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Abstract

1,2,3*

Flavonoids are a large and important group of phytochemicals with a great variety of bioactivities. The addition

of methyl groups during biosynthesis of flavonoids and other polyphenols enhances their bioactivities and increases
their stability. In a previous study of our research group, we detected a novel flavonoid O-methyltransferase activity

in Streptomyces albidoflavus 11074, which led to the heterologous biosynthesis of homohesperetin from hesperetin

in feeding cultures. In this study, we identify the O-methyltransferase responsible for the generation of this methyl-
ated flavonoid through the construction of a knockout mutant of the gene XNR_0417, which was selected after a blast
analysis using the sequence of a caffeic acid 3’-O-methyltransferase from Zea mays against the genome of S. albido-
flavus J1074. This mutant strain, S. albidoflavus AXNR_0417, was no longer able to produce homaohesperetin after hes-
peretin feeding. Subsequently, we carried out a genetic complementation of the mutant strain in order to confirm
that the enzyme encoded by XNR_0417 is responsible for the observed O-methyltransferase activity. This new strain,
S. albidoflavus SP43-XNR_0417, was able to produce not only homohesperetin from hesperetin, but also different
mono-, di-, tri- and tetra-methylated derivatives on other flavanones, flavones and stilbenes, revealing a broad sub-
strate flexibility. Additionally, in vitro experiments were conducted using the purified enzyme on the substrates previ-
ously tested in vivo, demonstrating doubtless the capability of XNR_0417 to generate various methylated derivatives.
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Background

Polyphenols are the largest group of phytochemicals
known in nature. They have been associated to a vari-
ety of health benefits, such as the prevention of can-
cer, cardiovascular and neurodegenerative diseases
[1]. Polyphenols comprise different families, such as
flavonoids and stilbenes. Flavonoids are a huge fam-
ily of nutraceutical compounds widely distributed in
plants, including dietary plants [1-5]. On the other
hand, stilbenes represent a relatively small group of
phytochemicals found in grapes, peanuts, rhubarb,
berries, etc. [6, 7].
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Flavonoids share a canonical structure of 15 carbon
atoms (C6-C3-C6). The core chemical structure con-
tains two aromatic rings (ring A and B) connected by
a heterocyclic tetrahydropyran moiety (ring C) [8, 9]
(Fig. 1). Stilbenes show a carbon skeleton with the struc-
ture of 1,2-diphenylethylene (C6—C2-C6), consisting of
an ethylene moiety connecting two benzene rings [10]
(Fig. 1). Flavonoids have been investigated as antimi-
crobial, antiangiogenic [11, 12], antitumor [11-13], and
antioxidant compounds [14], among other bioactivities.
Likewise, stilbenes have demonstrated a wide range of
biological activities, such as antimicrobial [15], antifungal
[16], anti-inflammatory [17] and antitumor [18], among
others [19].

Methylated derivatives of flavonoids and stilbenes
also display interesting bioactivities [20, 21] and show
improved oral bioavailability, better stability and better
absorption due to the enhanced lipophilicity conferred by
the methyl groups [22, 23]. Both, flavonoid and stilbene
methylated derivatives, are less common in their natural
plant producers than the unmethylated forms [24, 25],
hindering the extraction of large quantities. An alterna-
tive to the extraction from their natural producers is the
chemical synthesis. However, this requires the chemical
blocking and deblocking steps to introduce the methyl
moieties in the desired positions of the final substrate
[26]. In this context, the biotransformation (using micro-
bial factories) emerges as a promising method to modify
flavonoid backbones [27]. Regarding this, it is interesting
to search methyltransferases in different organisms for a
la carte polyphenols tailoring.

In the databases, a plethora of polyphenol O-meth-
yltransferases (OMTs) have been identified in different
plant species. Also, several polyphenol OMTs have also
been found in bacteria, especially in the genus Streptomy-
ces [28-32]. In recent studies of our research group, we
have observed a native flavonoid OMT activity in Strep-
tomyces albidoflavus J1074 able to generate eriodictyol
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3',4"-dimethyl ether (homohesperetin) from eriodic-
tyol 4'-methyl ether (hesperetin) feeding [33]. Further-
more, we putatively identified a compound as luteolin
3,4’ -dimethyl ether during the biosynthesis of luteolin
4’ -methyl ether (diosmetin) and luteolin 3" -methyl ether
(chrysoeriol) feeding, which was attributed to this S. albi-
doflavus OMT activity [34]. However, the bacterial gene
encoding this enzymatic activity remained unknown.

In this study, we have identified the gene encoding
the OMT of S. albidoflavus J1074 responsible of the
abovementioned methylations and have demonstrated
its activity in vivo. Moreover, we have tested the sub-
strate flexibility of the encoded enzyme either in vivo
and in vitro using different polyphenols, specifically fla-
vanones, flavones, and stilbenes.

Results
Selection of a candidate gene encoding the flavonoid OMT
of S. albidoflavus J1074
Streptomyces albidoflavus J1074 (accession number:
CP004370.1) has numerous methyltransferase genes
annotated in its genome, but only seven are annotated as
OMTs. According to our previous results, the targeted
flavonoid OMT activity in S. albidoflavus J1074 seems
to have a preference for introducing a methyl group in
position 3 of the ring B of hesperetin [33]. With the aim
of identifying the responsible enzyme for this flavonoid
OMT activity, we performed a BLASTP analysis using
the amino acid sequence of a caffeic acid 3'-OMT from
Zea mays (accession number: NP_001106047.1) against
the genome of S. albidoflavus J1074. The results showed
only one hit, with 35% of identity, 49% positives and 6%
gaps. This hit corresponded to XNR_0417, a gene encod-
ing one of the seven annotated OMTs in this species.
Additionally, we found that the gene XNR 0417
overlaps with the gene XNR 0418 on the chromo-
some of Streptomyces albidoflavus J1074. Accord-
ing to genome annotations, XNR 0418 encodes a

Fig. 1 Basic skeleton of flavonoids (left) and stilbenes (right). Carbon positions are displayed in red color
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hypothetical protein. However, BLASTP analysis of
the amino acid sequence of XNR_0417 revealed a high
number of hits showing similarity with holin proteins,
exhibiting identities exceeding 99%. Holins are small
membrane proteins specific to bacteriophages and are
essential for the degradation of the host cell envelope
[35]. This finding indicates that the XNR_0417 OMT
may have a viral origin.

With the aim of obtaining more information related
to this protein, a phylogenetic analysis was performed
using not only flavonoid OMTs from plants and Strep-
tomyces, but also OMTs from bacteriophages (Fig-
ures S1). After this analysis, we found that this protein
is more closely related to flavonoid OMTs from Strep-
tomyces than to those OMTs from plant or bacterio-
phages. Taking into account the overlap of the gene
XNR_0417 with the gene XNR_0418, which encodes a
holin-type protein, and the results obtained from the
phylogenetic analysis, it is possible that the integration
of a phage genome harboring these genes occurred in a
Streptomyces ancestor long ago during evolution.

Effect of deletion of the gene XNR_0417 in S. albidoflavus
J1074

A knockout mutant strain of XNR_0417 was generated
in S. albidoflavus J1074 in order to establish a corre-
lation between its encoded enzyme and the specific
OMT activity under investigation. This mutant strain,
named as S. albidoflavus AXNR_0417, was generated
using the CRISPR-based plasmid pSEVAUO-C41012-
XNR_0417 (Figure S2).

Then, both S. albidoflavus J1074 and S. albidoflavus
AXNR_0417 strains were cultivated in the presence
of hesperetin (see “Material and methods” section)
and, 5 days after inoculation, samples were extracted
with organic solvents, and the extracts were analyzed
by high performance liquid chromatography with
diode array detector (HPLC-DAD). The correspond-
ing chromatograms showed a significant accumula-
tion of hesperetin in both extracts. However, only
the extract from S. albidoflavus J1074 contained the
methylated derivative homohesperetin, while this was
absent in the extract from S. albidoflavus AXNR_0417
mutant strain. These results were corroborated using
authentic pure standards of hesperetin and homohes-
peretin (Fig. 2). This experiment allowed to identify
the enzyme encoded by XNR 0417 as the respon-
sible one for the studied native OMT activity in this
actinomycete.
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Phenotypic complementation of the XNR_0417 knockout
mutant strain

In order to confirm that the gene XNR_0417 actu-
ally encodes the OMT which converts hesperetin to
homohesperetin, a phenotypic complementation of
the strain S. albidoflavus AXNR_0417 was carried out.
Plasmid pSEVAUO-M21402-XNR_0417, harboring
the XNR_0417 gene sequence under the control of the
strong constitutive promoter SP43 [36], was integrated
into the ¢BT1 attB site of the chromosome of S. albi-
doflavus AXNR_0417 mutant strain, giving rise to the
strain S. albidoflavus SP43-XNR_0417.

