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ABSTRACT Coumarin (COU) is both a naturally derived phytotoxin and a synthetic
pollutant which causes hepatotoxicity in susceptible humans. Microbes have potentials
in COU biodegradation; however, its underlying genetic determinants remain unknown.
Pseudomonas sp. strain NyZ480, a robust COU degrader, has been isolated and proven
to grow on COU as its sole carbon source. In this study, five homologs of xenobiotic
reductase A scattered throughout the chromosome of strain NyZ480 were identified,
which catalyzed the conversion of COU to dihydrocoumarin (DHC) in vitro. Phylogenetic
analysis indicated that these COU reductases belong to different subgroups of the old
yellow enzyme family. Moreover, two hydrolases (CouB1 and CouB2) homologous to
the 3,4-dihydrocoumarin hydrolase in the fluorene degradation were found to acceler-
ate the generation of melilotic acid (MA) from DHC. CouC, a new member from the
group A flavin monooxygenase, was heterologously expressed and purified, catalyzing
the hydroxylation of MA to produce 3-(2,3-dihydroxyphenyl)propionate (DHPP). Gene
deletion and complementation of couC indicated that couC played an essential role
in the COU catabolism in strain NyZ480, considering that the genes involved in the
downstream catabolism of DHPP have been characterized (Y. Xu and N. Y. Zhou, Appl
Environ Microbiol 86:02385-19, 2020) and homologous catabolic cluster exists in strain
NyZ480. This study elucidated the genetic determinants for complete degradation of
COU by Pseudomonas sp. strain NyZ480.

IMPORTANCE Coumarin (COU) is a phytochemical widely distributed in the plant
kingdom and also artificially produced as an ingredient for personal care products.
Hence, the environmental occurrence of COU has been reported in different places.
Toxicologically, COU was proven hepatotoxic to individuals with mutations in the
CYP2A6 gene and listed as a group 3 carcinogen by the International Agency for
Research on Cancer and thus has raised increasing concerns. Until now, different
physicochemical methods have been developed for the removal of COU, whereas
their practical applications were hampered due to high cost and the risk of secondary
contamination. In this study, genetic evidence and biochemical characterization of the
COU degradation by Pseudomonas sp. strain NyZ480 are presented. With the gene and
strain resources provided here, better managements of the hazards that humans face
from COU could be achieved, and the possible microbiota-plant interaction mediated by
the COU-utilizing rhizobacteria could also be investigated.

KEYWORDS biodegradation, coumarin, genetic redundancy, Pseudomonas sp. strain
NyZ480

hizospheric exudation is of great significance to both plants and the associated
root microbiome. For instance, nicotinic, shikimic, salicylic, and cinnamic compounds
exuded by plants were evidenced to facilitate the microbial community assembly in
rhizosphere (1); triterpenes were identified as plant-specialized metabolites which vastly
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contribute to the plant defense and signaling (2). Coumarin (COU, 1,2-benzopyrone),
a chemical with a special odor, has been drawing increasing public attention, not
only because of its important roles in plant physiology but also because of its poten-
tial hazards on humans. COU is produced in a wide range of plants including sweet
clover (Melilotus officinalis), woodruff (Asperula odorata), cassia (Cinnamomum cassia),
and lavender (Lavandum officinalus), etc. (3) As an allelopathic chemical (4), COU is
biosynthesized and secreted by various plants so as to gain growth advantage and
regulate the microbial community assembly (5, 6), subsequently leading to the presence
and residue of COU in soil. In addition, COU easily diffuses in soil with rainfall and thus
likely enters aquatic environment (7). Hence, the distribution of COU could be distributed
throughout the ecosystem. In daily life, human exposure to COU is much more frequent
than expected. Since COU-rich plants are often made into herbal medicines and spices
(8, 9), consumption of these substances inevitably led to ingestion of COU (10, 11).
Moreover, dermal contact with many personal care products also adds the exposure
risk as artificially synthesized COU is often contained (12, 13). Due to its widely natural
occurrence and anthropogenic sources, COU has been detected in rivers and groundwa-
ter in several cities (14-16); hence, it is listed as an emerging contaminant and gradually
raises public concerns.

According to toxicological assessment, detrimental effects of COU have been
recorded not only on experimental animals (17-19) but also in human clinical trials (20—
22). Around the 1950s, it was firstly discovered that rat and dog suffered hepatotoxicity
elicited by high-dose COU. Moreover, development of tumors was found in animals
exposed to COU for long periods (23). As for humans, susceptibility to COU-induced
hepatotoxicity was observed in a specific population (24). The reason underlying this
phenomenon could be explained by the genetic polymorphism of CYP2A6 gene (25-27);
its defective variants cause the production of toxic intermediates including coumarin
3,4-epoxide and ortho-hydroxyphenethyl aldehyde during the metabolism of COU in
human body (28). Although the majority remains resistant to the hepatotoxicity of COU,
the well-being of approximately 10% of the global population is still potentially impaired
(28-34).

Lately, efforts have been made to address the COU contamination. Physicochemical
approaches including UV-assisted electrochemical degradation (35), radical-dependent
oxidation (36, 37), electro-Fenton, and subcritical water oxidation processes have been
reported to be effective in treating COU (38), while their practical application is to
some extent limited due to secondary contamination (39) and high cost. Microbial
degradation of COU has also been studied (40-44), but no thorough molecular evidence
was yet available. To elucidate its molecular mechanism and to provide genetic and
enzymatic resources for the treatment of COU, Pseudomonas sp. strain NyZ480, a robust
COU degrader, was isolated from root soil sample in Sichuan province, China, and
thoroughly characterized in our previous study (45). Intermediates including dihydrocou-
marin (DHC), melilotic acid (MA), and 3-(2,3-dihydroxyphenyl)propionate (DHPP) were
identified to be products of the upstream catabolic pathway, and homologs of the mhp
gene cluster (46) were proposed to be involved in the downstream pathway of COU
catabolism (Fig. 1).

