
2,4-dienedioic acid hydrolase. The dashed arrow indicates a
hypothetical reaction.
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These data allowed the reconstruction of the consecutive oxidation of 3-
(2,4-dihydroxyphenyl) propionic acid catalysed by the HcdA and HcdB
enzymes. Hence, 3-(2,3,5-trihydroxyphenyl) propionic acid was the product
of oxidation of 3-(2,4-dihydroxyphenyl) propionic acid by the HcdA
hydroxylase. The molecular mass of 198 of 3-(2,3,5-trihydroxyphenyl)
propionic acid and capability to form para-quinone agreed with the UV-VIS
and HPLC-MS data on the bioconversion of 3-(2,4-dihydroxyphenyl)
propionic by the HcdA hydroxylase. The formation of 3-(2,3,5-
trihydroxyphenyl) propionic acid from 3-(2,4-dihydroxyphenyl) propionic
acid was possible only through oxidative ipso-rearrangement, a unigue
reaction where ipso-hydroxylation of the 3-(2,4-dihydroxyphenyl) propionic
acid takes place with a simultaneous shift of the propionic acid group to the
vicinal position (Fig. 38) 810310515 Dyring the second step, 3-(2,3,5-
trihydroxyphenyl) propionic acid was cleaved by HcdB extradiol dioxygenase
at the meta-position leading to the formation of (2E,4E)-2,4-dihydroxy-6-
oxonona-2,4-dienedioic acid. The further imine formation and
tautomerization in the presence of ammonium ions %% led to 6-(2-
carboxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid (Fig. 38).

3.6.4. Production of the HcdC protein

HcdC gene was expressed from the plasmid p2K4PH in E. coli BL21. The
addition of E. coli extracts containing the HcdC protein did not cause
decolorization of the meta-cleavage products of 3-(2,3-dihydroxyphenyl)
propionic acid, pyrocatechol, 3-methylcatechol or 4-methylcatechol formed in
the presence of the HcdB extradiol dioxygenase. Also, the addition of
NAD(P)* to these reaction mixtures did not induce decolorization of the meta-
cleavage products . To confirm the function of HcdC, E. coli BL21 cells
were transformed with plasmids bearing hcdA, hcdB and hcdC genes. The
expression of all three genes in E. coli cells was confirmed by SDS-PAGE,
the enzymes migrated as 62, 31 and 20 kDa bands, respectively (see Figure S3
in the Supplementary Material).

The bioconversion of 3-(2,4-dihydroxyphenyl) propionic acid was
conducted in E. coli cells containing all three recombinant proteins. Later, the
reaction mixture was incubated with NH4CI, and the reaction products were
analysed by HPLC-MS. The ions [M-H] and [M+H]" with masses of 210 and
212, respectively, were not detected, compared to the bioconversion mixture
with E. coli cells containing hcdAB genes only. This showed a complete
conversion of meta-cleavage product of the catechol derivative, therefore no
picolinic acid derivative could be obtained. No reaction products of (2E,4E)-
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2,4-dihydroxy-6-oxonona-2,4-dienedioic acid hydrolysis by the HcdC protein
were identified. We suggest that the later compound was converted to succinic
acid, which entered the Krebs cycle, and (E)-2-hydroxy-4-oxopent-2-enoic
acid, which could be further converted by E. coli cells, thus complicating the
extraction of these reaction products. Nevertheless, it may be concluded that
all three enzymes encoded by the hcdABC operon are responsible for the
catabolism of 3-(2,4-dihydroxyphenyl) propionic acid in Pseudomonas
mandelii 7HK4 bacteria.

3.7. Analysis of the genome locus adjacent to 7-
hydroxycoumarin-inducible hcdABC gene cluster

Further, a genomic region approximately 3 kb upstream of the hcdABC
gene cluster containing hcdD, hedE, hedF and hedG genes was amplified by
PCR and cloned into the pACYCDuet-1 expression vector. The recombinant
HcdD, HcdE, HedF and HedG proteins were produced together in E. coli
BL21 strain, and the expression was confirmed by SDS-PAGE. The whole
cells of E. coli BL21 transformed with the pHP4-10 plasmid were used for the
bioconversion of coumarin, 6-hydroxycoumarin, 6-methylcoumarin, 7-
hydroxycoumarin, 7-methylcoumarin, 7-methoxycoumarin, 4-methyl-7-
hydroxycoumarin and 6,7-dihydroxycoumarin. Time course experiments
revealed the reduction of UV absorption maxima of these substrates over time.
After the completion of bioconversions, there was a non-disappearing UV
absorption maximum at 260—280 nm wavelengths similar to that of 3-(2,4-
dihydroxyphenyl) propionic acid (see Figure S4 in the Supplementary
Material). This suggest that E. coli BL21 cells transformed with the pHP4-10
plasmid can catalyze the reduction and/or hydrolysis of lactone moiety of
coumarin derivatives. When activity rates were compared conversion of the 7-
hydroxycoumarin was the fastest, and conversions of all methyl-, methoxy-
substituted coumarins were the lowest. In addition, no activity was observed
with  3-hydroxycoumarin, 4-hydroxycoumarin, 7-ethoxycoumarin, o-
coumaric acid, 2,4-dihydroxycinnamic acid, 7-hydroxyquinoline-(1H)-2-one,
3,4-dihydroquinoline-(1H)-2-one, 2-hydroxy-quinoline or 3,4-dihydro-7-
hydroxyquinoline-(1H)-2-one, which implied that one or all together studied
hypothetical proteins were specific for coumarin derivatives with
unsubstituted and non-hydrolysed lactone moiety. The E. coli cells without
the hcdD, hcdE, hcdF and hcdG genes showed no activity towards the
aforementioned compounds.