This new strain was cultivated in parallel with its
parental mutant strain S. albidoflavus AXNR_0417 in
the presence of hesperetin. After 5 days of fermenta-
tion, samples were extracted and analyzed by HPLC-
DAD. As expected, the production of homohesperetin
(compound 5, Fig. 3A) from hesperetin (compound
3) was restored in S. albidoflavus SP43-XNR_0417.
Moreover, three new compounds (2, 4 and 6) were
detected in this extract (Fig. 3A), whose identities
remain unknown. Thus, it seems that the XNR_0417
enzyme may have substrate flexibility and that placing
the gene XNR_0417 under the control of the strong and
constitutive promoter SP43 leads to higher doses of this
enzyme, which enables the detection of these new puta-
tive methylated derivatives.

In vivo assays to determine the substrate flexibility

of XNR_0417 on different flavanones, flavones,

and stilbenes

In order to determine the substrate flexibility of the
XNR_0417 OMT enzyme on other polyphenols, two
additional flavanones, three flavones and three stil-
benes were tested in vivo using the strain S. albido-
flavus SP43-XNR _0417 and the strain S. albidoflavus
AXNR_0417 (as a negative control).

Flavanones

In the case of flavanones, hesperetin (C;cH;,O4), erio-
dictyol (C;5sH;,0,), homoeriodictyol (C;cH;,0,) and
homohesperetin (C;;H;,O¢) were tested. The Fig. 3B-D
show the HPLC-DAD chromatograms of the strains
S. albidoflavus SP43-XNR_0417 and S. albidoflavus
AXNR_0417 after feeding with eriodictyol, homoerio-
dictyol and homohesperetin, respectively. In the case of
the eriodictyol feeding, the compounds 1 (eriodictyol),
2 (homoeridictyol), 4, 5 (homohesperetin, C;;H;,0)
and 6 were detected (Fig. 3B) in the extract of the strain
S. albidoflavus SP43-XNR_0417. However, only the
compound 1 (eriodictyol) was detected in the extract of
the control mutant strain.
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Fig. 2 HPLC-DAD chromatograms of S. albidoflavus J1074 + hesperetin (A), S. albidoflavus AXNR_0417 + hesperetin (B), authentic pure standard

of hesperetin (C) and authentic pure standard of homohesperetin (D)

On the other hand, the compounds 2 (homoeridic-
tyol), 4, 5 (homohesperetin) and 6 were detected after
homoeriodictyol feeding (Fig. 3C) in the strain express-
ing the XNR 0417 gene, and only the compound 2
(homoeridictyol) was detected in the control mutant
strain.

Regarding homohesperetin feeding (Fig. 3D), com-
pounds 5 (homohesperetin) and 6 were detected in the
strain harboring the XNR_0417 gene.

Eriodictyol (compound 1), homoeriodictyol (com-
pound 2), hesperetin (compound 3) and homohespere-
tin (compound 5) were identified using commercial pure
standards (Fig. 3E). As mentioned above, one of the new
detected compounds after hesperetin feeding was com-
pound 2. This compound had the same retention time
that homoeriodictyol (Fig. 3A, E), however, it showed a
different absorption spectrum (Figure S3).

To obtain more information on the compounds gener-
ated from these flavanones feedings, the samples were
analyzed by high performance liquid chromatography

coupled to electrospray ionization high resolution mass
spectrometry (HPLC-HRESIMS). In the following para-
graphs, the A compounds indicate flavonoids show-
ing m/z ions according to the presence of three methyl
groups in the flavonoid skeleton, the B compounds indi-
cate flavonoids showing m/z ions according to the pres-
ence of one methyl group in the flavonoid skeleton, the
C compounds indicate flavonoids showing m/z ions
according to the presence of two methyl groups in the
flavonoid skeleton, and the D compounds indicate flavo-
noids showing m1/z ions according to the presence of four
methyl groups in the flavonoid skeleton.

In the extract of S. albidoflavus SP43-XNR_0417 after
the hesperetin (C,cH,,0;) feeding, the signals A1, A3 and
A4 (all with an m/z 329.1030618 [M—H]~, calculated for
C,sH;30,, involving a total of three methyl groups pre-
sent in the flavonoid skeleton) were detected. Three more
signals; B1, C2, and D, with m/z [M—H]~ of 301.0717617
(calculated for C,(H,,Oq, hesperetin), 315.0874118 (cal-
culated for C,,H,,O4 homohesperetin) and 343.1187119
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Fig. 3 HPLC-DAD chromatograms of cultures of S. albidoflavus AXNR_0417 (black) and S. albidoflavus SP43-XNR_0417 (red) after addition of A
hesperetin 0.1 mM; B eriodictyol 0.1 mM; C homoeriodictyol 0.1 mM; and D homohesperetin 0.1 mM. E Authentic pure standards of eriodictyol (1),
homoeriodictyol (2), hesperetin (3), and homohesperetin (5). Peaks 2” and 6 are unknown compounds

(calculated for (C,oH,,Og, involving a total of four methyl In the case of the eriodictyol (C,5H;,O4) feeding
groups present in the flavonoid skeleton), respectively, (Fig. 4(2)), the signals A3 and A4 (m/z 329.1030618
were also detected (Figs. 4(1) and 5). [M—H]™, calculated for C,sH;40,) were detected (involv-

ing the presence of a total of three methyl groups). The
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Fig. 4 HPLC-HRESIMS chromatograms of the strains S. albidoflavus SP43-XNR_0417 (red) and S. albidoflavus AXNR_0417 (black) after feeding

with flavanones; 1 hesperetin, 2 eriodictyol, 3 homoeriodictyol and 4 homohesperetin. 5 Pure standards of eriodictyol (E, gray), homoeriodictyol
(B2, red), hesperetin (B1, green) and homohesperetin (C2, blue). Capital letters corresponds to extracted ion chromatograms (EICs) for different
m/z [M=H]": (A1-A4); 329.1030618 (calculated for C,gH,s04: flavonoid skeletons with a total of three present methyl groups), (B1, B2);301.0717617
(calculated for C,¢H,,O4: flavonoid skeletons with a total of one methyl group), (C1, C2); 315.0874118 (calculated for C;,H;,O4: flavonoid skeletons
with a total of two methyl groups), (D); 343.1187119 (calculated for C,4H,,O4;: flavonoid skeleton with a total of four methyl groups), and (E);
287.0561117 (calculated for C,5H;,04: flavonoid skeleton without methyl groups). Capital letters followed by different numbers correspond

to different compounds with the same m/z [M—H]~

signals B2 (m/z [M—H]~ of 301.0717617, calculated for
C,6H 1404, corresponding to homoeriodictyol), C2 (m/z
[M—H]~ of 315.0874118, calculated for C,,H,,O,, cor-
responding to homohesperetin) and E (m/z [M—H]~ of

287.0561117, calculated for C;sH;,0, corresponding to
eriodictyol), were detected as well (see also Fig. 5).

On the other hand, after homoeriodictyol (C,;H;,04)
feeding, the signals A2, A3 and A4 (m/z 329.1030618
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Fig.5 Proposed compounds generated by the XNR_0417 OMT from the different flavanones tested as substrate. Flavanones used in the feeding
experiments are depicted in red. The O-methyl groups introduced by XNR_0417 are highlighted in different color within the structures. Compounds
are named as the detected signals of m/z [M—H]~ (compounds corroborated with authentic pure standards are also named with their assigned
number in the HPLC-DAD analysis). Compound CT1, containing R in its structure, is unknown and can correspond to one of the possible O-methyl

groups distribution described next to its structure

[M—H]", calculated for C;gH;30¢), C1 and C2 (with m/z
[M—H]~ of 315.0874118, calculated for C;;H;;O¢) were
detected. The signals B2 (homoeriodictyol) and D (with
m/z [M—H]™ of 343.1187119, calculated for C,oH,,0)
were also detected (Figs. 4(3) and 5).

Finally, after homohesperetin (C,;H;,O;) feeding, the
signals A2, A3 and A4 (m/z 329.1030618 [M—H]~, calcu-
lated for C,gH,3O), C2 (with m/z [M—H] ™ of 315.0874118,
calculated for C;,H,,O, corresponding to homohespere-
tin) and D (with m/z [M—H]~ of 343.1187119, calculated
for C,4H,,O;) were detected (Figs. 4(4) and 5).

The Fig. 4(5) shows the Base Peak Chromatograms
(BPCs) of signals E, B1, B2 and C2, corresponding to eri-
odictyol, homoeriodictyol, hesperetin and homohespere-
tin pure standards, respectively.

The A type signals have a m/z [M—H] ™~ corresponding
to eriodictyol trimethyl ethers (C;gH;3O¢). Since this

type of signal appears three times after hesperetin feed-
ing (A1, A3 and A4) and homoeriodictyol and homo-
hesperetin feedings (A2, A3 and A4) (Fig. 4(1, 3)), the
presence of three different forms of eriodictyol trime-
thyl ethers in these extracts is a possibility, while two
of these forms (A3 and A4) were present in the extract
generated after eriodictyol feeding (Fig. 4(2)).