In this study, genetic determinants were presented to fill in the gap in COU degrada-
tion by Pseudomonas sp. strain NyZ480. Bioinformatic and biochemical analyses led to
the identification of the genes involved in the first three biotransformation steps within
the catabolic pathway. Specifically, several isozymes from the old yellow enzyme (OYE)
family were shown to convert COU to DHC; two redundant hydrolases accelerated the
ring fission of DHC to generate MA, a process that was shown to occur spontaneously at
a slow rate; and a new member of the group A flavin-dependent monooxygenase was
evidenced to be indispensable for the formation of DHPP from MA in strain NyZ480. In
summation, this study provided an overall understanding of the COU biodegradation at
the genetic and biochemical levels.
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FIG 1 Proposed catabolic pathway of COU in Pseudomonas sp. strain NyZ480 and the catabolic reactions catalyzed by respective gene products. (A) The COU
upstream pathway is presented in the blue background; the 3HPP catabolic pathway in E. coli K-12 is shown in the yellow background. The complete COU
catabolic pathway is indicated by the blue outline. The first two biotransformation steps might be catalyzed by enzymes other than the listed ones, and the
conversion of DHC to MA could occur spontaneously. (B) Organization of the genes involved in the COU catabolism on the chromosome of Pseudomonas sp.
strain NyZ480 and a comparison between the mhp cluster from E. coli K-12 (46) and the gene cluster including orf172 to orf176 from Pseudomonas sp. strain
NyZ480. Abbreviations: COU, coumarin; DHC, dihydrocoumarin; MA, melilotic acid; 3HPP, 3-(2,3-dihydroxyphenyl)propionate; DHPP, 3-(2,3-dihydroxyphenyl)pro-
pionate.

RESULTS
Prediction of genes involved in the COU catabolism by genomic analysis

As discussed in our previous study, homologs of the mhp cluster for DHPP degradation
in the 3-(2,3-dihydroxyphenyl)propionate (3HPP) catabolic pathway (46) were proposed
to be involved in the downstream catabolism of COU in strain NyZ480 (45), as presented
in Fig. 1. However, the genetic determinants for the conversion of COU to MA via DHC
remained undiscovered. During the quinoline degradation by Pseudomonas putida 86,
xenobiotic reductase A (XenA) was found capable of catalyzing the reduction of COU
to generate DHC (47). Hence, XenA (accession number Q9R9V9) was used as query to
search for possible homologs in the genome of strain NyZ480. As for the conversion
of DHC to MA, the 3,4-dihydrocoumarin hydrolase (DCH; accession number Q83WC8) in
Arthrobacter sp. strain F101 (48, 49), which catalyzes the identical transformation in the
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fluorene degradation, was chosen as query. Above efforts led to the prediction of eight
homologs of XenA and two homologs of DCH in strain NyZ480, as shown in Table 1.

Strain NyZ480 harbors multiple genes converting COU to DHC

Gene xenA1, with the highest identity (93.7%) to xenA, was proposed the most likely
to convert COU to DHC. Hence, xenAT1 was firstly inserted into pET-28a(+) and then
introduced into E. coli BL21(DE3) cells for heterologous expression of recombinant
XenA1. As shown in Fig. 2A, COU was gradually dissipated when being incubated with
cells expressing XenA1. Meanwhile, two new peaks appeared on the high-performance
liquid chromatography (HPLC) chromatogram, whose retention time was in consistent
with those of the authentic DHC (16.2 min) and MA (12.6 min), respectively (Fig. 2B).
Moreover, liquid chromatography-mass spectrometry (LC-MS) analysis indicated that the
m/z values of these two products were 149.0594 and 165.0561 (Fig. 2C), identical to those
of the authentic DHC and MA, respectively. Intriguingly, unlike the continuous accumula-
tion of MA during this biotransformation, DHC is a transient intermediate (Fig. S1), which
could be attributed to its spontaneous hydrolysis as observed in our previous study (45).
Quantification data obtained from HPLC analysis indicated that the combined amount
of generated DHC and MA was equivalent to the amount of COU consumed throughout
the time course of whole cell biotransformation (Fig. 2A). Finally, the XenA1-resultant
DHC from COU was completely converted to MA via spontaneous hydrolysis. However,
mutant strain NyZ480AxenAT retained its capability to grow with COU as its sole carbon
source (Fig. S2). Hence, other 7 homologs of XenA were also studied for their biochemical
functions as above. Among them, XenA3, XenA5, XenA6, and XenA7 possessed the same
catalytic ability as XenA1 (Fig. S3). Based on the whole cell biotransformation assay, the
COU conversion rate of XenA1 was determined as 60.09 uM™" min™' g~' wet weight cells.
In addition, the conversion rate of XenA3, XenA5, XenA6, and XenA7 toward COU was
18.39%, 0.91%, 8.41%, and 16.99%, respectively, compared to XenA1. Indeed, multiple
functional COU reductases were found in strain NyZ480. However, it remains elusive
which ones of them carry out the exact function in vivo. Moreover, enzymes without
significant similarity to XenA might be involved in the reaction, which certainly requires
further investigation in the future.

CouB1 and CouB2 hydrolyze DHC in vitro

The functions of the predicted DCH homologs from strain NyZ480 in the hydrolysis
of DHC were investigated by heterologous expression of CouB1 and CouB2. Although
spontaneous hydrolysis of DHC was observed in enzyme-free control, crude enzymes
containing either CouB1 or CouB2 drastically accelerated the transformation of DHC to
form MA (Fig. 3). Cell extracts of E. coli carrying pET-28a(+) had no stimulation on the
conversion of DHC to MA. Although both CouB1 and CouB2 were able to rapidly convert

TABLE 1 Candidate enzymes involved in the COU catabolism in strain NyZ480

Query Hits Identity E-value
XenA1 (WEZ87495.1) 93.664% 0
XenA6 (WEZ87656.1) 45.304% 5.11E-99
XenA3 (WEZ89587.1) 31.143% 3.33E-38
XenA4 (WEZ90108.1) 29.706% 5.10E-34