Furthermore, the recombinant HcdD, HcdE, HedF and HedG proteins were
co-produced with the HcdA hydroxylase and HcdB dioxygenase in E. coli
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BL21 cells, which were used for bioconversion of 7-hydroxycoumarin.
Conversion products were analysed by HPLC-MS. lons with [M-H]~ masses
161 (for 7-hydroxycoumarin) and 163 (for 7-hydroxy-3,4-dihydrocoumarin)
were not detected showing a complete conversion of substrate and its reduced
form, respectively. However, ions with [M-H]- mass 181 (for 3-(2,4-
dihydroxyphenyl) propionic acid) and with [M+H]" mass 212 (for 6-(2-
carboxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid) were observable
showing the accumulation of reduced and hydrolysed form of substrate that
was further converted to (2E,4E)-2,4-dihydroxy-6-oxonona-2,4-dienedioic
acid by HcdA and HcdB enzymes. Some part of produced (2E,4E)-2,4-
dihydroxy-6-oxonona-2,4-dienedioic acid reacted with ammonium anions that
were in bioconversion broth resulting in formation of picolinic acid (Fig. 39).
These results were compared to the bioconversion of 7-hydroxycoumarin by
E. coli cells containing hcdD, hedE, hedF and hedG genes only, which showed
the accumulation of only one reaction product with ion [M-H]~ mass 181. This
led to the conclusion that hypothetical HcdD, HedE, HedF and HedG proteins
may be used in the early stages of 7-hydroxycoumarin metabolism by
Pseudomonas mandelii 7HK4 bacteria, producing 3-(2,4-dihydroxyphenyl)
propionic acid which later could be as a substrate for proteins coded by
hcdABC gene cluster.
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Figure 39. (a) Bioconversion of 7-hydroxycoumarin by E. coli BL21
bacteria harbouring pHP4-10 plasmid. Produced metabolites were
analysed by HPLC-MS. UV 280 nm trace, UV and MS spectra of
metabolite with retention time 5.183 min. The negative ion [M-H]
generated are at m/z 181 (3-(2,4-dihydroxyphenyl) propionic acid). (b)
HPLC chromatogram of 7-hydroxycoumarin bioconversion by E. coli
BL21 bacteria harbouring pHP4-10, p4pmPmo and pTHPPDO
plasmids. MS chromatogram (c) and MS spectra of metabolites with
retention times 2.821 min (d) and 5.073 min (e). The negative ion [M-
H] generated are at m/z 181 (3-(2,4-dihydroxyphenyl) propionic acid)
and the positive ion [M+H]" generated are at m/z 212 (6-(2-
carboxyethyl)-4-oxo-1,4-dihydropyridine-2-carboxylic acid).
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A BLAST analysis of hcdE and hcdG sequences revealed that these genes
encode the putative zinc-dependent alcohol dehydrogenase (Fig. 40) and
NAD(P)H-dependent FMN reductase proteins, respectively. However, two
other HedD and HcdF proteins belong to less characterized groups of proteins,
with similarities to Bacillus chorismate mutase-like (BCM-like) or cupin-like
protein families, respectively.

100~ Aleohol dehydrogenase [Trinickia symbiotical (AOA2ZNTWZH8)

Alcohol dehydrogenase [ Trinickia soli] (AOAZN7WEJE)

Zinc-binding dehydrogenase family protein [Sfreptomyces ipomoeae 91-03] (L1KVC3)

Alcohol dehydrogenase [Marinobacterium lutimaris] (AOATHBDSI3)

HedE protein [Pseudomonas mandelii THK4]

Mycothiol-dependant formaldehyde dehydrogenase [Rhodococcus opacus PD830] (AOA3GEMEG4)

Zinc-binding dehydrogenase family protein [Sfreptomyces ipomoeae 91-03] (L1KS96)
100 Zinc-binding dehydrogenase [Streptomyces sp. NEAU-SSA 1] (AOAS05DDK4)

Sorbitol dehydrogenase [Geobacilius stearothermophilus] (Q06004.3)
3 EA\coho\ dehydrogenase [Geobacilius stearothermophilus] (P12311)
10— Alcohol dehydrogenase [Geobacillus stearothermophilus] (1RJWY*

Xenobiotic reductase A (XenA) [Pseudomonas putida 86] (2H8Z)"

0z

Figure 40. Phylogenetic tree of HcdE protein from Pseudomonas
mandelii 7HK4 bacteria. Neighbour joining analyses were performed
on the closest homologues with or without known structures and/or
function. The numbers on the nodes indicate how often (no. of times,
%) the species to the right grouped together in 1000 bootstrap samples.
Bars represent the number of amino acid substitutions per site.
UniProt/PDB accession numbers are given in parentheses. Proteins
with known structure and/or function are marked with an asterix (*).

3.7.1. Isolation and identification of 7-hydroxycoumarin bioconversion
product

Previously was shown that Pseudomonas sp. 30-1 and Aspergillus niger
ATCC 11394 utilize a putative zinc-binding and NADH-dependent
oxidoreductases to reduce coumarin generating dihydrocoumarin 04,
Therefore, we decided further analyse HcdE protein that has the most
resemblance to alcohol dehydrogenases (Fig. 40).

E. coli BL21 cells harbouring the pHP7 plasmid were used for the
conversion of 7-hydroxycoumarin as described in Materials and Methods. The
consumption of substrate was monitored by UV-VIS absorption spectroscopy
and HPLC-MS. The UV absorption maximum changed from 340 nm to 270
nm, also HPLC-MS analysis after conversion showed the accumulation of
reaction products with ion [M-H] masses 163, 181 and some substrate retains
with ion [M-H] mass 161 (Fig. 41). Detected ion [M-H] mases 181 and 161
implied that bioconversion reaction was incomplete due to substrate inhibition
and presumed reaction product 7-hydroxy-3,4-dihydrocoumarin may have
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proceeded through hydrolysis forming 3-(2,4-dihydroxyphenyl) propionic
acid.