In the case of the hesperetin feeding, the signal Bl
was assigned to hesperetin using a pure standard, and it
corresponds to peak 3 in Fig. 3A. On the other hand, in
extracts from the eriodictyol and homoeriodictyol feed-
ings, the signal B2 (C,4H,,0,) was confirmed as homoe-
riodictyol using its pure standard, and it corresponds to
peak 2 in Figs. 3B, C. The signal C (C;;H,,O;) appears
once in the extracts of the hesperetin, eriodictyol and
homohesperetin feedings (C2) and it was confirmed
as homohesperetin using a pure standard. However, in
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the extract from the homoeriodictyol feeding, the sig-
nal C appears twice (C1 and C2). The signal C1, that
appears at early retention time, remains unknown. The
signal D (C;gH,,0g) is detected only in the extracts of
the hesperetin, homoeriodictyol and homohesperetin
feedings, and it shows a m/z 343.1187119 [M—H]™ that
corresponds to an eriodictyol tetramethyl ether, which
is the eriodictyol molecule with all the hydroxyl moie-
ties substituted by a methyl group. This peak could not
be related with none of those observed by HPLC-DAD
analysis (Fig. 3) since it only appears after hesperetin,
homoeriodictyol and homohesperetin feedings and
no differential peaks were detected by HPLC-DAD
between these three conditions and the eriodictyol
feeding. Finally, the signal E was confirmed as eriod-
ictyol (C,5H,,0¢) using a pure standard, and it corre-
sponds to the compound 1 in Fig. 3. This signal is only
detected after eriodictyol feeding, either in S. albidofla-
vus SP43-XNR_0417 and the control strain. All the pro-
posed flavanone O-methylated derivatives detected by
HPLC-HRESIMS are represented in Fig. 5.

Flavones

The flavones tested as potential substrates of XNR_0417
enzyme were luteolin, diosmetin and chrysoeriol. Fig-
ure 6 shows the HPLC-DAD chromatograms of the
strains S. albidoflavus SP43-XNR_0417 and S. albido-
flavus AXNR_0417 after feeding with luteolin (Fig. 6A),
diosmetin (Fig. 6B) and chrysoeriol (Fig. 6C). Luteolin,
chrysoeriol and diosmetin were identified as the com-
pounds 7, 8 and 9 respectively, using pure standards
(Fig. 6D). In the case of the luteolin feeding, the com-
pounds 7, 8, 10 and 11 were detected in the extract of
the strain S. albidoflavus SP43-XNR_0417, but only the
compound 7 was detected in the extract of S. albido-
flavus AXNR_0417. After the diosmetin feeding, only
the compounds 10 and 11 were detected in the strain
harboring XNR_0417, while the compound 9 was accu-
mulated in the negative control strain. Finally, the com-
pounds 8, 10 and 11 were detected after the chrysoeriol
feeding in the extract of S. albidoflavus SP43-XNR_0417,
but in the negative control strain only the compound 8
was detected. The identity of the compounds 10 and 11
remains unknown.

These samples were also analyzed by HPLC-
HRESIMS (Fig. 7). In the extract of S. albidoflavus
SP43-XNR_0417 after luteolin feeding, the signals F
(m/z 285.0404616 [M—H]", calculated for C;;H;,O),
G1 (m/z299.0561117 [M—H]", calculated for C;¢H;,04,
indicating the presence of a total of one methyl group),
H (m/z 313.0717617 [M—H] ", calculated for C,;H;,O,
indicating the presence of a total of two methyl groups)
and 12 (m/z 327.0874118 [M-H]~, calculated for
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C,gH,40,, indicating the presence of a total of three
methyl groups) were detected (Fig. 7(1)). The signals F
and G1 were also detected in the control strain. The sig-
nal G1 was identified as chrysoeriol using a pure stand-
ard. The presence of the signal G1 in the control strain
may correspond to chrysoeriol or any other compound
produced by S. albidoflavus. However, the presence of
chrysoeriol in the control strain would not be surpris-
ing since different flavonoid OMTs have been reported
in other Streptomyces species [29-32, 37].

In the case of the diosmetin feeding (Fig. 7(2)), the signals
G2 (m/z 299.0561117 [M—H]", calculated for C,(H,,O,
indicating the presence of a total of one methyl group), H
(m/z 313.0717617 [M—H]~, calculated for C,,H,,O, indicat-
ing the presence of a total of two methyl groups), I1 and 12
(m/z 327.0874118 [M—H]~, calculated for C,gH,;O, indi-
cating the presence of a total of three methyl groups) were
detected in the strain S. albidoflavus SP43-XNR_0417. Only
the signal G2 was detected in the negative control strain.

After the feeding with chrysoeriol, the signals G1, H, I1
and 12 were detected in the strain harboring XNR_0417.
Only the signal G1 was detected in the control strain
(Fig. 7(3)). The Fig. 7(4) shows the extracted BPCs of the
pure standards luteolin (F), chrysoeriol (G1) and diosme-
tin (G2).

Chyrsoeriol (G1) and diosmetin (G2) have the same
molecular mass and thus, the same m/z [M—H]". On the
other hand, the signal H, which appears in the strain S.
albidoflavus SP43-XNR_0417 after the feeding with the
three flavones, has a m/z 313.0717617 [M—H]~ that cor-
responds to a dimethylated luteolin. In a previous work
of our research group, we detected a putative luteolin
3,4’ -dimethyl ether during the heterologous biosynthe-
sis of diosmetin and chrysoeriol in a strain of S. albido-
flavus [34], and it presents the same retention time that
peak 10 in Fig. 6C. This indicates that the compound 10
and the signal H may correspond to luteolin 3”,4"-dime-
thyl ether.

Finally, the signals 11 and I2 have the m/z [M—H]™ of
luteolin trimethyl ether. I2 is detected in the case of
luteolin feeding, and I1 and I2 are detected both in the
diosmetin and chrysoeriol feedings. Since the signal 12
is common in all the feedings, it may correspond to the
compound 11 in Fig. 6, while the signal I1 cannot be
related with any peak in the HPLC-DAD analysis. In the
case of flavones, no signals corresponding to tetra-meth-
ylated derivatives were detected. All the proposed flavone
O-methylated derivatives detected by HPLC-DAD and
HPLC-HRESIMS are represented in Fig. 8.

Stilbenes
The stilbenes tested as possible substrates for the
XNR_0417 enzyme were resveratrol, rhapontin and
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Fig. 6 HPLC-DAD chromatograms of cultures of S. albidoflavus AXNR_0417 (black) and S. albidoflavus SP43-XNR_0417 (green) after addition of A
luteolin 0.1 mM; B diosmetin 0.1 mM; and C chrysoeriol 0.1 mM. D Authentic pure standards of luteolin (7), chrysoeriol (8), and diosmetin (9). Peaks

10and 11 are unknown

polydatin, being the last two ones glycosylated stil-
benes. Figure 9 shows HPLC-DAD chromatograms of
the strains S. albidoflavus SP43-XNR_0417 and S. albi-
doflavus AXNR_0417 after the feeding with resveratrol
(Fig. 9A), rhapontin (Fig. 9B) and polydatin (Fig. 9C).
Resveratrol, rhapontin and polydatin were identified as
the compounds 14, 13 and 12 respectively using pure
standards (Fig. 9D). After the feeding with resveratrol,
the compounds 14, 17, 18, 19 and 21 were detected in the

strain harboring the XNR 0417 enzyme, while only the
compound 14 was detected in the control strain.

In the case of the rhapontin feeding, the compounds
15, 16, 19 and 20 were detected in the strain S. albido-
flavus SP43-XNR_0417 and not in the negative control
strain. The compound 13 (rhapontin) was not observed
in none of the two strains.

Finally, the same compounds 14, 17, 18, 19 and 21
observed in the case of the resveratrol feeding were
detected in the extract of the strain S. albidoflavus
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Fig. 7 HPLC-HRESIMS chromatograms of the strains S. albidoflavus SP43-XNR_0417 (green) and S. albidoflavus AXNR_0417 (black) after feeding
with the flavones 1 luteolin, 2 diosmetin, and 3 chrysoeriol. 4 Pure standards of luteolin (red, F), diosmetin (blue, G2) and chrysoeriol (green, G1).
The capital letters correspond to extracted ion chromatograms (EICs) for different m/z [M—H]"™: (F); 285.0404616 (calculated for C,sH;,04: flavonoid
skeleton without methyl groups), (G1 and G2); 299.0561117 (calculated for C,4H;,04: flavonoid skeletons with a total of one methyl group), (H);
313.0717617 (calculated for C,,H;,04: flavonoid skeleton with a total of two methyl groups), and (11 and 12); 327.0874118 (calculated for C,gH;s04:
flavonoid skeletons with a total of three methyl groups). Capital letters followed by different numbers correspond to different compounds

with the same m/z [M—H]~

SP43-XNR_0417 after the polydatin feeding, and only
the compound 14 (resveratrol) was detected in the nega-
tive control strain. The compound 12 (polydatin) was
not observed in any of the two strains. The compounds
15, 16, 17, 18, 19, 20 and 21 remain unknown, and the
absence of rhapontin and polydatin in these extracts will
be discussed later.