XenA’ (Q9R9V9)*
XenA8 (WEZ88390.1) 27.826% 1.19E-31
XenA2 (WEZ89206.1) 29.607% 4.59E-31
XenA7 (WEZ87916.1) 28.212% 3.81E-25
XenA5 (WEZ90623.1) 27.606% 1.43E-22

b CouB1 (WEZ86871.1) 77.174% 0

DCH” (Q83W(8)

CouB2 (WEZ88550.1) 45.455% 2.90E-84

“XenA (47) is the xenobiotic reductase A, converting COU to DHC.
®DCH is the 3,4-dihydrocoumarin hydrolase (48), catalyzing the hydrolysis of DHC to generate MA.
‘Accession numbers are indicated in the brackets.
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FIG 2 Whole cell biotransformation of COU by E. coli pET-xenAl. (A) Time course of COU biotransformation by E. coli cells harboring pET-xenATl. Results
are average values derived from the triplicated experiments, and standard deviations are plotted as error bars. (B) HPLC chromatograms of authentic COU
(a), authentic DHC (b), authentic MA (c), and biotransformation products of COU catalyzed by cell suspension of E. coli pET-xenA1 (d). (C) Identification of the
biotransformation products of COU by LC-MS. Mass spectra of authentic COU (a), authentic DHC (c), and authentic MA (e). Mass spectra of COU (b), DHC (d), and
MA (f) captured during the biotransformation.
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FIG 3 CouB1 and CouB2 catalyze the hydrolysis of the lactone ring of DHC thus the formation of MA. (A) Time course of the conversion of DHC to MA quantified
by HPLC analysis, decrease of DHC (a) and accumulation of MA (b) are presented separately. (B) UV spectrum scanning of DHC transformation in the enzyme-free
Tris-HCl buffer (pH 8.0) (a), with the addition of cell extract prepared from E. coli harboring pET-28a(+) (b), pET-couB1 (c), and pET-couB2 (d), respectively. The
spectra in panel B were recorded every 30's.
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DHC to MA, the specific activity of CouB1 (168.46 + 2.83 U/mg) was 35-fold higher than
that of CouB2 (4.85 + 0.14 U/mg). Moreover, gene deletion was also conducted to verify
the in vivo function of these two hydrolases. However, strains with either single or double
deletion of couB1 and couB2 still grew on COU (Fig. S2).

CouC catalyzes the hydroxylation of MA to generate DHPP

As mentioned in our previous study (45), the transcriptional level of the flavin adenine
dinucleotide (FAD)-dependent monooxygenase encoding gene (orf169, designated couC
here) that is 3.2 kb apart from the homologs of mhp gene cluster (involved in the
catabolism of 3HPP to acetyl-CoA via DHPP) was upregulated (log>FC = 2.8) by COU
induction (Fig. 1B), and thus, CouC was hypothesized to catalyze the hydroxylation of
MA to generate DHPP. Therefore, CouC was heterologously expressed and purified for
its biochemical characterization. The approximate molecular mass of the recombinant
His-tagged CouC was determined to be around 60 kDa by SDS-PAGE analysis (Fig. S4),
close to the predicated value based on its amino acid sequence (63.9 kDa). UV spec-
trum scanning of MA transformation catalyzed by CouC showed a gradually decreased
absorption at 340 nm (Fig. 4A), indicating the substrate-dependent consumption of
cofactor NADH (no activity was detected with NADPH). The slight rise of the absorption
peak at 275 nm was likely due to the formation of DHPP. The K, and K4 values of
CouC for MA were determined to be 2.54 + 0.42 pM™' min™ and 7.86 + 0.19 min',
respectively. Moreover, the HPLC chromatogram captured during the catalysis of MA
by CouC showed the decrease of MA (12.6 min) and the formation of a new product,
whose retention time was identical to that of authentic DHPP (10.7 min) (Fig. 4B), and
MA was stoichiometrically converted to DHPP by CouC, as shown in Fig. 4C. In addition,
the formation of DHPP was also confirmed by LC-MS analysis through comparison with
the authentic DHPP (Fig. 4D). In conclusion, the newly discovered CouC was determined
as an NADH-dependent hydroxylase catalyzing the hydroxylation of MA to form DHPP in
the catabolism of COU.

Gene deletion of couC was subsequently carried out to confirm its in vivo role in COU
catabolism by strain NyZ480. The mutant strain NyZ480AcouC completely lost its ability
to grow on COU as the sole carbon source, and gene couC complementation restored the
mutant strain to its capability of utilizing COU for growth. Besides, strain NyZ480AcouC
failed to grow on COU when containing the vector pBBRIMSC-2 only (Fig. 5). Overall,
these results indicated that couC plays an essential role in the COU catabolism in strain
NyZ480.

Phylogenetic analysis of CouC

CouC was annotated as an FAD-dependent monooxygenase by KEGG database (Table
S1). After further thorough analysis, DG and GD fingerprints, which are signature amino
acid sequence motifs of the group A flavin monooxygenases (50), were identified in
CouC. Hence, curated representatives of the group A flavin monooxygenases were
selected for the phylogenetic analysis between CouC and these enzymes (Fig. 6). As
it turned out, despite of the resemblance between MA and 3HPP in the overall chemical
structure except for the difference in their hydroxyl position, CouC is distantly related to
the MhpA-like hydroxylases of 3HPP. Instead, CouC is more closely related to phenol and
dichlorophenol monooxygenases but seemingly forms a separate clade.

