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ABSTRACT

Eight fungal strains (Penicillium raistrickii CBMAI 931, Cladosporium sp. CBMAI 1237, Aspergillus
sydowii CBMAI 935, Penicillium oxalicum CBMAI 1996, Penicillium citrinum CBMAI 1186, Mucor
racemosus CBMAI 847, Westerdykella sp. CBMAI 1679, and Aspergillus sclerotiorum CBMAI 849)
mediated the biotransformation of the 2’-hydroxychalcone 1a. The main products obtained
were from hydrogenation, hydroxylation, and cyclization reactions. Penicillium raistrickii CBMAI
931 catalyzed the chemoselective reduction of 1a to produce 2'-hydroxydihydrochalcone 2a
(72%) in 7 days of incubation in phosphate buffer (pH 7). Aspergillus sydowii CBMAI 935 pro-
moted the hydroxylation of 1a to yield 2',4-dihydroxy-dihydrochalcone 5a (c=42%) in 7 days of
incubation in phosphate buffer (pH 8). The reaction using P. citrinum CBMAI 1186 and M. race-
mosus CBMAI 847 presented main cyclization products in phosphate buffer (pH 8), but the reac-
tions with these fungi did not present enantioselectivity. Marine-derived fungi were effective
and versatile biocatalysts for biotransformation of the 2’-hydroxychalcones yielding different
products according to the conditions and microorganism used.
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Introduction

Chalcones are o,f-unsaturated compounds of natural
occurrence that are easily found in fruits and vegeta-
bles (Zenger et al. 2015; Dan and Dai 2020). These
compounds are biosynthetic precursors of many nat-
ural products belonging to the class of flavonoids,
such as flavanones and flavanols (Zenger et al. 2015).
The skeleton of chalcones (C6-C3-C6) consists of two
aromatic rings connected by three g, f-unsaturated
carbon atoms, allowing multiple substituents for them.
In nature, these compounds are generally found with
hydroxyl groups in their aromatic rings, but a variety
of substituents may be synthetically incorporated into
the backbone of chalcones.

The basic skeleton of chalcones has characteristics
that attract the attention of both the chemical and
biological point of view since the synthesis of com-
pounds of this class is performed with simple proce-
dures that allow obtaining  multi-substituted
compounds with various sites capable of (bio)trans-
formation (Koztowska et al. 2018; Li et al. 2018). These
characteristics can assign a variety of biological

activities, including antidiabetic, antihypertensive, anti-
retroviral, anti-inflammatory, antihistamine, antioxi-
dant, antimalarial, and anticancer (Mahapatra and
Bharti 2016; Kim et al. 2021).

Chalcone derivatives are a target for scientific stud-
ies in reason of the pharmacological properties that
they have. In this perspective, the versatility of
enzymes that catalyze many types of organic reactions
has been used to obtain flavonoids and other chal-
cone derivatives. Chalcones may undergo biotrans-
formation to yield a variety of compounds, among
which include hydrogenation, hydroxylation, methyla-
tion, and cyclization reactions (Koztowska et al. 2018).
This diversity of products is a result of the various sites
of transformation found in the structural framework of
chalcones. For example, 2'-hydroxychalcone may
undergo hydrogenation reactions of the double bond,
a carbonyl reduction, cyclization for the formation of
flavanones, the addition of substituents on the aro-
matic rings, and even the formation C-C bonds by
Michael addition. Faced with so many transformation
possibilities, 2’-hydroxychalcones are interesting
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Figure 1. Possible reaction sites on the structural skeleton of
2’-hydroxychalcone.

substrates to study the biocatalytic potentialities using
fungi isolated from the marine environment (Figure 1).

Enzymes may catalyze various reactions, including
hydroxylation, glycosylation, hydrogenation, dehydro-
genation, hydrolyses, O-methylation, O-acetylation,
among others (Giri et al. 2001; Banerjee et al. 2012;
Cao et al. 2015). In general, the reactions are per-
formed using isolated enzymes, microorganisms (fungi,
bacteria, and yeasts), and vegetable and animal cells.
Biocatalytic reactions employing microorganisms show
advantages, such as rapid microbial growth, large-
scale enzyme production, being biodegradable, and
the chemo-, regio-, and stereoselective control of
biotransformation.