As in the case of the flavonoid feedings, the extracts of
the stilbene feedings were analyzed by HPLC-HRESIMS
(Fig. 10). After feeding with resveratrol, the signals | (m/z
227.0713678 [M—H]", calculated for C,,H;,0,, indicat-
ing a stilbene skeleton without methyl groups), K (m/z
241.0870179 [M—H]~, calculated for C,;H,,0,, indicat-
ing a stilbene skeleton with one methyl group) and L (m/z
255.1026679 [M—H]", calculated for C,;H;,O,, indicat-
ing a stilbene skeleton with two methyl groups) were
detected twice in the extract of S. albidoflavus SP43-
XNR_0417 strain. The signal ] was also detected twice
in the extract of the negative control strain (Fig. 10(1)).

Also, when the resveratrol pure standard was analyzed
by HPLC-HRESIMS, two signals corresponding to J type
compounds were detected, with the signal at an earlier
retention time being the major one (Fig. 10(1)). These
two signals detected after the resveratrol feeding are eas-
ily explained due to the trans—cis isomerization of res-
veratrol that occurs when it is exposed to light between
350 and 450 nm wavelength [38, 39]. All the extractions
were carried out under light conditions, unlike the pure
standard, which was not exposed to light during a long
time. All signals corresponding to resveratrol methylated
derivatives were detected as two peaks as well.

In the case of the rhapontin feeding, the signals M (m/z
257.0819325 [M—H]", calculated for C,;H,,0,, indicat-
ing a stilbene skeleton with one methyl group) and N
(m/z 271.0975825 [M—-H]~, calculated for C,cH;cO,
indicating a stilbene skeleton with two methyl groups)
were detected twice and the signal O (m/z 285.1132326
[M—H]~, calculated for C,;H;4O,, indicating a stilbene
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experiments are depicted in green. The O-methyl groups introduced by XNR_0417 are highlighted in different color within the structures.
Compounds are named as the detected signals of m/z [M—H]~ (compounds corroborated with authentic pure standards are also named with their
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skeleton with three methyl groups) was detected three
times in the strain S. albidoflavus SP43-XNR_0417. The
signal M was also detected twice in the control strain
(Fig. 10(2)), due to the trans—cis photo-isomerization
of the rhapontin aglycon (rhapontigenin) [40]. The m/z
419.1347559 [M—H]~, calculated for C,;H,;0, and cor-
responding to rhapontin, was not detected in any of the
strains.

Finally, after the polydatin feeding, the signals J, K, and
L were detected twice in the strain S. albidoflavus SP43-
XNR_0417. The signal ] was also detected twice in the
control strain (Fig. 10(3)). The m/z 389.1241912 [M—H]",
calculated for C,,H,,0O4 and corresponding to polydatin
was not detected in any of the strains.

The signal ] is resveratrol and corresponds to the com-
pound 14 in Fig. 9. However, only one isomer is detected
by HPLC-DAD analysis. The signals K and L have a m/z
[M—H]~ corresponding to resveratrol methyl ether and
resveratrol dimethyl ether, respectively, and they may
correspond to some of the unidentified compounds by
HPLC-DAD (17, 18, 19 and 21) (Fig. 9C). The different
possibilities for the identity of the signals K and L are
depicted in Fig. 11. No signals corresponding to resvera-
trol trimethyl ether were detected.

In the case of the rhapontin feeding, this compound
and its methylated derivatives were not detected. How-
ever, the signal M, corresponding to rhapontigenin, was
detected. Rhapontigenin already harbors a methyl group,
and the signals N and O show a m/z [M—H] " like the one
of rhapontigenin with one and two extra methyl groups,
respectively. These compounds cannot be related with

a specific compound observed by HPLC-DAD analy-
sis (15, 16, 19 and 20) (Fig. 10(2)), but, these signals may
correspond to some of them and the possible methyl
groups distribution within these compounds is depicted
in Fig. 11.

Finally, after the polydatin feeding, this compound and
its methylated derivatives were not detected, however,
the same signals that in the case of resveratrol feeding
(signals J, K and L) were detected. The polydatin aglycon
is actually resveratrol, and this result suggests, as in the
case of rhapontin, the loss of the sugar moiety during the
fermentation. This phenomenon will be addressed in the
next section.

In vitro assays to determine the substrate flexibility

of XNR_0417 on different flavanones, flavones,

and stilbenes

In order to complement the biotransformation experi-
ments previously presented, we carried out in vitro reac-
tions using the pure form of the enzyme XNR_0417 after
its expression in E. coli and its purification (see “Material
and methods” section).

Flavanones

The flavanones hesperetin, eriodictyol, homoeriodictyol
and homohesperetin were tested in vitro and analyzed
using UPLC-DAD (Fig. 12) and LC-MS (Fig. 13).

After addition of hesperetin to the reaction (Fig. 12A),
homohesperetin was obtained as a product, as well as
three extra unidentified peaks. Regarding eriodictyol,
the purified enzyme generated from this substrate the
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Fig. 9 HPLC-DAD chromatograms of cultures of S. albidoflavus AXNR_0417 (black) and S. albidoflavus SP43-XNR_0417 (blue) after addition of A
resveratrol 0.1 mM; B rhapontin 0.1 mM; and C polydatin 0.1 mM. D Authentic pure standards of polydatin (12), rhapontin (13), and resveratrol (14).

Peaks 15,16,17,18,19, 20 and 21 are unknown compounds

products homoeriodictyol, homohesperetin and an uni-
dentified compound (Fig. 12B). In the case of homoerio-
dictyol, homohesperetin was generated, as well as three
unidentified compounds (Fig. 12C). Finally, homohes-
peretin yielded three unidentified products (Fig. 12D).
The identification of some of the compounds was carried
out using pure standards (Fig. 12E).

These results demonstrate the substrate flexibility of
XNR_0417 over flavanone substrates, yielding products
with all the compounds tested.

Furthermore, the extracts from the reactions were
also analyzed by LC-MS (Fig. 13). In the case of hes-
peretin, this compound and homohesperetin were
detected after the reaction (Fig. 13(1)). In the case of
eriodictyol, this compound, homoeriodictyol and
homohesperetin were detected (Fig. 13(2)). In the reac-
tion using homoeridictyol, this compound and homo-
hesperetin were detected (Fig. 13(3)). Finally, in the
extract from the reaction using homohesperetin as
substrate (Fig. 13(4)) two signals of m/z [M—H]  of
329.1030618 (calculated for C,gH,;O¢) were detected,



Pérez-Valero et al. Microbial Cell Factories (2024) 23:265

Page 13 of 26

o] “ KK MH
| I
I

J“H‘ || HA
U\

004 J J | . o | J\

50 55 60 65 70 75 80 85 90 Time [mn] 55 60 65

7.0 75 80 Time [min] 50 55 60 65 7.0 75 80 85 90 Time [min]

Fig. 10 HPLC-HRESIMS chromatograms of the strains S. albidoflavus SP43-XNR_0417 (blue) and S. albidoflavus AXNR_0417 (black) after feeding
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however, they are not visible when the EIC of homo-
hesperetin is displayed. Thus, we have included a chro-
matogram displaying the EIC for the m/z [M—H]™ of
329.1030618 as a supplementary figure (Figure S4). The
compounds generated in the reactions were identified
using pure standards (Fig. 13(5)).

Flavones

The flavones luteolin, diosmetin and chrysoeriol were
tested in vitro and analyzed using UPLC-DAD (Fig. 14)
and LC-MS (Fig. 15).

After addition of luteolin to the reaction (Fig. 14A),
chrysoeriol was obtained as a product, as well as six
extra unidentified compounds. Regarding diosme-
tin (Fig. 14B), seven different unidentified compounds
were detected. In the case of chrysoeriol, three uniden-
tified compounds were detected (Fig. 14C). The iden-
tification of some of the compounds was carried out
using pure standards (Fig. 14D).

These results demonstrate that XNR_0417 is able to
take flavones as substrates, yielding products with all
the compounds tested.

Additionally, as in the case of flavanones, the extracts
from the reactions were also analyzed by LC-MS
(Fig. 15). In the case of luteolin, this compound and chry-
soeriol were detected, as well as another compound with
m/z [M—H]~ of 313.0717617 (signal H, calculated for the
dimethylated C,,H,,O;) (Fig. 15A). After diosmetin feed-
ing, this compound and that corresponding to signal H
(calculated for the dimethylated C,,H,,0O,) were detected
(Fig. 15(2)). Finally, in the case of chrysoeriol, this com-
pound and compound corresponding to signal H were
detected (Fig. 15(3)). Some of these compounds were
identified using pure standards (Fig. 15(4)).

Stilbenes

In a similar way that in the case of flavonoids, the stil-
benes resveratrol, rhapontin and polydatin were tested
in vitro and analyzed using UPLC-DAD (Fig. 16) and
LC-MS (Fig. 17).

After addition of resveratrol to the reaction (Fig. 16A),
four unidentified compounds were detected. Regard-
ing rhapontin (Fig. 16B), nine different unidentified
compounds were detected. Finally, six unidentified
compounds were detected when polydatin is added as
substrate of the reaction (Fig. 16C). The identification
of some of the compounds was carried out using pure
standards (Fig. 16D).

These results demonstrate that XNR_0417 is able to
take not only flavonoids as substrates, but also stilbenes,
even if they are glycosylated (rhapontin and polydatin).
These three stilbenes yielded different products in pres-
ence of the pure O-methyltransferase.