Substrate specificity of CouC

A number of substrates of group A flavin monooxygenases were used to study the
catalytic specificity of CouC (Table 2). The specific activity of CouC toward MA was
82.05 = 1.99 U/mg, which was defined as 100%. Besides, CouC exhibited a low cata-
lytic activity against o-coumaric acid, which probably could explain for our previous
observation that strain NyZ480 was able to grow on o-coumaric acid yet at a slower rate
compared with growing on COU (45). Moreover, CouC had weak hydroxylation activity
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FIG 4 Functional characterization of purified CouC. (A) UV spectrum scanning of MA transformation catalyzed by purified CouC. The spectra were recorded

every 30 s, and the arrows indicate the trend of the spectral shifting. (B) HPLC chromatogram of MA standard (a), DHPP standard (b), and the reaction

product derived from conversion of MA by CouC (c). (C) Time course of the hydroxylation of MA catalyzed by purified CouC, the consumption of MA, and

the accumulation of DHPP were quantified via HPLC analysis. Results are average values derived from the triplicated experiments, and standard deviations are

plotted as error bars. (D) Identification of the enzymatic products of MA by LC-MS. Mass spectra of authentic MA (a) and authentic DHPP (c); mass spectra of MA

(b) and DHPP (d) captured during the enzyme assay.

against 3-hydroxycinnamic acid, 2-chlorophenol, cinnamic acid, 3-hydroxybenzoic acid,
and 3HPP. However, 2,4-dichlorophenol was not a substrate for CouC, even though a
close phylogenetic relationship between CouC and 2,4-dichlorophenol hydroxylases was

observed.
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FIG 5 Growth curves of wild-type strain NyZ480, couC-deleted strain NyZ480, and the complementary
strains with COU as the sole carbon source. Strains were cultured in minimal medium supplemented with
0.5 mM COU as the sole carbon source on a rotary shaker (180 rpm, 30°C). All the results are average
values derived from the triplicated experiments, and standard deviations are plotted as error bars. ODggg
is the optical density value measured at a wavelength of 600 nm.

DISCUSSION

This study thoroughly investigated the unreported genetic determinants for the
microbial catabolism of COU. It was found that the first two biotransformation steps
(from COU to MA via DHCQ) in the degradation pathway are likely executed by two
sets of isoenzymes, whose encoding genes are dispersedly located on the chromosome
of the COU utilizer strain NyZ480. Subsequently, a member from the group A flavin
monooxygenases was newly identified here, which was evidenced to convert MA to
DHPP. Combined with our previous conclusion that DHPP was further mineralized by the
gene cluster comprising orf172 to orf176 in strain NyZ480 (45), the genetic determinants
and biochemical identification of COU catabolism were elucidated in this study, which

Tree scale: 1 r——

A2QGH7 p-hydroxybenzoate-m-hydroxylase A [Aspergillus niger strain CBS 513.88]

P15245 Phenol hydroxylase [ Trichosporon cutaneum)

Q6SSJ6 3-hydroxybenzoate-4-monooxygenase [Comamonas testosteroni KH122-3s]

AOR1T4 3-(3-hydroxyphenyl)propionate hydroxylase [Mycolicibacterium smegmatis strain ATCC 700084]
P77397 3-(3-hydroxyphenyl)propionate hydroxylase [Escherichia coli strain K12]

Q9S158 3-(3-hydroxyphenyl)propionate hydroxylase [Comamonas testosteroni TA441]

A4JPY 1 3-(3-hydroxyphenyl)propionate hydroxylase [Burkholderia vietnamiensis strain G4]

P42535 Pentachlorophenol 4-monooxygenase [Sphingobium chlorophenolicum ATCC 39723]
C11201 Para-nitrophenol 4-monooxygenase [Pseudomonas sp. strain WBC-3]

AO0A286T5G2 Melilotate 3-hydroxylase [Arthrobacter siderocapsulatus]
Q54530 Aklavinone 12-hydroxylase [Streptomyces purpurascens ATCC 25489]

Q2PWU9 4-methyl-5-nitrocatechol 5-monooxygenase [Burkholderia sp. strain DNT]__

CouC [Pseudomonas sp. strain NyZ480] #

P31020 Phenol 2-monooxygenase [Pseudomonas sp. strain EST1001]

P27138 2,4-dichlorophenol 6-monooxygenase [Cupriavidus pinatubonensis strain JMP134] I
Q8KN28 2,4-dichlorophenol 6-monooxygenase [Delftia acidovorans P4a]

FIG 6 Phylogenetic analysis of CouC (labeled with the red pentagram) illustrating its relationship to the curated representatives of the groups A flavin
monooxygenases. Bootstrap values are shown on the branching nodes.
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TABLE 2 Relative activities of CouC against different substrates?

Substrate Relative activity
O 100.0%
@i\)Lo H
OH
Melilotic acid
0 37.55%
WOH
OH
o-Coumaric acid
6.40%
HO

OH
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3-Hydroxycinnamic acid

OH 0.16%
: :CI

2-Chlorophenol
0.13%

OH

1

Cinnamic acid
0.08%

I

<
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OH

3-Hydroxybenzoic acid
0.06%

HO
OH

i

3-(3-Hydroxyphenyl)propionate
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TABLE 2 Relative activities of CouC against different substrates? (Continued)

Substrate Relative activity
0 ND°
/©/\)L o
HO
3-(4-Hydroxyphenyl)propionate
O ND
Hydrocinnamic acid
0 ND
W OH
HO
4-Hydroxycinnamic acid
o) '
Salicylic acid
O ND
4-Hydroxybenzoic acid
0 '
Benzoic acid
: :OH N
(Continued on next page)
October 2023 Volume 89 Issue 10 10.1128/aem.01109-23 11

Downloaded from https://journals.asm.org/journal/aem on 14 November 2023 by 202.120.45.86.


https://doi.org/10.1128/aem.01109-23

Full-Length Text

TABLE 2 Relative activities of CouC against different substrates? (Continued)

Substrate Relative activity

2,4-Dichlorophenol

OH o

cl CHs

4-Chloro-2-methylphenol

OH o

Cl

4-Chlorophenol

The relative activity of CouC against melilotic acid was 82.05+1.99 U mg™', which was defined as 100%.
®ND, not detected.

deepened the perceptions on how bacteria recruit genes and enzymes from different
existing pathways to assemble a new catabolic route for a plant-derived exudate.