Works of literature have reported 2'-hydroxychal-
cones as starting material to produce flavanones. The
conversion of 2’-hydroxychalcone to flavanone is per-
formed using basic or acidic catalysts, amino acids,
microwave radiation, and enzymes (Raghav et al.
2016). Fungi and bacteria were used for the biotrans-
formation of 2'-hydroxychalcones to flavanones
(Alarcén et al. 2013; Kostrzewa-Sustow et al. 2017).
Cyclization products were also observed in the
biotransformation  of  3-(2",3"-dimethoxyphenyl)-1-
(2’-hydroxyphenyl)propenone(2’-hydroxy-2,3-dimethox-
ychalcone) by Aspergillus alliaceus Ul 315 (Sanchez-
Gonzalez and Rosazza 2004).

Marine-derived fungi have been studying targets by
our research group for the biotransformation and bio-
degradation of various compounds. The fungus
Penicillium citrinum CBMAI 1186 was used for the
regioselective reduction of chalcones, enones, and
Knoevenagel adducts (Ferreira et al. 2015; Jimenez
et al. 2016). Aspergillus sydowii CBMAI 935, and
Penicillium decaturense CBMAI 1234 promoted the bio-
degradation of methyl parathion (Alvarenga et al.
2014). The stereoselective bioreduction of «-azido
ketones and acetophenone derivatives were also per-
formed using marine-derived fungi (Ribeiro et al. 2015;
Rocha et al. 2015; Mouad et al. 2016). Thus, these
studies showed that marine organisms could be

excellent sources of different enzymes capable of cata-
lyzing reactions in organic molecules.

Strains of bacteria and fungi were used in biotrans-
formation reactions of chalcones derivatives, but stud-
ies employing marine-derived fungi are scarce in the
literature (Ferreira et al. 2014). In a recent study, we
investigated the biotransformation of chalcones with
fungi from the marine environment for the obtention
of dihydrochalcones (de Matos et al. 2019). In the
present paper, we report the biotransformation of
2’-hydroxychalcone by eight marine-derived fungi to
produce flavonoid and 2’-hydroxychalcone derivatives.

Materials and methods
Chemical reagents and culture media

Benzaldehyde (99%), 2-Hydroxyacetofenone (99%),
and 4-fluorobenzaldehyde (98%) were purchased from
Sigma-Aldrich, and 4-methoxybenzaldehyde (98%)
from Vetec. Sodium hydroxide (97%) and hydrochloric
acid (37%) were obtained from Quemis (Brazil). The
organic solvents, that is, ethylic alcohol, ethyl acetate,
and dimethyl sulfoxide, were purchased from Synth.
All reagents were used without further purification.
The Malt Extract was obtained from Kasvi and Agar
bacteriological from Himedia.

General methods

The manipulations involving the marine-derived fungi
were performed in a laminar flow cabinet (Veco). All
materials and culture media were previously sterilized
in a vertical autoclave (Phoenix, Av-50) for 20 min at
121°C. The artificial seawater was prepared according
to: CaCl,-2H,0 (1.36g L"), MgCl,-6H,0 (9.68g L"),
NaCl (30.00g L"), Na,HSO, (0.14g L"), KCl (0.61g
L"), Na,SO, (347g L"), NaHCO; (0.17g L"), KBr
(0.10g L"), SrCl-6H,0 (0.04g L"), and HsBO;
0.03g L")

The conversions of products were determined by
Gas Chromatography/Mass Spectrometry (GC/MS). The
analyses were performed on Shimadzu GC2010plus/
MS2010plus in electron ionisation (El, 70eV) with a
DB5 column 30m x 0.25mm x 0.25 one, J & W
Scientific). The method conditions were as follows: ini-
tial oven temperature of 90°C for 4 min, increased to
280°C at 10°C min~', and held for 5min; finally, the
temperature was increased to 300°C at 10°C min ',
and held for 10min. The total time of analysis was
40 min. The following conditions were used: injector
temperature, 250°C; interface temperature, 270°C;
injector split ratio of 1:20. Helium was used as carrier



©\* HKQ
+
OH R4

2'-hydroxyacetophenone benzaldehyde

derivatives

1. NaOH/EtOH

BIOCATALYSIS AND BIOTRANSFORMATION 3

@)

2. 10%-HCI

CCT0
OH R4

1a-h
1a Ry = H (yield = 90%)
1b Ry = OCHj3 (yield = 40%)
1c Ry = F (yield = 62%)

Scheme 1. Synthesis of the 2’-hydroxychalcone derivatives by Claisen-Schimdt reaction.

gas with an initial flow of 0.75mL min~!, and the
injection volume was 0.5 pL of solution with a concen-
tration of 50mg mL~'. The fragment ions were
detected in the range of 40-350 Da.