Conversion product was purified yielding 3-(2,4-dihydroxyphenyl)
propionic acid only as it was proven by HPLC-MS, *H and **C NMR analysis.
To check weather supposed reaction product 7-hydroxy-3,4-dihydrocoumarin
could have been advanced through hydrolysis during the conversion reaction,
7-hydroxy-3,4-dihydrocoumarin was chemically synthesized as described in
Materials and Methods, and investigated imitating the bioconversion
conditions. Small amounts (2 mM) of either 7-hydroxy-3,4-dihydrocoumarin,
or 3-(2,4-dihydroxyphenyl) propionic acid were dissolved in 50 mM
potassium phosphate buffer (pH 7.2) and incubated for several hours. Later,
these compounds were extracted from aqueous solution with either
dichloromethane, or ethyl acetate, then removing the solvent and dissolving
precipitates in acetonitrile. Analysis of these samples by HPLC-MS showed
that dichloromethane solvent can extract 7-hydroxy-3,4-dihydrocoumarin
only, on the other hand extraction by ethyl acetate works equally for both
analytes. Both ion [M-H] masses 163 and 181 were detected in 7-hydroxy-
3,4-dihydrocoumarin samples after extraction by ethyl acetate from aqueous
solution (Fig. 42).
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Figure 41. Bioconversion of 7-hydroxycoumarin by E. coli BL21
bacteria containing the induced hcdE gene. Produced metabolites were
analysed by HPLC-MS. UV 280 nm trace of metabolites (a). UV and
MS spectra of peaks with retention times 5.545 min (b and d) and 5.651
min (c and €). The negative ions [M-H] generated are at m/z 181 (3-
(2,4-dihydroxyphenyl) propionic acid), 161 (7-hydroxycoumarin) and
163 (7-hydroxy-3,4-dihydrocoumarin).
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Figure 42. HPLC chromatograms of 7-hydroxy-3,4-dihydrocoumarin
(@ and 3-(2,4-dihydroxyphenyl) propionic acid (b) at 280 nm
wavelength. 2 mM of compounds were incubated in 50 mM potassium
phosphate buffer (pH 7.2) for several hours and extracted by ethyl
acetate. Corresponding UV and MS spectra of the main peaks were
presented. The negative ions [M-H] generated are at m/z 181 (3-(2,4-
dihydroxyphenyl) propionic acid) and 163 (7-hydroxy-3,4-
dihydrocoumarin).

Further, the elution time of 7-hydroxy-3,4-dihydrocoumarin sample was
the same as of 3-(2,4-dihydroxyphenyl) propionic acid sample. Longer than
24-hour incubations of 7-hydroxy-3,4-dihydrocoumarin in aqueous buffer

solutions lead to disappearance of ion [M-H] mass 163 in HPLC-MS

analysis. This experiment confirmed that 7-hydroxy-3,4-dihydrocoumarin
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proceeds through hydrolysis during the incubation in aqueous solution and
extraction by organic solvents.

It was concluded that 7-hydroxycoumarin is reduced by HcdE enzyme
resulting in formation of 7-hydroxy-3,4-dihydrocoumarin. However due to
possible strong inhibition of HcdE enzyme by its substrate the conversion rates
are low enough that prolonged conversion time would affect the reaction
product 7-hydroxy-3,4-dihydrocoumarin, which tends to undergo hydrolysis
in agueous solutions.

3.7.2. Characterization of HcdE protein

The hcdE gene was expressed and the recombinant C-terminally Hise-
tagged protein was produced in E. coli BL21 bacteria. Soluble and colourless
HcdE protein was purified by affinity chromatography and analysed by SDS-
PAGE, enzyme migrated as a ~40 kDa band (see Figure S5 in the
Supplementary Material). Enzyme specificity for several cofactors was
investigated. The HcdE enzyme was able to utilize NADPH only. The addition
of FAD or FMN to the reaction mixtures showed no changes in either NADH
or NADPH oxidation. The optimum reaction conditions for the HcdE activity
were found to be a low ionic strength 50 mM phosphate-citrate buffer of pH
7.0 at 22 °C (Fig. 43 and 44).

160

g, UM mirt?!
[e=]
(=]

60 A

pH

Figure 43. Activity of hp7 protein in different pH. Enzymatic assays
were carried out in 50 mM of potassium phosphate (filled triangles),
sodium acetate (filled circles), Tris-HCI (filled diamonds), tricine-
sodium (empty squares), sodium phosphate and sodium citrate (empty
circles) or sodium citrate (empty triangles) buffers with 5 pg of hp7
enzyme and 60 pM of 7-hydroxycoumarin, in presence of 160 pM
NADPH at 22 °C. Rates of bimolecular reaction were observed at 340
nm wavelength.
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Figure 44. Activity of hp7 protein in buffers of different ionic strength.
Enzymatic assays were carried out in 10-150 mM sodium phosphate
(Na-P)/sodium citrate (Na-Citr) buffers (pH 7.0) with 5 ug of hp7
enzyme and 60 puM of 7-hydroxycoumarin, in presence of 160 uM
NADPH at 22 °C. Rates of bimolecular reaction were observed at 340
nm wavelength. Experiment was performed in triplicate and error bars
indicate standard deviation. 1 — 5 mM Na-P and 5 mM Na-Citr; 2 — 10
mM Na-P and 10 mM Na-Citr; 3 — 10 mM Na-P, 10 mM Na-Citr and
10 mM of NaCl; 4 — 25 mM Na-P and 25 mM Na-Citr; 5 — 15 mM Na-
P and 35 mM Na-Citr; 6 — 35 mM Na-P and 15 mM Na-Citr; 7 — 25
mM Na-P, 25 mM Na-Citr and 25 mM of NaCl; 8 — 50 mM Na-P and
50 mM Na-Citr; 9 — 25 mM Na-P, 25 mM Na-Citr and 100 mM of
NaCl.