It has long been recognized that genetic redundancy was prevalent in organ-
isms, promoting robustness and adaptation to environmental stresses (51). Aromatic
compounds of natural origin and anthropogenic sources are frequently detected in
different environment and thus led to the evolution of diverse degradation capabilities
in microorganisms. For instance, three redundant pathways catalyzing the catabolism of
benzoate were identified in Burkholderia xenovorans LB400, which conferred a specific
metabolic advantage to the strain (52). Two feruloyl-CoA synthase homologs were found
in Sagittula stellata E-37, which played overlapping roles in the catabolism of hydroxycin-
namate (53). Also, as reported in Pigmentiphaga sp. strain H8, three 4-hydroxybenzoate
3-hydroxylases (PHBH1-3) were identified, and the functionally redundant PHBH1 and
PHBH2 not only catalyzed the transformation of 3-bromo-4-hydroxybenzoate but also
assured the catabolic safety of 4-hydroxybenzoate by PHBH3 (54). In this study, COU
reductase encoding genes xenAl, xenA3, xenA5, xenA6, and xenA7, dispersedly distrib-
uted homologs of xenA on the genome of strain NyZ480, were proven all active in the
conversion of COU to DHC in vitro. This phenomenon of genetic redundancy might be
attributed to the massive occurrences of COU and its analogs in soil (55, 56), where
strain NyZ480 was isolated. Since COU and the so-called simple coumarins including
scopoletin, fraxetin, esculetin, and sideretin, etc., are root exudates of various plants that
possess antimicrobial activity (6, 57), soil microorganisms likely evolve an arsenal of tools
to overcome the perturbation from these COU compounds. As the enzyme initializing
the catabolism in strain NyZ480, COU reductases catalyze the reduction of unsaturated
C=C bond of the lactone ring, thus resulting in the spontaneous ring fission of the
resultant DHC. Intriguingly, simple coumarins all contain the same moiety of a lactone
ring, which led us to assume that the redundant reductases could play pivotal roles
in the microbial resistance to COU compounds as they likely initiate their degradation,
thus preventing the potential harms. The versatile catabolic ability against the class of
COU compounds in rhizobacteria could make possible impacts on their host plants. This
assumption could be inferred from the instance where Ralstonia solanacearum enhances
its virulence on tobacco through the degradation of the plant exudate salicylic acid (58).

Since the five functional COU reductases share various degrees of identity with XenA
belonging to the OYE family (50), the phylogenetic relationship among these five COU
reductases and several curated OYE representatives was investigated (Fig. 7). Intriguingly,
the five functional enzymes are related to different subgroups of OYE: XenAl and
XenA6 belong to the Class Il OYE, XenA3 and XenA5 belong to the Class la OYE, and
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FIG7 Phylogenetic relationships between XenA1-8 and other enzymes from the OYE family. Accession numbers of the used sequences are listed in Table S2.

XenA7 separates itself from other OYEs to form an independent clade. Although the
COU reductases are likely from different phylogenetic backgrounds (Fig. 7), they share
conservative residues in the reactive pocket, namely, one histidine and one tyrosine
at the corresponding site of XenA (Fig. 8A). As indicated by the deciphered crystalline
structure of XenA (Fig. 8B; PDB entry 2H90), the histidine pair (His178 and His181)
determines the binding of COU, and Tyr183 provides a hydride and a proton for the
catalysis. Moreover, the His178 at the corresponding sites of the five functional COU
reductases is all conserved, but the His181 at the corresponding sites of XenA3 and
XenA?5 is substituted by asparagine, even though they remain catalytic. As XenA1 shares
94% identity with XenA, its overall simulated structure and the COU-binding mode
are almost identical to XenA (Fig. 8C). Although the other four COU reductases share
relatively low identity with XenA, molecular docking prediction revealed that COU was
fitted properly in the active sites in a similar conformation (Fig. S5), indicating that they
shared a conserved mechanism for recognition and catalyzation of COU.

Redundant enzymatic catalysis was also observed in the hydrolysis of DHC to
generate MA, even though this reaction could occur spontaneously in vitro. In addition,
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FIG 8 (A) Sequence alignment of XenA and XenA1-8. The red triangles indicate the residues associated with the substrate binding and catalytic activity.
(B) Binding and orientation of COU in the active pocket of XenA (PDB entry 2H90) (B) and XenA1 (C). H178, H181, and Y183 of XenA and residues of XenA1 at
the corresponding sites are shown in sticks in the structures; hydrogen-bond interactions between COU and residues are indicated with dotted yellow lines, the
distances of which are labeled in angstroms.

gene deletion of couBT and couB2 failed to abolish the ability of strain NyZ480 to grow
with COU, which implied that alternative DHC hydrolases possibly exist or the spontane-
ous hydrolysis rate of DHC is sufficient to maintain an effective catabolic flux in vivo.
Despite the presence of genetic redundancy in the first two steps of COU catabolism,
gene couC, which is responsible for the third transformation step hydroxylating MA
to form DHPP, was determined indispensable. The couC encoding MA hydroxylase is
located 3.2 kb upstream of locus orf172-orf176 which are highly similar to mhpBCDEF
encoding conversion of DHPP to acetyl-CoA in 3HPP catabolism pathway (Fig. 1B). In
the two catabolic pathways, both 3HPP in E. coli K-12 and MA (derived from COU) in
strain NyZ480 are firstly converted to the same product DHPP, which is thus completely
degraded via the enzymes encoded by the homologous gene cluster, but the enzymes
CouC and MhpA (with 26.8% identity) catalyzing the initial hydroxylation which both
generates DHPP are distinct. As indicated by the phylogenetic analysis (Fig. 6), CouC is far
apart from the MhpA-like 3HPP hydroxylases and clusters with the phenol and dichloro-
phenol monooxygenases, which is intriguing as MA is more structurally analogous to
3HPP compared to phenol and its chlorinated derivatives. However, analysis of substrate
specificity indicated that CouC failed to hydroxylate 4-chlorophenol and 2,4-dichlorophe-
nol and barely had catalytic activity against 2-chlorophenol (Table 2), suggesting that
even though CouC may share the same ancestor with chlorophenol monooxygenases,
their catalytic specificity became completely different after long-term evolution. On the
other hand, CouC hardly catalyzed the conversion of 3HPP, which demonstrated the
vital role of the hydroxyl position in determining the hydroxylases for the catalysis of
different hydroxyphenylpropionic acids. It is fascinating to notice that the mhpBCDEF
cluster is highly homologous between the 3HPP degraders and strain NyZ480, whereas
the genes encoding the hydroxylation of 3HPP and MA at the previous catabolic step
evolve so dramatically to accommodate the catabolism of different substrates. The very
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case revealed here is an explicit instance of the convergent evolution in the bacterial
catabolism of naturally existing compounds.