The chiral analyses were performed by high-per-
formance liquid chromatography (HPLC-UV) in a
Shimadzu2010 chromatograph: CBM-20A Controller
LC-20AT pump, DGU-20A5 degasser, sampler SIL-
20AHT, CTO-20A column oven, and SPD-M20A UV/VIS
detector operating at 248 nm. The column used was a
Phenomenex LUX® chiral column (046cm x 25cm;
5uM) in isocratic mode with hexane and isopropanol
(9.5:0.5) and flow rate of 0.5mL min~". The total ana-
lysis time was 40 min.

The 'H and '*C nuclear magnetic resonance (NMR)
spectra of the purified compounds were recorded on
Agilent Technologies 500/54 Premium Shielded ('H
NMR and '3C at 500 and 125 MHz) spectrometer. The
samples were solubilized in DMSO-dg, and the chem-
ical shifts were reported in ppm relative to an internal
standard, tetramethylsilane (TMS). Coupling constants
(J) were expressed in hertz (Hz).

Fourier transform infra-red (FTIR) spectra of the sub-
strates and purified products were recorded on a
Shimadzu IRAffinity 1 spectrometer model. Analyses
were performed using KBr discs for solid samples. The
spectra were recorded in transmittance, and the wave-
number of vibrational bands was performed at
4000-400cm ™" (SM).

The optical rotation products were measured in
CHCls in a Jasco - Model P-2000 polarimeter equipped
with a Na-lamp (1=589nm), 1.0cm cuvette, and
1.0 mL volume of solution at 23°C. The concentration
of compounds was reported in g/100 mL.

Synthesis of the chalcones

The 2-hydroxychalcone 1a were synthesized, accord-
ing to Ferreira et al. (2014). 2-hydroxyacetophenone
(0.010 mol) and benzaldehyde (0.011 mol) were added
in a flask containing ethanol (50 mL). After stirring on

the magnetic plate (10 min) NaOH (5 mol L~", 5.0mL)
was added dropwise. The reaction mixture was stirred
at room temperature for 12h. Then, HCl (10%, 10 mL)
was added to stop the reaction. The precipitate
formed was filtered under vacuum and washed with
cold water. The 2'-hydroxychalcone 1a was obtained
in good yield (90%) and characterized by NMR ('H
and '3C), MS, and FT-IR. The identification was per-
formed comparing spectroscopic data with data
described in the literature (Supplementary material).
The 4-methoxy-2'-hydroxychalcone 1b and 4-fluoro-2'-
hydroxychalcone 1c were synthesized following the
same experimental procedure (Scheme 1).

Culture of marine-derived fungi

Fungi (Penicillium raistrickii CBMAI 931, Cladosporium
sp. CBMAI 1237, Aspergillus sydowii CBMAI 935,
Penicillium oxalicum CBMAI 1996, Penicillium citrinum
CBMAI 1186, Mucor racemosus CBMAI 847,
Westerdykella sp. CBMAI 1679, and Aspergillus sclerotio-
rum CBMAI 849) were cultured according to the fol-
lowing procedure: in a 250mL Erlenmeyer flask was
added 10 small slices of solid stock culture
(0.5 x 0.5cm) bearing mycelia of fungi and 100 mL of
liquid culture medium (Malt Extract in artificial sea-
water, 20g L™"). The mycelia of marine-derived fungi
were maintained in an orbital shaker for seven days at
32°(C, shaking at 130 rpm.

Screening of marine-derived fungi for
biotransformation reaction of the 2'-
hydroxychalcone 1a

After 7 days of growth in the liquid medium, the
mycelia were harvested by apparatus Buchner filtra-
tion, and wet mycelia were used in the biotransform-
ation reactions. Screening for the biotransformation of
2’-hydroxychalcone 1a was carried out in 50mL
Erlenmeyer flasks, each containing 20mL of the
medium consisting of Malt Extract (20g L") in
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phosphate buffer (pH 7.0 and 8.0, Na,HPO,/KH,PO,,
0.1mol L"), 259 of the wet weight of mycelia of
fungi, and 25mg (0.11 mmol) of 2’-hydroxychalcone
1a previously dissolved in 200 uL DMSO. The reactions
were maintained for seven days in an orbital shaker at
32°C and 130 rpm. After seven days of incubation, the
mixture was removed, 20mL of ethyl acetate was
added, and the mixture was maintained for 30 min
with magnetic stirring. Then, the mixture was centri-
fuged (15min, 10,000 rpm), and the mycelia were sep-
arated by filtration. The liquid phase was extracted
with ethyl acetate (3 x 10 mL). The organic phase was
dried with anhydrous sodium sulphate, filtered, evapo-
rated under reduced pressure, and analyzed by chro-
matographic methods (GC/MS). The reactions were
performed in duplicate.