The extracts from the reactions with stilbenes were also
analyzed by LC-MS (Fig. 17). In the case of resveratrol
(Fig. 17(1)), this compound was detected twice (] signals).
Also, two signals K [m/z [M—H]~ of 241.0870179 (calcu-
lated for C;sH,,05)], and two signals L [m/z [M—H]™ of
255.1026679 (calculated for C;,H;405)] were detected.
In the case of rhapontin [signal Y, with m/z [M—H]™ of
419.1348 (calculated for C,;Hy30,)], two signals M [m/z
[M—H]~ of 257.0819325 (calculated for C,;H,,0,)], four
signals N [m/z [M—H]~ of 271.0975825 (calculated for
C,6H;604)] and a signal O [m/z [M—H]™ of 285.1132326
(calculated for C;;H;40,)] were detected.

Discussion

Few examples of ecological or metabolic relationships
between microorganisms and flavonoids are described
in the literature, such as the case of apigenin and Rhizo-
bium [41], as most microorganisms are not exposed to
flavonoids in the environment. The plant-type OMTs
are known to transfer methyl groups only to a specific
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Fig. 11 Proposed compounds generated by the XNR_0417 OMT from the different stilbenes tested as substrate. Stilbenes used in the feeding
experiments are depicted in blue. Compounds are named as the detected signals of m/z [M—H]~ (compounds corroborated with authentic pure
standards are also named with their assigned number in the HPLC-DAD analysis). Compounds containing R in their structures are unknown

and can correspond to one of the possible O-methyl groups distribution described next to them
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Fig. 12 UPLC-DAD chromatograms of extracts from reactions using XNR_0417 in vitro after addition of A hesperetin; B eriodictyol; C
homoeriodictyol; and D homohesperetin. E Authentic pure standards of eriodictyol (blue, 1), homoeriodictyol (pink, 2), hesperetin (black, 3),

and homohesperetin (brown, 5). Unknown peaks (?)

position of a determined substrate [42]. Unlike plants, the
functional roles of bacterial OMTs are not well under-
stood and are suggested to increase the antimicrobial
activity of some substrates [30]. Several SAM-dependent
OMT have been reported from different Streptomyces
species that have been shown to be involved in the gen-
eration of secondary metabolites derivatives [29, 30, 37,
43-48], however, only a few of them are tested and char-
acterized on polyphenolic compounds [28-32].

An OMT from S. coelicolor A4(2), SCOMT1, was char-
acterized either in vivo and in vitro, and it recognized
ortho-dihydroxyflavones, generating mainly mono-meth-
ylated derivatives. The common feature among the tested
substrates was the existence of two neighboring hydroxyl
groups [30]. Another OMT from S. avermitilis, SaAOMTS5,
was proven to use different flavonoids as substrates,
such as 6,7-dihydroxyflavone, 3’,4’-dihydroxyflavone,
7,8-dihydroxyflavone and quercetin. All the substrates

that underwent a reaction yielded only one methyl-
ated product and a common feature between them was
the presence of two adjacent hydroxyl groups in their
structure [29]. More examples of Streptomyces possess-
ing flavonoid OMTs are GerMIII from Streptomyces sp.
KCTC 0041BP, which introduces a methyl group in the
4’ -position of the ring B of quercetin and luteolin, with
relative conversion rates of 85% and 67%, respectively
[31], and SpOMT7740 from S. peucetius, which transfers
one, two or three methyl groups to flavones, flavonols
or isoflavones, depending on the substrate. However,
SpOMT7740 was shown to have low yields [32]. Another
interesting OMT from S. averimitilis ATCC 31267
(SaOMT?2) shows 7-O-methylation activity on several
flavonoids when expressed in E. coli. Interestingly, when
SaOMT2 was expressed in S. venezuelae, it exhibited
more diverse regiospecificity and catalyzed mono-, di,
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Fig. 13 EICs from LC-MS of extracts from reactions using XNR_0417 in vitro after addition of; 1 hesperetin, 2 eriodictyol, 3 homoeriodictyol and 4
homohesperetin. 5 Pure standards of eriodictyol (E), homoeriodictyol (B2), hesperetin (B1) and homohesperetin (C2). Signal E corresponds to m/z
[M—H]~ of 287.0561117 (calculated for C;5H,,0), signals B2 and B1 to m/z [M—H]™ of 301.0717617 (calculated for C;4H;,04), and signal C2 to m/z

[M—H]~ of 315.0874118 (calculated for C;,H;¢O)

and tri-methylations of flavanones, flavones and stilbenes
[28].

In this study we have identified the OMT XNR_0417
of S. albidoflavus J1074 as a promising polyphe-
nol OMT and we have proved its broad substrate

flexibility either in vivo and in vitro using the pure
enzyme, being this last one able to accept as substrate
flavanones, which show a half-chair conformation due
to the presence of the dihydropyran ring (ring C) [49],
and flavones, possessing an almost planar conforma-
tion [50]. These results indicate that may be possible
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the acceptance of other type of flavonoids as substrate,
regardless of their spatial configuration.

We have detected mono-, di-, and tri-methylated deriv-
atives of eriodictyol and luteolin, being the mono-meth-
ylated ones hesperetin (4’-position), homoeriodictyol
(3’-position), diosmetin (4’-position), and chrysoeriol
(3’-position). These mono-methylated compounds are
also accepted as substrates by XNR_0417, showing a pref-
erence for those methylated in the 4” position (hesperetin
and diosmetin), since both compounds show a reduction
in the extracts at a greater extent than homoeriodictyol
and chrysoeriol [both of them methylated in 3" position
(Figs. 3 and 6)]. Furthermore, we demonstrated either
in vivo and in vitro the acceptance of homohesperetin, a
dimethylated flavonoid, as a substrate of XNR_0417.

The O-methylation by XNR_0417 in the posi-
tion 3" of hesperetin and 4" of homoeriodictyol gives
rise to the generation of homohesperetin (signal C2,
m/z 315.0874118 [M—H]"), which was detected in
the extracts of both hesperetin and homoeriodictyol
feedings. However, a signal corresponding to a m/z
315.0874118 [M—H]~ (C1) was detected in the homoeri-
odictyol feeding but not in the hesperetin feeding, which
indicates the presence of another di-methylated form of
eriodictyol in the extract of homoeriodictyol feeding.

Also, in the case of the eriodictyol feeding, the sig-
nals A3 and A4 with a m/z 329.1030618 [M—H]~ were
detected, while the same signals were detected in the case

of hesperetin and homoeriodictyol feeding in addition to
signals Al (hesperetin feeding) and A2 (homoeriodictyol
and homohesperetin feedings), indicating the presence of
different forms of eriodictyol trimethyl ethers.

Furthermore, in the case of the hesperetin, homoe-
riodictyol and homohesperetin feedings, a signal D,
corresponding to the unique possible form of a tetra-
methylated eriodictyol was detected (m/z 343.1187119
[M—H]"), which would be eriodictyol 5,7,3,4"-tetrame-
thyl ether (compound D in Fig. 5).

On the other hand, regarding the flavones feedings,
methylations on the positions 3" and 4’ of diosmetin
and chrysoeriol respectively gave rise to the genera-
tion of luteolin 3’,4"-dimethyl ether (m/z 313.0717617
[M—H]"7), which was detected in the extracts of luteolin,
diosmetin and chrysoeriol feedings.

Also, in the case of the luteolin feeding, the signal 12
(m/z 327.0874118 [M—H] ") was detected, while the sig-
nals I1 and I2 were detected in the case of the diosmetin
and chrysoeriol feedings. This indicates the presence of
one or two forms of luteolin dimethyl ethers, depending
on the extract.

The exact determination of the methyl groups in the
case of the di-methylated version of eriodictyol found in
the homoeriodictyol feeding (signal C1), the tri-methyl-
ated versions of eriodictyol found in the hesperetin and
homoeriodictyol feedings [Al, A3 and A4 of Fig. 4(1)
and A2, A3 and A4 of Fig. 4(3), respectively] and the
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Fig. 15 EICs from LC-MS of extracts from reactions using XNR_0417 in vitro after addition of; 1 luteolin, 2 diosmetin, and 3 chrysoeriol. 4 Pure
standards of luteolin (F), diosmetin (G2), and chrysoeriol (G1). Signal F corresponds to m/z [M—H]™ of 285.0404616 (calculated for C;5H;,0,), signals
G2 and G110 299.0561117 (calculated for C,4H;,0), and signal H to 313.0717617 (calculated for C;,H,,05)

tri-methylated versions of luteolin found in the diosmetin
and chrysoeriol feedings [signals I1 and 12 in Fig. 7(2, 3)]
was not possible.

Although isomeric compounds show a different frag-
mentation behavior, the exact position of the methyl
group cannot be defined using electrospray ioniza-
tion tandem mass spectrometry (ESI-MS/MS) without
nuclear magnetic resonance (NMR) analyses or compari-
son with pure standards [51]. This impossibility relies on
the observation that during the collision induced disso-
ciation spectra of the methylated flavonoids, the loss of
the O-methyl group takes place with a lower threshold
collision energy than all other fragmentation pathways
and thus, the fragments specific to given positions of
the flavonoid ring system are formed after the loss of the
methyl groups [52].