MATERIALS AND METHODS

Chemicals, strains, plasmids, primers, and culture conditions

All chemicals were purchased from YuanYe Bio-Technology (Shanghai, China), except
for MA [Macklin Biochemical Co., Ltd. (Shanghai, China)] and DHPP [Amatek Scientific
Co., Ltd. (Zhangjiagang, China)]. Purity of all chemicals is over 97%. Table 3 incorporates
all the bacterial strains and plasmids used in this study. Primers used in this study are
listed in Table 4. Pseudomonas strains were cultured at 30°C in lysogeny broth (LB) or
in minimal medium (MM) prepared as previously reported (45), and E. coli strains were

TABLE 3 Bacterial strains and plasmids used in this study

Applied and Environmental Microbiology

Strain or plasmid Description and characteristics Source
Strains
Pseudomonas sp.
NyZ480 Coumarin degrader (45)
NyZ480AcouC Mutant of strain NyZ480 with the deletion of couC This study
NyZ480AxenAT Mutant of strain NyZ480 with the deletion of xenA1 This study
NyZ480AcouB1 Mutant of strain NyZ480 with the deletion of couB1 This study
NyZ480AcouB2 Mutant of strain NyZ480 with the deletion of couB2 This study
NyZ480AcouB1AcouB2 Mutant of strain NyZ480 with the deletion of both couBT and couB2 This study
NyZ480AcouC(pMCS-couC)  Mutant NyZ480AcouC complemented with couC This study
E. coli
DH5a SupE44 lacU169(¢80lacZAM15) hsdR17 recA1 endA1 gyrA96 Athi relA1 Novagen
BL21(DE3) F~ompT hsdSg (rg” mg) gal dcm lacY1 (DE3) Novagen
Rosetta(DE3) F~ompT hsdSg (rg mg) gal dcm (DE3) pRARE (Cm') Novagen
S17-1 Apir thi pro hsdR hsdM* recA R~ M* RP4-2-Tc:Mu-Km::Tn7 Stock in lab
Plasmids
pET-28a(+) IPTG inducible expression vector; Km' Novagen
pET-xenA1 xenAT fragment inserted into pET-28a(+) between Ndel and BamHI; Km' This study
pET-xenA2 xenA2 fragment inserted into pET-28a(+) between Ndel and BamHI; Km' This study
pET-xenA3 xenA3 fragment inserted into pET-28a(+) between Ndel and BamH]I; Km" This study
pET-xenA4 xenA4 fragment inserted into pET-28a(+) between Ndel and BamH]I; Km" This study
pET-xenA5 xenA5 fragment inserted into pET-28a(+) between Ndel and BamHI; Km" This study
pET-xenA6 xenA6 fragment inserted into pET-28a(+) between Ndel and BamH]I; Km" This study
pET-xenA7 xenA7 fragment inserted into pET-28a(+) between Ndel and BamH]I; Km" This study
pET-xenA8 xenA8 fragment inserted into pET-28a(+) between Ndel and BamH]I; Km" This study
pET-couB1 couB1 fragment inserted into pET-28a(+) between Ndel and BamHI; Km' This study
pET-couB2 couB2 fragment inserted into pET-28a(+) between Ndel and BamHI; Km' This study
pET-couC couC fragment inserted into pET-28a(+) between Ndel and BamHI; Km" This study
pBBR1TMCS-2 Broad-host-range expression vector; Km' This study
pMCS-couC couC fragment inserted into pBBR1MCS-2 between Kpnl and Hindlll; Km" This study
pK18mobsacB Gene deletion vector, Km', Mob*, sacB* (59)
pK-AxenAT Upstream and downstream fragments of xenA7T fused and inserted into pK18mobsacB between  This study
EcoRl and BamHI; Km"
pK-AcouB1 Upstream and downstream fragments of couBT fused and inserted into pK18mobsacB between  This study
EcoRl and BamHI; Km"
pK-AcouB2 Upstream and downstream fragments of couB2 fused and inserted into pK18mobsacB between  This study
EcoRl and BamHI; Km"
pK-AcouC Upstream and downstream fragments of couC fused and inserted into pK18mobsacB between This study

EcoRl and BamHI; Km"
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cultured at 37°C in LB. Antibiotics (100 pg/mL ampicillin, 50 pg/mL kanamycin) were
added into culture medium when needed.

Identification of candidate genes and phylogenetic analysis

BLASTP v2.12.0+ was employed to search for candidate genes involved in the catabolism
of COU in strain NyZ480, amino acid sequences of characterized enzymes were used as
queries, and E-value of the program was set as 1e-20. For phylogenetic analysis, amino
acid sequences of interest were recruited. Firstly, sequence alignment was conducted
with Muscle v5.1 (60), phylogenetic trees were then constructed by the maximum
likelihood method using RAXML-NG (61), and 1,000 bootstrap replicates were used.
Visualization was finally completed by iTOL (62).