Isolation of the products of biotransformation
from 2'-hydroxychalcone 1a by Aspergillus
sydowii CBMAI 935

The extracts obtained from biotransformation reac-
tions using A. sydowii CBMAI 935 were purified using a
chromatography column over silica gel flash using
hexane and ethyl acetate (9.5:0.5 v/v). After purifica-
tion, we obtained the products of 2’-hydroxydihydro-
chalcone 2a, flavanone 3a, and 2/ 4-
dihydroxydihydrochalcone 4a, and determined their
yields. The characterization of the products was per-
formed using NMR ('H and '3C), IR, and GC/MS, and
the data were confirmed with those reported in the
literature (Supplementary material).

Results and discussion

Screening of marine-derived fungi for the
biotransformation of 2’-hydroxychalcone 1a

Initially, 2’-hydroxychalcone 1a was used for biotrans-
formation reactions in the screening of eight strains of
marine-derived fungi (P. raistrickii  CBMAI 931,
Cladosporium sp. CBMAI 1237, A. sydowii CBMAI 935, P.
oxalicum CBMAI 1996, P. citrinum CBMAI 1186, M. race-
mosus CBMAI 847, Westerdykella sp. CBMAI 1679, and
A. sclerotiorum CBMAI 849). The fungi were selected
due to promising results obtained by our research
group using these microorganisms in the reduction of
chalcones and biotransformation reactions of pesti-
cides (Alvarenga et al. 2014; Ferreira et al. 2014; de
Matos et al. 2019).

The experiments were performed using fungal
mycelia in phosphate buffer (Na,HPO,/KH,PO4 0.1 mol
L', pH 7 and 8) for 7 days. Phosphate buffer was used

at two acidic values; pH 7 was selected because it is
neutral and pH 8 because the seawater is slightly alka-
line, with pH 7.4-85. GC-MS analyses showed
the formation of three main products. 2'-
Hydroxydihydrochalcone 2a and flavanone 3a were
obtained in all experiments, and the 4,2’-dihydroxydi-
hydrochalcone 4a was produced only by A. sydowii
CBMAI 935 (Table 1).

All of the marine-derived fungi used in the bio-
transformation of 2’-hydroxychalcone 1a were able to
promote the chemoselective hydrogenation of the
C=C double bond of the o, f-unsaturated system of
2'-hydroxychalcone 1a, with emphasis for fungi P. rais-
trickii CBMAI 931 (c=72%, Entry 1, Table 1) and A.
sclerotiorum CBMAI 849 (c=81%, Entry 8, Table 1).

In general, the reaction condition employing phos-
phate buffer pH 7 was the one that most favoured the
reduction of 2’-hydroxychalcone 1a. At pH 7, the fun-
gus P. raistrickii CBMAI 931 promoted 72% of conver-
sion in the 2'-hydroxydihydrochalcone 2a and 18%
conversion in the flavanone 3a. In phosphate buffer
pH 8 the formation of compound 2a (c=46%) was
somewhat lower. Meanwhile, there was an increase in
the formation of flavanone 3a with c=46% (Entry 1,
Table 1). The chemoselectivity of the reactions using
the fungus P. raistrickii CBMAI 931 was studied by de
Matos et al. (2019) from the biotransformation of halo-
genated 2’-hydroxychalcones.

The reaction with A. sclerotiorum CBMAI 849 fol-
lowed the same pattern of formation of the com-
pounds. At pH 7, a higher form of 2-
hydroxydihydrochalcone 2a (c=81%) was obtained
compared to flavanone 3a (c=7%). While at pH 8§,
there was an increase in the formation of flavanone
3a (c=23%) and a decrease in the formation of 2a
(c=68%) (Entry 8, Table 1).

By HPLC analysis using a chiral column, it was
observed that both P. raistrickii CBMAI 931 and A.
sclerotiorum CBMAI 849 showed no selectivity for
flavanone 3a, presenting in the racemic form
(Supplementary Material, SM).

The fungus Westerdykella sp. CBMAI 1679 also pro-
moted the biotransformation of 2’-hydroxychalcone 1a
to 2'-hydroxydihydrochalcone 2a with 67% and 48%
conversions in phosphate buffer pH 7 and pH 8,
respectively (Entry 5, Table 1).

Marine-derived fungi are sources of Ene reduc-
tases (ERs), which are the enzymes responsible for
catalyzing (asymmetric) reductions of double bonds
conjugated to electron-withdrawing groups. These
enzymes are dependent on flavin mononucleotide
(FMN) and are part of the family of old yellow
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Table 1. Biotransformation of 2’-hydroxychalcone 1a by marine-derived fungi in phosphate buffer (Na,HPO,/KH,PO, 0.1 mol L',

pH 7 and pH 8, 32°C, 130 rpm, 7 days).