Although methylations increase the hydrophobicity of
the flavonoid molecules, the O-methylations in position 5
reduce part of the increased hydrophobicity. This effect is
explained since the hydroxyl group in position 5 interacts

with the carbonyl group of the C ring through a hydrogen
bond. Therefore, when this intramolecular interaction
is disrupted after the addition of the methyl group, the
carbonyl oxygen is free to interact more with the mobile
phase and this decreases its retention time in the chro-
matography [52]. The analysis of homohesperetin feed-
ing showed that a signal A3 is detected in the HRESIMS
chromatogram (Fig. 4D) but peak 4 is not present in the
HPLC-DAD chromatogram (Fig. 3D).

Curiously, after homohesperetin feeding, we detected
the presence of hesperetin and homoeriodictyol in the
extract of the control strain, and only homoeriodictyol
in the strain harboring the O-methyltransferase [Fig-
ure S5, HRESIMS extracted ion chromatograms (EICs)].
These striking results can be explained since Streptomy-
ces produces demethylases [53]. Thus, although signals
Al and A2 show the same retention time and homoe-
riodictyol was detected after homohesperetin feeding in
the strain S. albidoflavus SP43-XNR_0417 (Figure S5),
we hypothesize that signal A1 (Fig. 4(1)) may correspond
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Fig. 16 UPLC-DAD chromatograms of extracts from reactions using XNR_0417 in vitro after addition of A resveratrol; B rhapontin; and C polydatin.

D Authentic pure standards of polydatin (black, 12), rhapontin (blue, 13) and

to eriodictyol 5,7,4"-trimethyl ether and the signal A2
(Fig. 4(3)) to eriodictyol 5,7,3"-trimethyl ether. These
compounds are a possibility, since no homoeriodictyol
(methylated at position 3") was detected in the extract
of hesperetin feeding and no hesperetin (methylated at
position 4”) was detected in the homoeriodictyol feeding,
making those two compounds the third possible com-
bination of eriodictyol trimethyl ether for each feeding
experiment.

In the case of eriodictyol feeding, the signal A2 should
be detectable since homoeriodictyol is present in this
extract, however, the peak of this compound was much
less intense in the HPLC-DAD chromatogram (Fig. 3B),
indicating less amount and thus, the signal A2 is
undetectable.

In the case of the two signals with m/z 327.0874118
[M—H]~ (signals I1 and 12) detected in the extract of the
strain S. albidoflavus SP43-XNR after feedings with dios-
metin and chrysoeriol (Fig. 7(2, 3)), the signal 12 (com-
mon in the three flavone feedings) could correspond to
the peak 11 in Fig. 6, which also appears in all the feedings
and may correspond to luteolin 7,3",4’-trimethyl ether:
the signal 12 detected by HPLC-HRESIMS appears in a
later retention time than the signal I1, which is detected
in diosmetin and chrysoeriol feedings (Fig. 7). The signal
I1, which is not detected in the luteolin feeding, may cor-
respond to luteolin 5,3",4"-trimethyl ether, following the
argument of the O-methylated compounds at position 5,

ofn 1o 2k 3m «m sm s

resveratrol (pink, 14). Unknown peaks (?)

which should elute earlier (see above). However, all these
tentative assignments need to be confirmed by NMR or
pure standards.

On the other hand, stilbenes are also accepted as sub-
strates of this enzyme. In this case, resveratrol, rhapon-
tin and polydatin were tested as substrates of XNR_0417.
Rhapontin and polydatin, which are glycosylated stil-
benes, were not possible to be determined as substrates,
probably due to the cleavage of the sugar moiety carried
out by Streptomyces albidoflavus J1074 native enzymes.
Bacteria of the genus Streptomyces naturally produce
B-glucosidases [54—56], and particularly, Streptomyces
albidoflavus J1074 encodes at least five genes encod-
ing PB-glucosidases involved in flavonoids’ sugar moie-
ties hydrolysis (https://www.genome.jp/pathway/salb0
0946), which perhaps could also accept stilbenes as
substrate. Apparently, the sugar cleavage on stilbene
substrates occurs before the action of the methyltrans-
ferase XNR_0417. The rhapontin and polydatin agly-
cones are rhapontigenin (signal M in Fig. 10(2)) and
resveratrol (signal J in Fig. 10(3)), respectively, which
were detected in the extracts of the strain S. albidoflavus
SP43-XNR_0417 and the control strain S. albidoflavus
AXNR_0417 after the corresponding feedings.

Rhapontigenin, which already harbors a methyl group
at position 4, is substrate of XNR_0417, as the corre-
sponding di-methylated and tri-methylated derivatives
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Fig. 17 EICs from LC-MS of extracts from reactions using XNR_0417 in vitro after addition of; 1 resveratrol, 2 rhapontin, and 3 polydatin. 4 Pure
standards of polydatin (X), resveratrol (J), and rhapontin (Y). Signal K corresponds to m/z [M—H]" of 241.0870179 (calculated for C,5H;,05), signal L
corresponds to m/z [M—H]~ of 255.1026679 (calculated for C,¢H,¢05), signal M corresponds to m/z [M—H]"~ of 257.0819325 (calculated for C;sH,,0,),
signal N corresponds to m/z [M—=H]™ of 271.0975825 (calculated for C,¢H,¢0,), and signal O corresponds to m/z [M—H]~ of 285.1132326 (calculated

for C;7H;50,)

were detected in the extract of S. albidoflavus SP43-
XNR_0417 after feeding with rhapontin (Fig. 10(2)).

In the case of the polydatin feeding, its aglycone res-
veratrol and its corresponding mono-methylated and di-
methylated versions were detected (Figs. 9C and 10(3)).
Since glycosylated stilbenes cannot be tested as substrate
candidates for this O-methyltransferase in vivo using S.
albidoflavus J1074, in vitro assays using the pure enzyme
were carried out. After in vitro experiments, we dem-
onstrated that XNR_0417 is able to generate methylated
derivatives of the glycosylated stilbenes rhapontin and
polydatin. This finding is of particular interest because
the presence of bulky moieties in the substrate could
induce steric hindrance [57], something which is not tak-
ing place with XNR_0417.

Unlike flavonoids, stilbenes backbones isomerize
in the presence of light [38, 39]. Since the polyphenol
extractions were made under normal laboratory light

conditions and we detected different signals with the
same m/z [M—H]~ for each stilbene compound (includ-
ing their methylated derivatives, in vivo and in vitro),
we may be observing trans and cis isomers of each com-
pound in the HPLC-HRESIMS (Fig. 10) and the LC-MS
chromatograms (Fig. 17). Possibly, XNR_0417 performs
the corresponding O-methylations during the fermenta-
tion (performed under dark conditions) and these meth-
ylated derivatives isomerize during the extraction in the
presence of light. If we look at the resveratrol pure stand-
ard (Fig. 10(1)), which was not exposed to light for a long
time, we observe a main peak corresponding to trans-
resveratrol (as specified by the manufacturer), and a
small peak that may correspond to cis-resveratrol. How-
ever, in contrast to HPLC-HRESIMS and LC-MS, we do
not see both isomers in the HPLC-DAD analyses (Fig. 9),
probably due to the chromatography column: the HPLC—
HRESIMS column particles are more densely packed
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compared to those ones in the HPLC-DAD column, and
this results in a reduced resolution in the case of HPLC—-
DAD. However, using UPLC-DAD for the analysis of
in vitro reactions of stilbenes (Fig. 16), the chromato-
grams show peaks that may indicate good resolution of
the isomers, as observed, for example, in Fig. 16B. Finally,
as in the case of some of the tested flavonoids, the exact
position of the different methyl groups within the stil-
bene backbone could not be determined.

Conclusions

OMTs: acting on polyphenols during their biosynthesis in
their plant natural producers are regiospecific and have
strong preference for their natural substrates. The search
of microbial enzymes that share homology with plant
OMTs can lead to the discovery of potential enzymes
with broad substrate flexibility. The enzyme XNR_0417
of S. albidoflavus has been shown to be an efficient OMT
in vivo and in vitro on diverse flavanone, flavone and
stilbene backbones (and probably also on other polyphe-
nolic backbones), even if these substrates already harbor
methyl groups or glucose in their structures. Therefore,
the enzyme XNR_0417 is able to generate a variety of
methylated derivatives at different OH positions, depend-
ing on the initial compound, which makes this enzyme
interesting for pharmaceutical purposes at indus-
trial scale. On the other hand, the exact position of the
methyl groups in some of the compounds generated by
XNR_0417 could not be assigned by HPLC-HRESIMS,
and in these cases, new pure standards or NMR studies
will be needed.

Material and methods

Reagents and biochemicals

All solvents used for solid phase extraction and HPLC—-
DAD analysis were LC—-MS grade from either Sigma-
Aldrich (Madrid, Spain) or VWR Chemicals (Barcelona,
Spain) or Merck KGaG (Darmstadt, Germany). All pure
flavonoids and stilbenes used in this study were provided
by Extrasynthese (Genay, France) or were purchased
from Sigma-Aldrich (St Luis, USA). PCRBIO Ladder II
(Sursee, Switzerland) was used in agarose gels.