The activity of the HcdE enzyme was assayed in the presence of NADPH
cofactor against various coumarin substrates. The highest enzymatic activity
was recorded in the presence of 7-hydroxycoumarin. A 1.6-, 2-, 3.4- and 17-
fold lower rates were observed when 6,7-dihydroxycoumarin, 6-
hydroxycoumarin, 6-methylcoumarin and coumarin were used as the
substrates, respectively. The HcdE enzyme was not active towards 7-
methylcoumarin,  7-methoxycoumarin, 7-ethoxycoumarin, 4-methyl-7-
hydroxycoumarin, 3-hydroxycoumarin, 4-hydroxycoumarin, trans-cinnamic,
trans-2,4-dihydroxycinnamic, o-coumaric, m-coumaric, p-coumaric and
caffeic acids, cinnamyl alcohol, 7-hydroxyquinoline-(1H)-2-one, 3,4-
dihydroquinoline-(1H)-2-one, 2-hydroxyquinoline, 3,4-dihydro-7-
hydroxyquinoline-(1H)-2-one and indole. Activity of HcdE enzyme in vitro
contradicts the results given by E. coli BL21 cells harbouring the pHP7
plasmid which actually showed some activities towards 7-methylcoumarin, 7-
methoxycoumarin and even 4-methyl-7-hydroxycoumarin (Fig. 45).
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Figure 45. Biotransformation of 4-methyl-7-hydroxycoumarin (a), 7-
methoxycoumarin (b), 7-methylcoumarin (c), coumarin (d), 7-
hydroxycoumarin (e), 6-hydroxycoumarin (f), 6-methylcoumarin (g)
and 6,7-dihydroxycoumarin (h) by whole cells of E. coli BL21
containing hcdE gene. Biotransformation was carried out in 50 mM
potassium phosphate buffer pH 7.2 at 30 °C with 0.5 mM of substrate.
Arrows indicate changes of absorbance. Incubation time is shown in
min. 24 h — incubation for 24 hours.

This implied that these substrates have strong enzyme inhibiting properties
which could be bypassed within E. coli BL21 cells by limiting substrate
transportation through the cell membrane, thus maintaining a low
concentration of substrate within cells.

The initial velocities were measured for HcdE protein with varying both
NADPH and 7-hydroxycoumarin concentrations to determine Kkinetic
properties of HcdE enzyme. The estimation of the kinetic parameters was
performed by fitting the data to the Michaelis-Menten expression of the
bimolecular reaction rate (Equation 1):

v = [EolkpimknappH[NADPH][7HK] 1)
knappH[NADPH]+kpim[7HK](KNAPPH +[NADPH]+K;[NADPH][7HK])

where [NADPH] is the concentration of NADPH; [7HK] is the concentration
of 7-hydroxycoumarin; v is the observed rate; kpim is the bimolecular rate
constant of 7-hydroxycoumarin reduction, expressed as k- /K% (where
K% = (kpa + kopk)/k2); Knaoen is the rate constant of NADPH oxidation;
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KNAPPH s the Ky for NADPH at saturating 7-hydroxycoumarin levels (where
KNAPPH = (1 + knappw)/k1); and K; is the inhibition constant of 7-
hydroxycoumarin. The action of 7-hydroxycoumarin reduction and NADPH
oxidation is represented by the proposed reaction scheme (Fig. 46).

-
E, + NADPH E, — » E, (2)
’ml
k, Kk i
E, + 7HK E, » E, + NADP" + 7HKH, (3)
E, + 7THK — E, 4)

kq
Figure 46. A proposed reaction scheme of HcdE.

The reductive half-reaction sequence was modelled as shown in Equation
2, where Eg is oxidized hcdE enzyme form, E; is the hcdE.x-NADPH charge-
transfer complex, and E; is reduced hcdE enzyme form and bound NADP*.
The oxidative half-reaction sequence was modelled as shown in the Equation
3, where 7HK is 7-hydroxycoumarin, Esz is hcdE.qs-7HK charge-transfer
complex and bound NADP*, and 7HKH is 7-hydroxy-3,4-dihydrocoumarin.

It has been also showed that 7-hydroxycoumarin acts as a strong inhibitor
of hcdE enzyme at higher concentrations (Fig. 47). Based on the equation of
bimolecular reaction rate (Equation 1) we propose that inhibition occurs when
7-hydroxycoumarin bounds to the hcdEq-NADPH charge-transfer complex
(E1) rather than oxidized HcdE enzyme form (Eo) (Equation 4). Therefore, 7-
hydroxycoumarin is likely pseudo-competitive inhibitor characterized by the
inhibition constant K; (expressed as k,/k,) that is equal to 22 mM for 7-
hydroxycoumarin. The determined kwim Wvalue of reduction of 7-
hydroxycoumarin by HcdE was equal to 1490 mMs™. Additionally, a rate
constant (Kea) of 27 s and a KJAPPH of 20 uM have been determined for
NADPH.
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Figure 47. 3D plot of HcdE enzyme kinetic titration data their fit.
Enzymatic assays were carried out in 50 mM potassium phosphate (K-
P) buffer (pH 7.0) with 5-200 uM NADPH and 5-150 pM 7-
hydroxycoumarin at 22 °C. HcdE concentration was kept constant at
99 nM. Rates of bimolecular reaction were observed at 365 nm
wavelength. Black spheres represent the mean values of three
replicates of the initial enzyme rates. The wire frame surface represents
the fitted function.
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DISCUSSION