Fungl
32°C, 130 rpm, 7day§

o
OH
1a

Conversion (%)*

pH7 pH 8
Entry Fungi 2° 3a 4a 5a 2a 3a 4a 5a
1 P. raistrickii 72 18 46 46
CBMAI 931
2 Cladosporium sp. CBMAI 1237 18 7 28 8 8 trans
5 cis
3 P. oxalicum 49 9 17 45
CBMAI 1996
4 A. sydowii 10 9 29 36 1 46 (26)°
CBMAI 935
5 Westerdykella sp. CBMAI 1679 67 6 48 8
6 P. citrinum 13 22 8 51 (36)°
CBMAI 1186
7 M. racemosus 8 20 8 47 (30)
CBMAI 847
8 A. sclerotiorum 81 7 68 23
CBMAI 849
Determined by GC-MS (El, 70 eV); blsolated yield.
enzymes  (OYEs) (Forejtnikovd et al. 2005, as 1-(2'-hydroxyphenyl)-3-(4-hydroxyphenyl)propan-1-

Skrobiszewski et al. 2013).

The fungus Cladosporium sp. CBMAI 1237 showed
the best conversions in phosphate buffer pH 8, obtain-
ing 28% of the 2a product and 8% of flavanone 3a
(Entry 2, Table 1). Cladosporium sp. CBMAI 1237 also
promoted the formation of two other compounds
with low conversions, which were not isolated, but on
low-resolution GC-MS analysis, it was suggested to
treat the cis and trans isomers of flavan-4-ol 4a (ana-
lysis confirmed by a synthetic standard). In the reac-
tions of 2'-hydroxychalcone 1a with Westerdykella sp.
CBMAI 1679 and Cladosporium sp. CBMAI 1237, the fla-
vanone 3a was formed as a racemic mixture with 8%
conversion (Entries 2 and 5, Table 1).

The fungus A. sydowii CBMAI 935 promoted the for-
mation of three compounds, 2’-hydroxydihydrochal-
cone 2a (c=10%, pH 7), flavanone 3a (c=9%, pH 7),
and a hydroxyl compound 5a (c=29%, pH 7) (Entry 4,
Table 1). Reactions carried out at pH 8 showed the
best conversions for 2'-hydroxydihydrochalcone 2a
(c=36%) and hydroxylated product 5a (c =46%). The
mass spectrum of hydroxylated compound 5a showed
the molecular ion M™* 242 (34%), indicating the add-
ition of a hydroxyl group to the dihydrogenated prod-
uct 2a (M™* 226, 35%). The hydroxylated compound
5a (isolated yield 26%) was isolated by column
chromatography, and its structure was confirmed by
spectroscopic analysis. The compound was identified

one 5a. Data on the characterization are presented in
Supplementary Material. Alarcén et al. (2013) reported
the formation of cyclization products (c=27%) and
hydroxylation (c=22%) in the biotransformation reac-
tion of 2”,4”-dimethoxy-2"-hydroxychalcone by A. niger
fungus. The hydroxylation reactions of 2’-hydroxychal-
cone 1a are being investigated in the laboratory.

Penicillium citrinum CBMAI 1186 and M. racemosus
CBMAI 847 showed higher formations of the cyclized
product 3a when compared to the other fungi (Table
1). The cyclization of 2’-hydroxychalcone occurred due
to the presence of the hydroxyl group at the 2'-pos-
ition of the A-aromatic ring since the oxygen of the
hydroxyl can bind to the Cf of the double bond of
the 1a yielding the cyclized product 3a. At pH 8, we
obtained higher values of conversion for the formation
of cyclized product 3a, with 51% and 47% conversion
for P. citinum CBMAI 1186 and M. racemosus CBMAI
847, respectively (Entries 6-7, Table 1). The flavanone
3a obtained in reactions from the biotransformation
by P. citrinum CBMAI 1186 (isolated yield = 36%) and
M. racemosus CBMAI 847 (isolated yield = 30%) were
analyzed by HPLC-UV equipped with a chiral column,
but we only observed a racemic mixture of enantiom-
ers (Figure 2). Therefore, the flavanone cyclization
reaction did not show enantioselectivity.