TABLE 4 Primers used in this study

Primer Sequence (5—3’) Purpose

XenA1-F CGCGCGGCAGCCATATGATGTCCGCGCTGTTCGA L o
Amplification of xenA1 for expression in pET-28a(+)

XenA1-R GCTCGAATTCGGATCCTCAGCGATAGCGCTCGAGC

XenA2-F CGCGCGGCAGCCATATGATGACTTCGGGTTATCCGCT L o
Amplification of xenA2 for expression in pET-28a(+)

XenA2-R GCTCGAATTCGGATCCTTAGTCATATCGAATCGAATCGGGCC

XenA3-F CGCGCGGCAGCCATATGATGACCACCCTTTTCGATCCGA L o
Amplification of xenA3 for expression in pET-28a(+)

XenA3-R GCTCGAATTCGGATCCTTACATCCGCGGATAGTCGATGT

XenA4-F CGCGCGGCAGCCATATGATGGGGAACCGTTTCATGGC L o
Amplification of xenA4 for expression in pET-28a(+)

XenA4-R GCTCGAATTCGGATCCTCAAAGCTCCGCCGCCA

XenA5-F CGCGCGGCAGCCATATGATGACCAGTAATCTGTTCAATCCTATTCGC L o
Amplification of xenA5 for expression in pET-28a(+)

XenA5-R GCTCGAATTCGGATCCTTACGGGTGAGTCGGATAGTCGAT

XenA6-F CGCGCGGCAGCCATATGATGAGCCTGCTGCTCGAG L o
Amplification of xenA6 for expression in pET-28a(+)

XenA6-R GCTCGAATTCGGATCCCTAATCCCGCAAATCCGATTCGT

XenA7-F CGCGCGGCAGCCATATGATGTCAACCAACCCGCTGT L o
Amplification of xenA7 for expression in pET-28a(+)

XenA7-R GCTCGAATTCGGATCCTCAAGCCAGGGTCGACAATGC

XenA8-F CGCGCGGCAGCCATATGATGGCATTCGAAGCAATGTTCC L o
Amplification of xenA8 for expression in pET-28a(+)

XenA8-R GCTCGAATTCGGATCCTCAGAAGTCCTTGCACAGGCG

CouB1-F CGCGCGGCAGCCATATGATGAGCTACGTAACAACCAAAGACG L o
Amplification of couB1 for expression in pET-28a(+)

CouB1-R GCTCGAATTCGGATCCTCAGCTTTGGATGAACGCCAG

CouB2-F CGCGCGGCAGCCATATGATGAGCACACTCGTCACCC L o
Amplification of couB2 for expression in pET-28a(+)

CouB2-R GCTCGAATTCGGATCCTCAGCGCTGCAGGAACG

CouC-F CGCGCGGCAGCCATATGATGACTACCTCCACTAGCTTCGA L o
Amplification of couC for expression in pET-28a(+)

CouC-R GCTCGAATTCGGATCCTTAACCGAGGACGCTTTGGAGC

XenA1-up-F CCATGATTACGAATTGCAGATCCAGGGCGGC Amplification of the 750 bp upstream fragment of xenA1

XenA1-up-R GTCTGTCCAAGCGGCCCTTTCGCG for gene deletion

XenA1-down-F
XenA1-down-R
CouB1-up-F
CouB1-up-R
CouB1-down-F
CouB1-down-R
CouB2-up-F
CouB2-up-R
CouB2-down-F
CouB2-down-R
CouC-up-F
CouC-up-R
CouC-down-F
CouC-down-R
CouC-mcs-F
CouC-mcs-R

AGGGCCGCTTGGACAGACTCCAAGGGTTAACG
CGACTCTAGAGGATCGGAGAAGGTCGCGACCC
CGACTCTAGAGGATCGCTTTCCCGGCGGCG
GCCGCCACGGGTTGTTTCTCCTCCGTAGGGG
GAAACAACCCGTGGCGGCCCTGC
CCATGATTACGAATTCGATTCATGGATACCGTTGCG
CGACTCTAGAGGATCGTCGGCATGCGTTTTTCAGC
GATACCGACAGGCGGGGCCGC
CCATGATTACGAATTCCTACAACGCCCTCACCG
GCCCCGCCTGTCGGTATCTCCTTGAAAGTCTGCAG
CGACTCTAGAGGATCCGTGCTCGGCCAGTGG
CCTGGAGAATAAGAAGCATTTCCTCAAAGGCCCGG
CCTTTGAGGAAATGCTTCTTATTCTCCAGGCATTACATAGTGATGCT
CCATGATTACGAATTACGGAAGGCACATTGAGCT
GGGAACAAAAGCTGGATGACTACCTCCACTAGCTTCGA
ATTCGATATCAAGCTTTAACCGAGGACGCTTTGGAGC

Amplification of the 750 bp downstream fragment of
xenAT for gene deletion

Amplification of the 750 bp upstream fragment of couB1
for gene deletion

Amplification of the 750 bp downstream fragment of
couBT for gene deletion

Amplification of the 750 bp upstream fragment of couB2
for gene deletion

Amplification of the 750 bp downstream fragment of
couB2 for gene deletion

Amplification of the 750 bp upstream fragment of couC
for gene deletion

Amplification of the 750 bp downstream fragment of
couC for gene deletion

Amplification of couC for complementation
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Structural prediction and molecular docking

3D structures of XenA1, XenA3, XenA5, XenA6, and XenA7 were predicted from their
amino acid sequences by AlphaFold 2.1 (63); the derived pLDDT (predicted local distance
difference test) values are all over 91.9, indicating high confidence. COU was then docked
into the catalytic pocket of the predicted structures with Autodock vina 1.2.3 (64),
and results with the lowest affinity value (all less than or equal to —7 kcal/mol) were
used for the subsequent analysis. PyMOL 2.1 (http://www.pymol.org) was used for the
visualization of the binding of COU to the enzymes.

Construction of plasmids and overexpression of proteins

DNA fragments of interest were amplified using primers listed in Table 4, which were
then cloned into linearized plasmids using the ClonExpress MultiS One Step Cloning kit
(Vazyme Biotech Co., Ltd., Nanjing, China). For the construction of pK-AcouC, pK-AxenA1,
pK-AcouB1, and pK-AcouB2, the upstream fragments of couC, xenAl, couB1, and couB2
were respectively fused with downstream ones of these genes beforehand and then
inserted into digested pK18mobsacB. Plasmids for different purposes were introduced
into the corresponding bacterial hosts respectively.

For the overexpression of proteins, E. coli strains harboring different plasmids were
grown in LB medium to reach an ODggq of 0.6. Subsequently, the induced expression of
genes was triggered by the addition of 0.3 mM IPTG (isopropyl-B-D-thiogalactopyrano-
side) followed by 14-h incubation on a rotary shaker (16°C, 180 rpm).