Although coumarins are widely abundant in nature and are intensively used
in biotechnology as precursory compounds %, the metabolic pathways in
microorganisms are still not known in sufficient detail. In this study,
Pseudomonas mandelii 7HK4 strain was isolated from soil and it was shown
that these bacteria can utilize 7-hydroxycoumarin as a sole source of carbon
and energy. Several other coumarin derivatives were also tested, but none of
those substrates support the growth of Pseudomonas mandelii 7HKA4.
However, the experiments with the 7-hydroxycoumarin-induced whole cells
show that Pseudomonas mandelii 7HK4 has the enzymes that are able to
transform coumarin, 6-hydroxycoumarin and 6,7-dihydroxycoumarin. The
products of these biotransformations give UV spectra similar to the UV
spectrum of 3-(2,4-dihydroxyphenyl) propionic acid, suggesting that
Pseudomonas mandelii 7HK4 bacteria can catalyze hydrolysis and reduction
of lactone moiety of these substrates. Later, 3-(2,4-dihydroxyphenyl)
propionic acid has been identified as an intermediate metabolite during
biotransformations of 7-hydroxycoumarin. This finding agrees with the data
published for the conversion of coumarin by Pseudomonas spp., Arthrobacter
spp., and Aspergillus spp., which all catalyze the hydrolysis and reduction of
coumarin producing 3-(2-hydroxyphenyl) propionic acid as the main
intermediate 14, However, compared with Pseudomonas mandelii 7HK
described in this study, little is known about the bioconversion of other
coumarin derivatives as well as further conversions of 3-(2-hydroxyphenyl)
propionic acid in bacteria listed above.

The analysis of the 7-hydroxycoumarin-inducible proteins lead to the
identification of the genomic locus hcd encoding the enzymes required for 7-
hydroxycoumarin degradation. A BLAST search uncovered that hcdA, hcdB,
hcdC and hcdE encode an aromatic flavin-binding hydroxylase, a ring-
cleavage dioxygenase, a hydroxymuconic semialdehyde hydrolase and an
alcohol dehydrogenase, respectively.

Thus far, only a few studies have been published discussing the reduction
of coumarins in microorganisms 1%, To date, it was known that coumarin
could be reduced at the double bond in the a-pyrone ring by coumarin
reductase and NADH as the first step resulting in dihydrocoumarin, followed
by hydrolysis between the oxygen and carbonyl carbon atoms of the ring %4,
On the other hand, the initial attack on coumarin could also be hydrolysis to
o-coumaric acid, only then followed by reduction to melilotic acid °. Some
enzymes having coumarin reducing activity have been biochemically
characterized °, however barely genetic data or enzyme mechanisms have
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been presented. In the present study, we discovered a HcdE protein that is
produced in Pseudomonas mandelii 7HK4 when grown with 7-
hydroxycoumarin as a sole source of carbon and energy, and it catalyses the
NADPH-dependent reduction of several coumarin derivatives including
coumarin itself, 6-methylcoumarin, 6-hydroxycoumarin, 7-hydroxycoumarin
and 6,7-dihydroxycoumarin. HcdE appears to have a high specificity for
coumarin derivatives with unsubstituted and non-hydrolysed lactone moiety,
thus other structurally related substrates, such as quinolin-2(1H)-one or 7-
hydroxyquinolin-2(1H)-one are not used by the HcdE enzyme. Also, there is
one discrepancy between conversions with whole cells and pure enzyme in
this research. Whole cells of E. coli BL21 harbouring hcdE gene are able to
reduce low levels of 7-methylcoumarin, 7-methoxycoumarin and 4-methyl-7-
hydroxycoumarin, while the purified HcdE enzyme alone is not. Although the
results are not conclusive, we propose that the whole cells limit substrate
transportation through the cell membrane maintaining a non-inhibitive
concentration of substrate within cells. We showed that HcdE dehydrogenase
is inhibited by its substrate 7-hydroxycoumarin at higher concentrations with
the inhibition constant K; that is equal to 22 mM for 7-hydroxycoumarin. The
inhibition occurs when 7-hydroxycoumarin bounds to the HcdE.x-NADPH
charge-transfer complex (E:), thus reducing the NADPH oxidation rate.

HcdE dehydrogenase is, to our best knowledge, the first ene-reductase of
MDR family involved in the in vivo degradation of coumarin compounds. And
only one functionally related enzyme, such as XenA reductase from
Pseudomonas putida 86 is known 2. XenA reductase has well-described
primary and secondary structures, yet it belongs to another family of ERs —
OYEs, catalysing FMN and NAD(P)H dependent reduction of coumarin and
8-hydroxycoumarin. The determined kpim Vvalue of reduction of 7-
hydroxycoumarin by HcdE dehydrogenase was equal to 1490 mM-s™,
Additionally, a rate constant (kcat) of 27 s have been determined for NADPH
oxidation by hcdE dehydrogenase, which is almost 10-fold lower compared to
rate constant of 215 s for NADPH oxidation by XenA reductase from
Pseudomonas putida 86 %7, The difference in NADPH oxidation between
two functionally similar hcdE and XenA reductases could be due to observable
competitive inhibition of HcdE enzyme by its substrate while XenA reductase
is not inhibited.

The bioconversion of 7-hydroxycoumarin was completed in vivo, and the
reduced product of the hcdE protein was confirmed by HPLC-MS and NMR
analysis, also comparing to chemically synthesized 7-hydroxy-3,4-
dihydrocoumarin. It was shown that 7-hydroxycoumarin is reduced at the C-

3/C-4 double bond of its lactone moiety forming 7-hydroxy-3,4-
88



dihydrocoumarin. However due to strong inhibition of HcdE enzyme by its
substrate the conversion rates are low enough that prolonged conversion time
would affect the reaction product 7-hydroxy-3,4-dihydrocoumarin. Later
compound is a lactone - cyclic ester that is much more reactive than its acyclic
analogues. Additionally, it has a phenyl ring attached and the fact that it is a
phenolic ester, 7-hydroxy-3,4-dihydrocoumarin is significantly more reactive
against hydroxyl anions proceeding through hydrolysis in aqueous solutions
resulting in formation of 3-(2,4-dihydroxyphenyl) propionic acid.