The presence of the hydroxyl group at the 2’-pos-
ition in the 2'-hydroxychalcone 1a ring A favours the
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Figure 2. Chromatograms obtained by HPLC using chiral column: (A) reactions of 1a by P. citrinum CBMAI 1186; (B) reactions of
1a by M. racemosus CBMAI 847; (C) Flavanone 3a isolated from the reactions of 1a by P. citrinum CBMAI 1186 and M. racemosus
CBMAI 847 after 7 days of incubation. Analysis conditions: Chromatograms obtained by HPLC-UV (Lux® Phenomenex column, hex-
ane/isopropanol 9.5: 0.5, 0.5 mL min~', 40 min, 2 =246 nm); 2a (t, = 14.8 min), 1a (t, = 15.9min), (5)-3a (t, = 17.2min), (R)-3a (t,
= 20.9 min). Note. the peak at t, = 7.5min refers to the solvent residue ethyl acetate (EA).

chalcone cyclization for the formation of flavanone 3a,
since the oxygen of the hydroxyl can bind to the CB
of the double bond. The fungi P. citrinum CBMAI 1186
and M. racemosus CBMAI 847 presented a higher form
of the cyclized product 3a when compared to the
other fungi tested (Table 1). At pH 8, higher conver-
sion values were obtained for the formation of

cyclization product 3a, with 51% and 47% for P. citri-
num CBMAI 1186 and M. racemosus CBMAI 847,
respectively.

The use of microorganisms containing specific or
promiscuous enzymes may allow the formation of pre-
dominantly one enantiomer. Thus, abiotic controls and
flavanone 3a isolated in the biocatalytic reactions with



fungi P. citrinum CBMAI 1186 (yield = 36%) and M.
racemosus CBMAI 847 (yield = 30%) were analyzed by
HPLC using a chiral column, where it was possible to
verify that the product 3a was obtained in a
racemic mixture.

However, it is known that 2'-hydroxychalcone 1a
can be converted to flavanone 3a when in an aqueous
solution (Jez and Noel 2002; Li et al. 2018). Thus, to
evaluate the interference of the reaction medium, abi-
otic controls were performed for 2'-hydroxychalcone
1a, where we observed spontaneous cyclization in
phosphate buffer in all pH values tested (Table 2).
Specifically, presenting significant cyclized in pH 7
(c=24%) and pH 8 (c=39%). Considering the proxim-
ity of the results obtained in the abiotic controls with
those of the biotransformation reactions, we per-
formed new experiments at pH values where the
spontaneous cyclization could be minimized. Thus,
abiotic controls were also carried out in phosphate
buffer at pH 5 and 6.

From the abiotic controls it was observed that, with
the increase in the pH of the medium (pH 7 to pH 8),
there was also an increase in the cyclization of 2'-
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hydroxychalcone 1a to flavanone 3a. Given that the
abiotic control in phosphate buffer (pH 6) showed the
lower formation of flavanone 3a, experiments were
carried out with the fungi P. citrinum CBMAI 1186 and
M. racemosus CBMAI 847 to evaluate the performance
of these fungi enzymes under these conditions
(Table 3).

In the reactions carried out in pH 6 phosphate buf-
fer, low formations of 3a were obtained for both P. cit-
rinum CBMAI 1186 (c=6%) and M. racemosus CBMAI
847 (c=2%) (Table 3). These results indicated the
strong influence of the reactional medium on the cyc-
lization of compound 3a. In contrast, the dihydrogena-
tion product 2a was favoured under these conditions
and was obtained with 10% and 41% for P. citrinum
CBMAI 1186 and M. racemosus CBMAI 847, respect-
ively. As can be recognized, pH plays an important
role in reactions involving enzymes, as they can affect
the shape of an enzyme, as well as change the ionic
state of the substrate and the enzymes involved in
the reaction, resulting in a change in enzymatic activ-
ities and enantioselectivities (Krist et al. 1998; Lou
et al. 2004).

Table 2. Abiotic controls of the 2’-hydroxychalcone 1a in phosphate buffer (Na,HPO4/KH,PO,

0.1mol L™, 32°C, 130 rpm 7 days).

‘\)J\/\‘ phosfate buffer
OH 32°C, 130 rpm, 7 days

(0]
‘f‘j\‘
3a

Conversion (%)?

pH 3a e” (3a)
5.2 10 rac*
6.0 6 rac
7.0 24 rac
8.0 39 rac

Determined by GC-MS; Pee = ennantiomeric excess obtained by HPLC chiral analysis; “rac = racemic product.

Table 3. Biotransformation of 2'-hydroxychalcone 1a by marine-derived fungi P. citrinum CBMAI 1186 and M. racemosus CBMAI

847 ( NazHPO4/KH2PO4 0.1mol L', pH 6).

‘\)J\/\‘ fungi
OH 32°C, 130 rpm, 7 days

o)
*

OH o) O
3a

Conversions (%)? b

ee
Marine-derived fungi 2a 3a (3a)
P. citrinum CBMAI 1186 10 6 rac*
M. racemosus CBMAI 847 41 2 rac

Determined by GC-MS (El, 70 eV).