Whole cell biotransformation of COU

E. coli BL21(DE3) harboring pET-xenA1, pET-xenA2, pET-xenA3, pET-xenA4, pET-xenA5,
pET-xenA6, pET-xenA7, and pET-xenA8 were cultured in 50-mL LB medium and induced
as described, respectively. Cells were harvested, thoroughly washed with phosphate-buf-
fered saline (PBS) buffer (pH 7.4), and then resuspended in 5-mL MM supplemented with
0.5 mM COU. Incubation of the cell suspensions was carried out on a rotary shaker (30°C,
180 rpm). Sampling was conducted at appropriate time intervals; concentrations of COU,
DHC, and MA were measured. Conversion rate of COU by these recombinant enzymes
was defined as the amount of COU that was converted to DHC per minute per gram wet
weight of bacterial cells at 30°C. HPLC and LC-MS were used as previously described (45)
for quantitative and qualitative analyses of different compounds.

Crude enzyme assays of CouB1 and CouB2

To elucidate the role of CouB1 and CouB2 in the transformation of DHC, pET-28a(+),
pET-couB1, and pET-couB2 were transformed into E. coli BL21(DE3), respectively. Culture
and induction were performed as mentioned above. Thoroughly washed bacterial cells
were suspended in 50 mM Tris-HCl buffer (pH 8.0); ultrasonication and subsequent
centrifugation (17,000 x g, 45 min) were performed to obtain crude extracts. Activity of
the crude enzyme toward DHC was determined by both HPLC analysis and UV spectrum
scanning.

A time course assay for the crude enzymes was performed in 50 mM Tris-HCl buffer
(pH 8.0) containing 650-ng crude extracts of CouB1, 10-ug crude extracts of CouB2, and
10-pug crude extracts of E. coli cells harboring pET-28a(+) only, respectively. Control was
set by adding an equal volume of Tris-HCI buffer (pH 8.0). A 0.5 mM DHC was added to
initiate the reaction. Concentration of DHC and its product MA were measured via HPLC
at different sampling points.

As for the enzyme activity test, spectral variation resulted by the transformation
of DHC to MA was recorded by a Lambda 25 spectrophotometer (PerkinElmer/Cetus,
Norwalk, CT). Crude enzyme activity toward DHC was determined by the decrease of
absorbance at 240 nm, which was caused by the dissipation of DHC. The molar extinction
coefficient of DHC at 240 nm was determined as 1,964 M~ cm™ in this study. One unit
of crude enzyme activity was defined as the amount of crude enzyme required for the
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transformation of 1 umol DHC in 1 min at 30°C. Specific activity was expressed as units
per milligram of protein.

Purification and characterization of CouC

couC was amplified from the genome of strain NyZ480 with the corresponding
primers listed in Table 4, which was fused into linearized pET-28a(+) to produce
pET-couC. The recombinant vector was then introduced into E. coli Rosetta (DE3)
according to the standard procedure (65). Bacterial cells were cultured and induced
as mentioned above. Thoroughly washed bacterial cells were resuspended in 50 mM
Tris-HCl buffer (pH 8.0) for ultrasonic fragmentation, and cell extracts were obtained
by centrifugation (17,000 x g, 45 min) and filtered through a 0.45-um filter
membrane. The recombinant His-tagged CouC was eluted with 250 mM imidazole
in the Tris-HCl buffer from a 5-mL HisTrap HP column (GE Healthcare). Imidazole
contained within the enzyme solution was removed by ultrafiltration. Purity of CouC
was analyzed by SDS-PAGE, and protein concentration was determined by Nano-300
(Allsheng Instruments Co., Ltd. Hangzhou, China).

A time course assay was performed to verify the conversion of MA to DHPP cata-
lyzed by purified CouC. The reaction was carried out in 50 mM Tris-HCI buffer (pH 8.0)
containing 100-ng CouC, 10 uM FAD, and 200 uM NADH; the reaction was initiated
by the addition of 0.1 mM MA. Samples were taken and immediately mixed with
an equal volume of acetonitrile to inactivate the enzyme; supernatant was preserved
after centrifugation (16,000 x g, 5 min) and filtration through the 0.22-pm membrane.
Concentration of MA and its product DHPP were quantified by HPLC analysis at
appropriate time intervals, and LC-MS was employed for the identification of the
corresponding chemicals.

Enzyme assay of CouC was conducted in 50 mM Tris-HCl buffer (pH 8.0) containing
80-ng purified CouC, 10 uM FAD, and 200 uM NADH, and the reaction was initiated upon
the addition of 100 uM substrate. Relative activity of CouC against all substrates included
in Table 2 was determined by the decrease of absorbance at 340 nm, which was caused
by the substrate-dependent consumption of the cofactor NADH. The molar extinction
coefficient at 340 nm for NADH was 6,220 M~ cm™ (66). One unit of enzyme activity was
defined as the amount of CouC required for the oxidation of 1 pmol NADH per min at
30°C. Specific activity was defined as above.

Gene knockout and complementation

The recombinant vectors pK-AcouC, pK-AxenA1, pK-AcouB1, and pK-AcouB2 were
respectively introduced into strain NyZ480 via conjugative transfer with the helper E. coli
S17-1 Apir. LB plates supplemented with 100 pg/mL ampicillin and 50 pug/mL kanamy-
cin were used to screen the single-crossover recombinant strain NyZ480, which was
subsequently cultured in LB medium containing the same antibiotics for 12 h at 30°C.
Finally, double-crossover recombinants were obtained by plating the culture medium
on LB agar containing 10% (wt/vol) sucrose. All gene deletions were further confirmed
by sequencing of the PCR products generated from the primers listed in Table 4 for
amplification of the flanking fragments upstream and downstream the target genes.

Regarding the complementation of couC in mutant NyZ480AcouC, pMCS-couC was
generated by inserting couC into pBBRTMCS-2. The plasmid pMCS-couC was transformed
into strain NyZ480AcouC via electroporation, and the successfully complemented strain
was screened on LB plates supplemented with 50 pug/mL kanamycin. Also, pBBR1MCS-2
without insert was transformed into mutant NyZ480AcouC to serve as the negative
control.
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