Further, biochemical analysis of the HcdA protein confirmed its similarity
to class A FAD-binding enzymes (FMQs) 79.87:88130.135136 ‘HedA s functionally
related to previously well-described hydroxylases, such as OhpB
monooxygenase from Rhodococcus sp. V49 5%, MhpA monooxygenase from
E. coli K-12 ™ and Comamonas testosteroni TA441 %  HppA
monooxygenase from Rhodococcus globerulus PWD1 %2, and also para-
hydroxybenzoate hydroxylase (PHBH) from P. Fluorescens 1¢°. Hcd A appears
to have a high specificity for 3-(2,4-dihydroxyphenyl) propionic acid,
converting it to 3-(2,3,5-trihydroxyphenyl) propionic acid, and a 40-fold lower
activity towards trans-2,4-dihydroxycinnamic acid. Other structurally related
substrates are not used by HcdA. Unlike HcdA, other related FMOs have a
broader specificity for substrates. For example, OhpB monooxygenase is
capable to oxidize 2-hydroxy-, 3-hydroxyphenylpropionic and cinnamic acids
%3, The HppA enzyme is more specific to 3-hydroxyphenylpropionic, but 4-
chlorophenoxyacetic as well as 4-methyl-2-chlorophenoxyacetic acids are
also oxidized 2, On the other hand, all described FMOs including HcdA are
NAD(P)H dependent, which reduces flavin for the hydroxylation of substrates
87.88,135136 The narrow specificity of HcdA to its natural substrate is typical for
class A flavoproteins and shows the importance of HcdA enzyme in
metabolism of 7-hydroxycoumarin. The kinetic analysis of HcdA vyields Kwm
values of 50.10 = 3.50 pM and 13.00 = 1.20 pM for NADH and 3-(2,4-
dihydroxyphenyl) propionic acid, respectively. However, no Kkinetic
parameters have been reported for OhpB, MhpA and HppA hydroxylases for
comparison, though PHBH has been shown to have a kcat of 22.83 st 161,
which is 3-fold higher than a turnover number for the HcdA enzyme.

The hydroxylated product of the HcdA protein was analysed by oxidizing
it with the HcdB dioxygenase, followed by a chemical modification to the
corresponding derivative of picolinic acid. The structure of the later compound
was confirmed by *H NMR and C NMR spectra. This allowed the
reconstruction of the reaction products of both HcdA and HcdB enzymes. It
was shown that a hydroxylation of 3-(2,4-dihydroxyphenyl) propionic acid

occurs at ipso-position of phenolic ring followed by an internal rearrangement
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and involving (1,2-C,C)-shift (NIH shift) of propionic acid moiety, hence
forming 3-(2,3,5-trihydroxyphenyl) propionic acid (Fig. 38). This would
explain both the high specificity of HcdA enzyme for substrates with para-
substituted phenol and inability of Pseudomonas mandelii 7HK4 bacteria to
utilize coumarin derivatives other than 7-hydroxycoumarin as the sole source
of carbon and energy. Only a few classes of enzymes are able to catalyze ipso-
reactions: laccases, peroxidases, dioxygenases, glutathione S-transferases
(GST), cytochrome P450-dependent monooxygenases (CYP) and flavin-
dependent monooxygenases. Among the known examples of ipso-enzymes,
there are dioxygenases from Comamonas testosteroni T2 and Sphingomonas
sp. strain RW1, which are involved in the desulfonation of 4-sulfobenzoate by
ipso-substitution °%, A rat liver CYP system is able to convert p-chloro, p-
bromo, p-nitro, p-cyano, p-hydroxymethyl, p-formyl and p-acetyl phenols to
hydroquinone by ipso-hydroxylation '®. GST is capable of catalysing
desulfonylation of sulfonylfuropyridine compounds by nucleophilic attack of
the glutathione sulphur atom at ipso-position %2, These are the examples of
electrophilic or nucleophilic ipso-substitution reactions, however in some
cases, a primary ipso-group is not eliminated, instead it is shifted to meta-
position. NIH shift restabilizes cyclohexadienone intermediate, because it
leads to a rearomatization 810310515 \We showed that, similarly to flavin-
dependent monooxygenases from Sphingomonas sp. TTNP3 and
Sphingobium xenophagum strains, which are responsible for the degradation
of alkylphenols, such as bisphenol A, octylphenol, t-butylphenol, n-
octyloxyphenol and t-butoxyphenol, HcdA-catalysed reaction involves a NIH
shift. Usually, NIH shift products are formed during the side reactions, and
these internal rearrangements of an alkyl group upon the ipso-hydroxylation
are spontaneous and non-enzymatic in Sphingomonas sp. strains %3163, An
interesting novelty is that HcdA hydroxylase produces only one product,
which has the ipso-group shifted to the meta-position. Therefore, we propose
that in the case of HcdA, NIH shift occurs enzymatically, but not
spontaneously or by a dienone-phenol rearrangement mechanism 4, since all
bioconversions were performed under neutral or basic conditions. Although a
further investigation is needed to determine the exact mechanism of the HcdA
enzyme activity.