Primers and enzymes

Restriction enzymes and T4 DNA ligase were purchased
from Thermo Fisher Scientific (Madrid, Spain) or New
England BioLabs (Ipswich, MA, USA). Herculase II
Fusion DNA polymerase was purchased from Agilent
Technologies (Madrid, Spain), Terra PCR Direct poly-
merase from Takara (London, United Kingdom), and
NEBuilder® HiFi DNA Assembly Master Mix from New
England BioLabs (Ipswich, MA, USA). The primers used
for the generation and confirmation of the strains used in
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this study are listed in Table S1 (IDT Technologies, Brus-
sels, Belgium, or Thermo Fisher Scientific, MA, USA).

Bacterial strains and culture conditions

All strains in this study are listed in Table 1. Escherichia
coli TOP10 (Invitrogen, Madrid, Spain) was used for rou-
tine subcloning. E. coli ET12567/pUZ8002 [58] was used
for conjugation. E. coli DH5«a was used for cloning and
maintenance, E coli BL21 (DE3) was used for enzyme
expression (New England BioLabs, Ipwich, MA, USA).
The S. albidoflavus strains used in this work have been
generated by bacterial conjugation. The new strains were
confirmed by antibiotic resistance and, in the case of the
chromosomal deletion, by polymerase chain reaction
(PCR).

The strains used in this study are S. albidoflavus J1074,
S. albidoflavus AXNR 0417 and S. albidoflavus SP43-
XNR_0417. S. albidoflavus AXNR_0417 is a mutant
strain of S. albidoflavus J1074 in the gene XNR_0417
and was generated using the CRISPR-Cas9 based plas-
mid pSEVAUO-C41012-XNR_0417. On the other hand,
the strain S. albidoflavus SP43-XNR_0417 was generated
using the plasmid pSEVAUO-M21402-XNR_0417, which
was integrated into the ®BT1 attB site of the chromo-
some of S. albidoflavus AXNR_0417.

E. coli strains were grown in tryptic soy broth (TSB,
VWR, Barcelona, Spain) or on TSB agar plates, supple-
mented with the corresponding antibiotic (apramycin
100 pg/mL, Thermo Fisher Scientific, Madrid, Spain),
kanamycin 100 pg/mL (Alfa Aesar, Ward hill, MA, USA),
chloramphenicol 25 pg/mL (AppliChem, Darmstadt,
Germany), nalidixic acid 50 pg/mL (Acros Organics,
Brussels, Belgium) and X-gal (AppliChem, Darmstadt,
Germany) when blue-white selection is needed. S. albi-
doflavus was grown at 30 °C on Bennet medium, sup-
plemented with the corresponding antibiotics when
necessary (thiostrepton 50 pug/mL or apramycin 50 pg/
mL, Cayman Chemical, Ann Arbor, MI, USA) for spor-
ulation [61]. For feeding experiments, S. albidoflavus
spores were quantified, and an inoculum of 10° spores/
mL was performed in triplicate in flasks with 25 mL of
NL333 medium and incubated during 120 h at 30 °C and
250 rpm. Flavonoids and stilbenes were added to the
medium 24 h after starting cultivation, at 0.1 mM final
concentration.

Transformed E. coli strains were grown at 37 °C in
lysogeny broth (LB, Sigma-Aldrich, St. Louis, USA) or on
LB agar plates supplemented with 30 pg/mL kanamycin
and 20 pg/mL X-gal (Cayman Chemical Company, Ann
Arbor, MI, USA) for blue-white selection. To purify the
recombinant protein, E. coli BL21 (DE3) strains were
cultured in 500 mL of liquid Dynamite Medium [62]
inoculated with 1% (v/v) of overnight preculture and
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Table 1 Plasmids and strains used in this study
Plasmids Description Source
pSEVA88C1 Replicative shuttle vector [58]
pSEVA88c1-XNR_0417 PSEVA88c1 harboring homologous arms for XNR_0417 knock out generation This study
pPSEVAUO-C41012 Replicative shuttle vector harboring the nuclease cas9 [57]
pSEVAUO-C41012-Spacer-XNR_0417 pSEVAUO-C41012 harboring the spacer for BGC20 deletion This study
PSEVAUO-C41012-XNR_0417 PSEVAUO-C41012-Spacer-BGC20 harboring homologous arms for BGC20 deletion This study
PCR-Blunt II-TOPO Replicative blunt DNA cloning vector Invitrogen
PCR-Blunt II-TOPO-XNR_0417 PCR-Blunt II-TOPO harboring XNR_0417 This study
pSEVA181SP43 Source of SP43 (level 0 MoClo) EXPLORA
pSEVA181RiboJ-RBS Source of RiboJ-RBS (level 0 MoClo) EXPLORA
pIDTSMARTttsbib Source of ttsbib (level 0 MoClo) IDT
PSEVAUO-M21402-XNR_0417 Level 1 MoClo plasmid harboring XNR_0417 This study
plrc_12 pSEVA23g19g2, pUC ori, KmR, lacl, trc promoter, T7 terminator [59]
pTrc-XNR_0417 pTrc harboring XNR_0417, N-6xHis—Ilevel 1 MoClo This study
Strains

E. coliTOP10 Strain used for routine subcloning Invitrogen

E. coli ET12567/pUZ8002 Strain used for conjugation [55]

S. albidoflavus J1074 S. albidoflavus mutant of the S. albidoflavus G strain that lacks an active Sall restriction [60]

modification system
E. coli DH5-alpha

F’ proA*B* lacl? AlacZ)M15 zzf:Tn10 (Tet®)/fhuA2A(argF-lacZ)U169 phoA ginVa4

New England Biolabs

®80A(lacZ)M15 gyrA96 recAl relAT endAl thi-1 hsdR17

E.coli BL21 (DE3)

S. albidoflavus AXNR_0417
S. albidoflavus SP43-XNR_0417

fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS, A DE3 =\ sBamHIlo AEcoRI-B
int:(lacl:PlacUV5:T7 gene1) i21 Anin5

S. albidoflavus mutant strain for the gene XNR_0417
S. albidoflavus strain harboring the gene XNR_0417 under the control of SP43

New England Biolabs

This study
This study

supplemented with kanamycin (30 pg/mL). Cultures
were initially incubated at 37 °C with 120 rpm agitation
until the optimal density at 600 nm (ODy,) reached 0.6.
Protein expression was then induced by the addition of
0.5 mM IPTG (isopropyl B-p-1-thiogalactopyranoside,
Sigma-Aldrich, St. Louis, USA) and was maintained at
25 °C for 20 h.

Protein purification

The culture cells were harvested and washed according
to a previously described protocol [63]. For disruption,
cells were incubated with 0.6 mg/mL lysozyme (Sigma-
Aldrich, St. Louis, USA) and 25 U/mL viscolase (A&A
Biotechnology, Gdansk, Poland), at 4 °C for 1 h and
sonicated on ice for 6 min according to the following
procedure—30 s pulses and 30 s pauses at 85% ampli-
tude (Vibra-Cell Ultrasonic Liquid Processor VCX 130,
Materials, Newtown, USA). The filtered cell extract was
applied to a 5-mL IMAC HisTrap TM HP column (GE
Healthcare), following the standard purification proce-
dure using Tris—HCI buffer (pH 7.4, 20 mM, contain-
ing 0.5 M NaCl, and 15 mM imidazole for binding and
500 mM for elution). Purified enzyme fractions were
stored at 4 °C or used immediately after purification.

Protein concentration was determined by the Bradford
assay [64] using a spectrophotometer (Eppendorf Bio-
Spectrometer Kinetic) and bovine serum albumin as
a reference for the calibration curve. Protein purifica-
tion was evaluated via 10% SDS-PAGE electrophoresis
(BIO-RAD, Hercules, CA, USA) (Figure S6), proteins
were stained by Coomassie Brilliant Blue (Cepham Life
Sciences, Inc) and Precision Plus Protein Dual Color
Standard (BIO-RAD, Hercules, CA, USA) was used as
a size marker.

In vitro reaction assay

The standard in vitro activity assay [0.05 mM substrate,
0.5 mM S-Adenosyl-L-Methionine (SAM), 20 pL puri-
fied enzyme fraction (8.3 mg/mL)] was carried out in
30 mM Tris—HCI buffer (pH 8, 5 mM MgCl,) at 30 °C,
800 rpm for 67 h. Reactions were stopped by the addi-
tion of 200 pL ethyl acetate, vortexed, centrifuged
(21,000%g, 5 min), and 20 pL of an organic fraction
was transferred to 180 uL of methanol and analyzed
by UPLC-DAD liquid chromatography and LC-MS
analysis.
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Plasmids construction
All the plasmids used in this study are listed in Table 1.

Construction of pSEVAUO-C41012-XNR_0417

To generate a CRISPR-Cas9 based plasmid for the
deletion of the gene XNR_0417 in the chromosome
of S. albidoflavus J1074, a protospacer of 20 bp was
designed and cloned into the pSEVAUO-C41012 vec-
tor [65] through a Golden Gate reaction, giving rise to
PSEVAUO-C41012-Spacer-XNR_0417 (chromosomal
position 499,932-499,951).