Pee — ennantiomeric excess, obtained by HPLC chiral analysis; rac = racemic product.
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Studies in the literature showed that the fungus
Aspergillus niger promoted the cyclization of a series
of substituted 2’-hydroxychalcones, and yields ranged
between 10% and 27%, and enantiomeric excesses
were not observed (Alarcon et al. 2013). The fungus
Aspergillus alliaceus Ul 315 promoted the cyclization of
2’-hydroxy-2,3-methoxychalcone with low yields of
6-16% and without enantioselectivity (Sanchez-
Gonzalez and Rosazza 2004). The cyclization of xantho-
humol to the aurone and flavanone forms employing
fungi has also been reported in the literature (Herath
et al. 2003; Tronina et al. 2013, 2014)

The stereoselective cyclization of chalcones to
obtain enantiomerically enriched flavanones is cata-
lyzed by the enzyme chalcone isomerase (CHI).
Cyclization studies of substituted 2'-hydroxychalcones
using the CHI enzyme showed that deprotonation of
the 2-hydroxyl group occurs easily and that the pres-
ence of electron-withdrawing groups in the B ring
improves the reactivity of the monoanion (Jez and
Noel 2002; Li et al. 2018).

Given the absence of enantioselectivity in the reac-
tions using P. citrinum CBMAI 1186 and M. racemosus
CBMAI 847, and the proximity of the conversion values
obtained with the abiotic controls at pH 7 (c=24%)
and pH 8 (c=39%), the cyclization of 2’-hydroxychal-
cone 1a in the biotransformation reactions possibly
occurred in the reaction medium or even with amino
acids present in fungal cells/mycelia. Amino acids,
such as L-proline, L-alanine, L-serine, and L-leucine,
have been employed as additives in the intramolecular
cyclization of 2'-hydroxychalcones in basic medium
forming a racemic mixture of the corresponding flava-
nones (Tanaka and Sugino 2001; Jiang et al. 2011).

In conclusion, the biotransformation reactions with
P. citrinum CBMAI 1186 and M. racemosus CBMAI 847
were the most efficient in promoting the cyclization of
substrate 1a in the corresponding flavanone 3a but
did not present enantioselectivity. Moreover, the con-
version values were close to those observed in the
abiotic control. The condition that most favoured the
reduction of the double bond occurred with the fun-
gus P. raistrickii CBMAI 931 at pH 7.

Biotransformation reactions of para-substituted
2’-hydroxychalcones 1b-c by P. raistrickii CBMAI
931, P. citrinum CBMAI 1186, and M. racemosus
CBMAI 847

Based on the results obtained in the screening of mar-
ine-derived fungi, 3-methoxy-2’-hydroxychalcone 1b
and 4-fluoro-2’-hydroxychalcone 1c¢ were used in

biotransformation reactions by fungi P. raistrickii
CBMAI 931, P. citrinum CBMAI 1186, and M. racemosus
CBMAI 847 in phosphate buffer (pH 7 and 8) for
7 days.

The biotransformation of compounds 1b and 1c
mostly led to the formation of cyclization products
and reduction of the C=C double bond. As expected,
the presence of ERs was observed mainly in the bio-
transformation reactions using the fungus P. raistrickii
CBMAI 931 by reducing the C=C double bond of syn-
thetic 2’-hydroxychalcones 1b and 1¢, with the forma-
tion of bioreduced products 2b and 2c¢. The reduction
of the C=C double bond of 1b was higher in the
reaction performed at pH 7 with the formation of 2b
with 44% conversion (Entry 1, Table 4). The methoxy
substituent is an electron-donor group, making the
activated double bond have a more anionic character
favouring the reduction of the C=C double bond and
the formation of the 4-methoxy-2’-hydroxydihydro-
chalcone 2b. At pH 8, we obtained 38% conversion of
product 2b. However, in the reaction performed with
P. raistrickii CBMAI 931 at pH 8, compound 3b was
produced at 12% conversion.

The biotransformation of 4-fluoro-2’-hydroxychal-
cone 1c by fungus P. raistrickii CBMAI 931 led to the
formation of 4-fluoro-2’-hydroxy-dihydrochalcone 2c
and flavanone 3c. In pH 7phosphate buffer, we
obtained compound 2c at 29% conversion and com-
pound 3c at 18% conversion. Meanwhile, at pH 8,
there was an increase in the formation of both prod-
ucts with the product 2c¢ at 30% conversion and 3c at
23% conversion (Entry 5-6, Table 4). The flavanones
3b and 3c obtained in the biotransformation reactions
of 2’-hydroxychalcones 1b and 1¢ were produced as a
racemic mixture. The racemic mixture of flavanones
3b-c was confirmed using a chiral column by
HPLC analysis.