The analysis of the extradiol dioxygenase HcdB shows that this enzyme
has a lower specificity for substrates. It catalyses a conversion of the
hydroxylated product of the HcdA enzyme to (2E,4E)-2,4-dihydroxy-6-
oxonona-2,4-dienedioic acid (Fig. 38). Also, HcdB is capable oxidizing
pyrocatechol, 3-methylcatechol, 3-methoxycatechol, 4-methylcatechol, 3-

(2,3-dihydroxyphenyl) propionic and caffeic acids using a meta-cleavage
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mechanism forming yellow products. HcdB belongs to type I, class Il extradiol
dioxygenases *"1% and is functionally related to OhpD catechol 2,3-
dioxygenase from Rhodococcus sp. V49 %3, MhpB extradiol dioxygenase from
E. coli K-12 18165 Mpcl extradiol dioxygenase from Alcaligenes eutrophus
185, HppB extradiol dioxygenase from Rhodococcus globerulus PWD1 42, and
DbfB 2,2',3-trihydroxybiphenyl dioxygenase from Sphingomonas sp. RW1
141

Finally, we demonstrate that (2E,4E)-2,4-dihydroxy-6-oxonona-2,4-
dienedioic acid, the ring cleavage product of HcdB protein, is subsequently
hydrolysed by the putative HcdC hydroxymuconic semialdehyde hydrolase.
This enzyme has a low sequence homology to any of the previously
characterized enzymes from Rhodococcus sp. V49 %3, E. coli K-12 %,
Comamonas testosteroni TA441 ° or Rhodococcus globerulus PWD1 42,
therefore further investigation is needed to elucidate the exact mechanism of
the hydrolysis and the specificity of the HcdC enzyme for substrates.

Additionally, during the analysis of the Pseudomonas mandelii 7HK4
genome sequences adjacent to the hcdE gene it was also expected to detect
genes encoding hydrolase-like enzymes that could be harnessed by 7HK4
strain for hydrolysis of 7-hydroxy-3,4-dihydrocoumarin. Transcriptional
analysis revealed that like hcdE, hcdD gene was also induced in Pseudomonas
mandelii 7THK4 cells pre-grown with 7-hydroxycoumarin. HedD and hcdE
together with hcdF and hcdG genes are arranged on the same DNA strand, and
are separated by short intergenic regions, suggesting that these genes are
organized into an operon. HcdD protein is similar to Bacillus chorismate
mutase-like (BCM-like) family proteins, and is in agreement with the first
representatives of Pfam family (formerly DUF1185) ¢, We propose that this
protein could be stimulating 7-hydroxy-3,4-dihydrocoumarin formation
similarly to homologues protein TgnF which stimulates TgnE-dependent
succinic acid semialdehyde oxidation in Acinetobacter baylyi ADP1 bacteria
187 Further, HedF is a cupin-like protein which could be classified as member
of RmIC-like Cupins superfamily. It comprises of families with members
displaying diverse functions ranging from enzymatic activities like
dioxygenases, hydrolases and epimerases to non-enzymatic functions 168170,
We believe that HcdF could act as a 7-hydroxy-3,4-dihydrocoumarin
hydrolase, however further investigation is needed to elucidate its exact
function in Pseudomonas mandelii 7HK4 strain. And the last HcdG protein
from hcdDEFG gene cluster belongs to NAD(P)H-dependent FMN reductase
superfamily. Flavodoxins are widely involved in the electron-transfer
reactions required for the metabolism of pyruvate, nitrogen and pyridine

nucleotides in bacteria 1173,
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Also, in silico analysis of the Pseudomonas mandelii 7HK4 genome
provided evidence that 7HK4 strain has even more ER enzymes capable of
utilizing various coumarin derivatives. Two putative xenobiotic reductases
XenA38 and XenA45 from 7HKA4 strain were produced in E. coli bacteria, and
their activities were determined in vivo. We demonstrated that coumarin, 6-
hydroxycoumarin, 6-methylcoumarin, 7-hydroxycoumarin, 7-
methylcoumarin and 6,7-dihydroxycoumarin are reduced by the putative
XenA38 and XenA45 reductases. Analysis of MRNA synthesis levels showed
that production of XenA38 and XenAd45 proteins are not induced by any
coumarin in Pseudomonas mandelii 7HK4 cells, although XenA38 enzyme
has higher expression levels in 7HK4 strain grown in the absence of
coumarins. Such enzymes as XenA38 with the constitutive expression and the
broad substrate specificity explain the wide variety of aromatic substances that
can be degraded by bacteria like Pseudomonas genus.

In summary, here we report a 7-hydroxycoumarin catabolic pathway in
Pseudomonas mandelii 7HK4 bacteria. New metabolites and genes
responsible for the degradation of 7-hydroxycoumarin have been isolated and
identified. Our results show that the degradation of 7-hydroxycoumarin in
Pseudomonas mandelii 7HK4 involves a distinct metabolic pathway,
compared to the previously characterized coumarin catabolic routes in
Pseudomonas, Arthrobacter and Aspergillus species °°. New gene
responsible for the reduction of 7-hydroxycoumarin has been isolated and
identified. Our results show that the reduction of 7-hydroxycoumarin in
Pseudomonas mandelii 7HK4 involves a similar approach like in the
previously characterized coumarin catabolic routes in Pseudomonas sp. 30-1
and Aspergillus niger ATCC 11394 014 Pseudomonas mandelii 7HK4
bacteria employ unique NADPH-dependent alcohol dehydrogenase family
protein HcdE for the reduction of the C-3/C-4 double bond of 7-
hydroxycoumarin lactone moiety forming 7-hydroxy-3,4-dihydrocoumarin.
HcdE dehydrogenase described in this work has a significantly distant
sequence homology from the previously characterized enzyme implicated in
the degradation of structurally similar substrate, such as 8-hydroxycoumarin
in Pseudomonas putida 86 2. Further, it has been shown that Pseudomonas
mandelii 7HK4 bacteria employ a unique flavin binding ipso-hydroxylase for
the oxidation of the aromatic ring of 3-(2,4-dihydroxyphenyl) propionic acid.
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Figure 48. The proposed catabolic pathway of 7-hydroxycoumarin in
Pseudomonas mandelii 7HK4 bacteria. 1 — 7-hydroxycoumarin; 2 — 7-
hydroxy-3,4-dihydrocoumarin; 3 — 3-(2,4-dihydroxyphenyl) propionic acid; 4
— 3-(2,3,5-trihydroxyphenyl) propionic acid; 5 — (2E,4E)-2,4-dihydroxy-6-
oxonona-2,4-dienedioic acid; 6 — (E)-2-hydroxy-4-oxopent-2-enoic acid; 7 —
succinic acid; HcdA - 3-(2,4-dihydroxyphenyl) propionic acid 1-
monooxygenase; HcdB — 3-(2,3,5-trihydroxyphenyl) propionic acid 1,2-
dioxygenase; HcdC - putative (2E,4E)-2,4-dihydroxy-6-oxonona-2,4-
dienedioic acid hydrolase; HcdE — 7-hydroxycoumarin reductase. The dashed
arrows indicate a hypothetical reaction.