Two homologous arms interrupting the gene
XNR_0417 at the beginning and at the end were ampli-
fied from the S. albidoflavus J1074 genome using Her-
culasell Fusion DNA polymerase (Agilent, Madrid,
Spain) and cloned into the pSEVA88c1 vector [66] by
Gibson assembly, giving rise to pSEVA88c1-XNR_0417
(the flanking homologous arms include chromo-
somal regions 497,516-499,362 and 500,223-502,108).
The corresponding homologous arms were then
cloned into the plasmid pSEVAUO-C41012-Spacer-
XNR 0417 using the restriction enzymes Pacl and
Spel and the T4 DNA ligase (Thermo Fisher, Madrid,
Spain), leading to the generation of the final plasmid
PSEVAUO-C41012-XNR_0417.

Construction of pSEVAUO-M21402-XNR_0417

The gene XNR_0417 was PCR amplified from the chro-
mosome of S. albidoflavus J1074 using the primers
“XNR_0417 fw” and “XNR_0417 rev” (Table S1). The
amplicon was cloned into the PCR-Blunt II-TOPO vec-
tor (Thermo Fisher Scientific, Madrid, Spain), giving
rise the plasmid PCR-Blunt II-TOPO-XNR_0417. The
plasmid pSEVAUO-M21402-XNR_0417 was assembled
in a level 1 MoClo reaction from the level 0 plasmids
pSEVA181SP43, pSEVA181RiboJ-RBS, pIDTSMART-
ttsbib [65], PCR-Blunt II-TOPO-XNR_0417 (this study)
and the level 1 receptor pPSEVAUO-M21402 [65].

Construction of pTrc-XNR_0417

Codon-optimized sequence (ORF) encoding XNR_0417
flanked by Bsal restriction sites was purchased from
Gen Art (Fisher Scientific, MA, USA) and inserted into
the pTrc_12 vector [59] according to the Golden Stand-
ard Modular Cloning System (GS MoClo) [67]. The
primers sequences used in this study can be found in
Table S1. Genetic constructs were verified by sequenc-
ing (Macrogen Europe, The Netherlands).
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Polyphenol extraction, HPLC-DAD and HPLC-HRESIMS
analyses

Spores from S. albidoflavus strains were incubated as
described before in NL333 culture medium (10° spores/
mL). Polyphenols were obtained using an organic extrac-
tion with acetone (cellular pellet) and ethyl acetate (cul-
ture supernatant) [34].

For the identification of polyphenols using HPLC-
DAD, the final dry extract obtained from each cultiva-
tion condition was dissolved in 100 uL DMSO/MeOH
1:1 (v/v), and the samples were centrifuged prior to the
injection in the equipment. The HPLC separation was
performed as described in [34].

For the identification of polyphenols using HPL-
CHRESIMS, the dry extract obtained was reconstituted
in 200 pL DMSO/MeOH 1:1 (v/v), and the samples were
processed sequentially through 0.8 and 0.2 pm filters
(Acrodisc, Pall, Port Washington, NY, USA). Separa-
tion was performed in a UPLC system (Dionex Ultimate
3000, ThermoScientific, Madrid, Spain) equipped with
an analytical RP-18 HPLC column (50 9 2.1 mm, Zor-
bax® Eclipse Plus, 1.8 um, Agilent Technologies, Madrid,
Spain) heated to 30 °C, and a combination of distilled
water (mobile phase A) and MeCN (mobile phase B),
both acidified with 0.1% (v/v) of formic acid, was used.
The analytes were eluted at a flow rate of 0.25 mL/min
in a 10-100% (v/v) gradient of MeCN under the follow-
ing conditions: 0—1 min (10% B), 1-4 min (10-35% B),
4—-5 min (35% B), 5-8 min (35-100% B), 8—10 min (100%
B), 10-11 min (100-10% B) and 11-15 min (10% B). The
column effluent was directed to electrospray ionization
mass spectrometry analysis (HPLC-ESI-MS) using an
ESI-UHR-Qq-TOF Impact II spectrometer (Bruker Espa-
nola SA, Madrid, Spain) which acquired data in the nega-
tive ion mode, with a m/z range from 40 to 2000 Da. Data
were analyzed using Compass DataAnalysis 4.3 (Bruker).
The obtained BPCs were extracted for the deprotonated
ions of a set of polyphenols with a mass error range of
0.005 mmu (milli mass units), and the obtained EICs
were compared with authentic commercial standards,
when possible.

UPLC-DAD analysis was performed on an Ultimate
3000 chromatograph (Dionex, Sunnyvale, CA, USA)
equipped with a DPG-3600A dual pump liquid control
module and diode array detector. LC-MS analysis was
performed on a LC-MS 8045 SHIMADZU (SHIM-POL
A .M. Borzymowski, Warsaw, Poland). All analysis were
carried out according to the procedure described previ-
ously [63].

LC-MS analysis was performed on a LC-MS 8045
SHIMADZU (SHIM-POL A.M. Borzymowski, Warsaw,
Poland) equipped with a triple quadrupole, and diode
array detector. Kinetex column C18 (3x 100 mm, 2.6 pm
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100 A, Phenomenex, Torrance, CA, USA) equipped with
a pre-column. The mobile phase was a mixture of water
with 0.01% formic acid v/v (A) and methanol (B). The
flow rate was 0.3 mL/min, and the column temperature
was 40 °C. The nebulizing gas flow: 3 L/min, heating gas
flow: 10 L/min, interface temperature: 300 °C, drying gas
flow: 10 L/min, data acquisition range m/z 100—800 Da,
ionization mode—positive and negative.

Phylogenetic analysis

The phylogenetic tree was performed using the Clustal W
program for multiple sequence alignment from the
EMBL-EBI (https://www.ebi.ac.uk/jdispatcher/msa/clust
alo). The code obtained for the tree was used to generate
the Figure S1 in the iTOL platform (https://itol.embl.de/).
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The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-024-02541-8.

Figure S1. Phylogenetic tree generated from amino acid sequences

of flavonoid OMTs from plants (green color) and Streptomyces (yellow
color). Those sequences in blue color are OMTs from bacteriophages. The
employed sequences for the analysis belong to the following organ-
isms: Streptomyces phage Austintatious (QAX92785.1); Bacteriophage

sp. (UVM85936.1); Bacteriophage sp. (UWI10895.1); Bacteriophage sp.
(UWI13405.1); Streptomyces sp. KCTC 0041BP (Germlll); Arabidopsis thaliana
(At4926220); Streptomyces phage Kradal (QBZ71914.1); Streptomyces
peucetius (SPOMT7740); Streptomyces avermitilis (SaOMT?2); Streptomyces
albidoflavus 11074 (XNR_0417); Streptomyces coelicolor A4(2) (SCOMT1);
Glycine max (SOMT-2); Plagiochasma appendiculatum (Pa4OMT); Oryza
sativa (OsNOMT and NP_001390411.1); Zea mays (NP_001106047.1).

Figure S2. Generation of the S. albidoflavus AXNR_0417 strain. A) Agarose
gel for PCR verification of the XNR_0417 knock out event using the prim-
ers"D0417 check fw"and “D0417 check rev”. Lanes 1 to 5 are different
clones of the strain S. albidoflavus AXNR_0417, while C is the parental
strain S. albidoflavus J1074. The size of the expected band in the mutant
strain is 2062 bp, while in the control strain is 2926 bp. B) Graphical
representation of the expected PCR amplifications shown in the agarose
gel picture either in the control strain S. albidoflavus J1074 and in the
mutant strain S. albidoflavus AXNR_0417. UNS8: noncoding DNA region of
40 bp, cloned in the pSEVAUO-C41012-XNR_0417 plasmid between the
homologous arms.

Figure S3. A) HPLC-DAD chromatograms of S. albidoflavus SP43-XNR_0417
with hesperetin feeding (red) and S. albidoflavus SP43-XNR_0417 with
homoeriodictyol feeding (blue). B) Absorption spectrum of peak 2. C)
Absorption spectrum of peak 2 (homoeriodictyol).

Figure S4. EIC of the m/z [M—H]™: 329.1030618 (calculated for C;gH,50¢)
from LC-MS of the extract from the reaction using XNR_0417 in vitro after
addition of homohesperetin.

Figure S5. EICs from HPLC-HRESIMS for m/z [M—H]~ 301.0717617 (calcu-
lated for Ci4H,,Oy). A) Extract from S. albidoflavus AXNR_0417. B) Extract
from S. albidoflavus SP43-XNR_0417. C) Hesperetin pure standard. D)
Homoeriodictyol pure standard.

Figure S6. SDS-PAGE gel electrophoresis of recombinant O-methyltrans-
ferase XNR_0417: ladder (line1), crude (line 2), filtrate (line 3), wash (line4),
collected fractions of enzyme (line 5-11). Expected mass of purified
XNR_0417 fraction: 37.4 kDa. PageRuler™ Plus Prestained Protein Ladder
(Thermo Fisher Scientific, MA, USA).
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