The biotransformation reactions of 1b and 1c using
the fungi P. citrinum CBMAI 1186 and M. racemosus
CBMAI 847 showed the low formation of 2'-hydroxy-
dihydrochalcones 2b (c=0-2%) and 2c (c=2-4%)
(Entries 2-3 and 6-7, Table 4). Cyclization of substrate
1b in flavanone 3b was favoured in the reactions car-
ried out in pH 8 phosphate buffer. Flavanone 3b was
obtained with 19% conversion in the reaction using
the fungus P. citrinum CBMAI 1186 and 23% conver-
sion using the fungus M. racemosus CBMAI 847.
Cyclization of 1c¢ to form flavanone 3¢ was also fav-
oured in the basic medium. However, higher conver-
sions with 26% and 30% formation were observed
using the fungi P. citrinum CBMAI 1186 and M. race-
mosus CBMAI 847, respectively. The presence of the



BIOCATALYSIS AND BIOTRANSFORMATION 9

Table 4. Biotransformation of 2'-hydroxychalcones 1b to 1c by marine-derived fungi in phosphate buffer (Na,HPO,/KH,PO,

0.1mol L™, pH 7, pH 8, 32°C, 130 rpm, 7 days).

fungus

32 °C, 130 rpm, 7 days

o
OH OCH,
1b

9 o OH
10 - O
OH OCH, 0 O 0 O
2b 3b ocH, 4

OCH;

Conversion (%)?

pH 7 pH 8
Entry Fungi 2b 3b 4b NI 2b 3b 4b
0 Abiotic control of 1b 9 18
1 P. raistrickii 44 9 38 12
CBMAI 931
2 P. citrinum 2 11 1 19 2 cis
CBMAI 1186
3 M. racemosus 2 1 8 23 1 cis
CBMAI 847
0 0 o] OH
=
O O fungus O O
+ +
OH F 32°C, 130 rpm, 7 days OH F o) O o O
1c 2c 3c F 4c E
2c 3c 4c 2c 3c 4c
4 Abiotic control of 1c 1 27
5 P. raistrickii 29 18 2 cis 30 23
CBMAI 931
6 P. citrinum 3 19 3 cis 2 26 2 cis
CBMAI 1186
7 M. racemosus 4 7 4 30 1 cis
CBMAI 847
Determined by GC-MS (El, 70 eV).
fluorine atom in the para position of ring B increases Conclusion
the electron deficiency in the «,f-unsaturated system, . . . .
y P y The screening of marine-derived fungi presented

favouring the nucleophilic attack of the oxygen and
consequently allowing the formation of the cyclized
product. At pH 8, there was a low conversion in the
compounds 4b and 4c that may result from the
hydroxylation of flavanones 3b and 3c.

In contrast, the abiotic controls of the reactions
also formed flavanones 3b and 3c with significant
conversion values (c=9-27%) that were very close
to those obtained in the biotransformation reactions
(c=9-30%). In both cases, flavanones 3b and 3c
were obtained as racemic mixtures, making it diffi-
cult to understand the mechanisms by which the
reaction occurs, whether enzymatic or not. It is
important to note that despite the spontaneous cyc-
lization of the 2'-hydroxychalcones 1b and 1c¢, the
ERs present in the fungus P. raistrickii were efficient
in favour of the hydrogenation of the C=C double
bond for the formation of the 2’-hydroxydihydrochal-
cones 2b and 2c.

promising results regarding the biotransformation of
2’-hydroxychalcone 1a. The main products obtained
were the reduction of the C=C double bond and
hydroxylation of the B-ring of 2'-hydroxychalcones
1a-c. The cyclization products obtained in the reac-
tions with the fungi P. citrinum CBMAI 1186 and M.
racemosus CBMAI 847 did not show enantioselectivity.
Penicillium raistrickii CBMAI 931 efficiently mediated
the biotransformation of 2’-hydroxychalcone 1a as a
source of enoate reductase enzymes by reducing the
C=C double bond with chemo- and regioselective
controls. The fungus A. sydowii CBMAI 935 was found
to be a source of oxidoreductases by promoting the
hydroxylation of 2’-hydroxychalcone 1a to 1-(2-
hydroxyphenyl)-3-(4-hydroxyphenyl)propan-1-one  5a
at a yield of 26%.

This paper showed that the fungi used were able
to perform biotransformation reactions and the results
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evidenced the importance of conducting studies
involving the biotransformation of 2’-hydroxychalcone
derivatives.
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