None of the proteins described in this study have substantial sequence
homology to the previously characterized enzymes implicated in the
degradation of structurally similar substrates, such as 3-(2-hydroxyphenyl)
propionic acid in Rhodococcus sp. V49 %3, 3-(3-hydroxyphenyl) propionic acid
and 3-hydroxycinnamic acid in E. coli K-12 %8 Comamonas testosteroni
TA441 ' Rhodococcus globerulus PWD1 2 or even 4-
hydroxyphenylacetate in Escherichia coli W ™. Thus, our results provide a
fundamentally new insight into the degradation of hydroxycoumarins by the
soil microorganisms. In addition, the discovered new bacteria and enzymes
can be further employed for the development of novel biocatalytic processes
useful for industry.
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CONCLUSIONS

. A hcd gene cluster of Pseudomonas mandelii 7HK4 bacteria
encodes enzymes required for the degradation of 7-
hydroxycoumarin.

. NADPH-dependent alcohol dehydrogenase HcdE reduces 7-
hydroxycoumarin to 7-hydroxy-3,4-dihydrocoumarin.
Ipso-monooxygenase HcdA oxidizes 3-(2,4-dihydroxyphenyl)
propionic acid to 3-(2,3,5-trihydroxyphenyl) propionic acid.

. HcdB extradiol dioxygenase oxidizes 3-(2,3,5-trihydroxyphenyl)
propionic acid to (2E,4E)-2,4-dihydroxy-6-oxonona-2,4-
dienedioic acid.

. Putative hydroxymuconic semialdehyde hydrolase HcdC
hydrolyses (2E,4E)-2,4-dihydroxy-6-oxonona-2,4-dienedioic acid.
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Figure S1. HPLC chromatogram of 7-hydroxy-3,4-dihydrocoumarin
at 280 nm wavelength. 1 mM of compound was dissolved in
acetonitrile. Corresponding UV and MS spectra of the main peak were
presented. The negative ions [M-H] generated are at m/z 163 (7-
hydroxy-3,4-dihydrocoumarin) and 327 (dimer of 7-hydroxy-3,4-
dihydrocoumarin).
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Figure S2. A. Phylogenetic tree of HcdA protein. Neighbour joining
analysis was performed on the 8 closest homologues of HcdA and 3
other homologous proteins with known structure and/or function. B.
Phylogenetic tree of HcdB protein. Neighbour joining analysis was
performed on the 9 closest homologues of HcdB. C. Phylogenetic tree
of HedC protein. Neighbour joining analysis was performed on the 8
closest homologues of HcdC and 4 other homologous proteins with
known structure and/or function. The numbers on the nodes indicate
how often (no. of times, %) the species to the right grouped together
in 1000 bootstrap samples. Bars represent the number of amino acid
substitutions per site. Accession numbers are given in parentheses.
Proteins with known structure and/or function are marked with an
asterix (*).
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Figure S3. SDS-PAGE of E. coli BL21 cell-free extract, containing
induced recombinant HcdA, HcdB and HedC proteins (lane 2) and
control cells without hcdABC genes (lane 1). M — molecular mass
ladder (kDa). The arrows indicate HcdA, HedB and HedC proteins.

] HO OH

Absorbance
) na
()] %] (4] [ %]

—
1

=]
] ()]
1

200 250 300 350 400
Wavelength, nm

Figure S4. UV-Vis spectrum of 3-(2,4-dihydroxyphenyl) propionic acid.
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Figure S5. SDS-PAGE of Hisg-tagged HcdE protein purified by
affinity chromatography. Lane 1 — 3 pl of E. coli BL21 cell-free extract
without HcdE gene, lane 2 — 5 pl of E. coli BL21 cell-free extract
containing induced recombinant HcdE protein, lane 3 — 5 pl of E. coli
BL21 cell-free extract containing induced recombinant HcdE protein
after purification, lane 4 — 10 pl of eluted Hise-tagged HcdE protein.
M — molecular mass ladder (kDa).
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Figure S6. HPLC chromatogram of 3-(2,4-dihydroxyphenyl)
propionic acid at 280 nm wavelength. 1 mM of compound was
dissolved in acetonitrile. Corresponding UV and MS spectra of the
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main peak were presented. The negative ions [M-H] generated are at
m/z 181 (3-(2,4-dihydroxyphenyl) propionic acid) and 361 (dimer of
3-(2,4-dihydroxyphenyl) propionic acid).
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Figure S7. HPLC chromatogram of 7-hydroxycoumarin at 280 nm
wavelength. 1 mM of compound was dissolved in acetonitrile. Corresponding
UV and MS spectra of the main peak were presented. The negative ions [M-
H] generated are at m/z 161 (7-hydroxycoumarin) and 321 (dimer of 7-
hydroxycoumarin).
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