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As a rich source of biological active compounds, marine natural products have been increasingly screened as
candidates for developing new drugs. Among the several marine products and metabolites, (+)-Harzialactone A
has drawn considerable attention for its antitumor and antileishmanial activity. In this work a chemoenzymatic
approach has been implemented for the preparation of the marine metabolite (+)-Harzialactone A. The synthesis
involved a stereoselective, biocatalyzed reduction of the prochiral ketone 4-oxo-5-phenylpentanoic acid or the
corresponding esters, all generated by chemical reactions. A collection of different promiscuous oxidoreductases
(both wild-type and engineered) and diverse microorganism strains were investigated to mediate the bio-
conversions. After co-solvent and co-substrate investigation in order to enhance the bioreduction performance,
T. molischiana in presence of NADES (choline hydrochloride-glucose) and ADH442 were identified as the most
promising biocatalysts, allowing the obtainment of the (S)-enantiomer with excellent ee (97% to > 99%
respectively) and good to excellent conversion (88% to 80% respectively). The successful attempt in this study
provides a new chemoenzymatic approach for the synthesis of (+)-Harzialactone A.

Oxidoreductases
Whole cell bioreactor
Prochiral ketones

1. Introduction

Medicinal chemists have frequently been inspired by nature during
the scaffold hopping stage albeit the structural complexity of the natural
products compared to the synthetic drug-like molecules is often a limit.
Indeed, either natural products or their metabolites offer unexplored
frameworks for the development of innovative drugs, new leads or even
are already pharmacologically active substances.

Fungi play an irreplaceable role within this context since they have
exceptional abilities to produce a variety of metabolites characterized by
unique structures and diverse biological activities. In particular, fungi
coming from the marine environment have attracted a lot of interest
because are very distinctive since they grow under pressure, high
salinity and low temperature [1,2]. Among these fungi, Trichoderma
species have gained a lot of attention since they are able to produce

plentiful of secondary metabolites which possess attractive chemical
structures and remarkable biological activities. More precisely Tricho-
derma harzianum probably contributed the most secondary metabolites
(SMs) originating from Trichoderma species [3,4].

Among the SMs generated by Trichoderma harzianum, the metabolite
(+)-Harzialactone A (Fig. 1) has drawn our attention since it possesses a
recognized antitumor activity and a promising growth inhibitor activity
against Leishmania amazoniensis [5-8]. Moreover, Harzialactone A is
also structurally characterized by a y-valerolactone (GVL) core, a valu-
able chiral building block of which we have already expertise [9-11].
From a synthetic point of view, the stereoisomers of (+)-Harzialactone A
have been prepared according to different strategies comprising both
chiral pool-based approaches or chemically catalyzed stereoselective
reactions [12-16]. In this context, only one example dealing with the
lactonase-mediated kinetic resolution of racemic Harzialactone A can be

Abbreviations: NADES, Natural Deep Eutectic Solvent; ChCl, choline hydrochloride; Glu, glucose; Gly, glycerol; i-PrOH, isopropanol; EtOAc, ethyl acetate. PB,
phosphate buffer; PTSA, p-Toluenesulfonic acid; YPD, Yeast Extract Peptone Dextrose.

* Corresponding author.

E-mail addresses: angelica.artasensi@unimi.it (A. Artasensi), ivan.bassanini@scitec.cnr.it (I. Bassanini), erica.ferrandi@scitec.cnr.it (E. E. Ferrandi), lucia.feni@
unimi.it (L. Feni), giulio.vistoli@unimi.it (G. Vistoli), laura.fumagalli@unimi.it (L. Fumagalli), raffaella.gandolfi@unimi.it (R. Gandolfi).

https://doi.org/10.1016/j.bioorg.2023.106675

Received 31 March 2023; Received in revised form 29 May 2023; Accepted 9 June 2023

Available online 10 June 2023

0045-2068/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:angelica.artasensi@unimi.it
mailto:ivan.bassanini@scitec.cnr.it
mailto:erica.ferrandi@scitec.cnr.it
mailto:lucia.feni@unimi.it
mailto:lucia.feni@unimi.it
mailto:giulio.vistoli@unimi.it
mailto:laura.fumagalli@unimi.it
mailto:raffaella.gandolfi@unimi.it
www.sciencedirect.com/science/journal/00452068
https://www.elsevier.com/locate/bioorg
https://doi.org/10.1016/j.bioorg.2023.106675
https://doi.org/10.1016/j.bioorg.2023.106675
https://doi.org/10.1016/j.bioorg.2023.106675
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioorg.2023.106675&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Artasensi et al.

(+)-Harzialactone

Fig. 1. The metabolite (+)-Harzialactone A; depicted in red the GVL moiety.

found as a biocatalyzed entry to this bioactive molecule [17]. To the best
of our knowledge, in fact, no reports dealing with the preparation of 5-
phenyl-y-valerolactones, the core of the molecular skeleton of (+)-Har-
zialactone A, via the stereoselective biocatalyzed reduction of the cor-
responding y-ketoesters or acids can be found in the literature.

For all these reasons, we became interested in the possibility of
proposing a stereoselective, biocatalyzed synthesis for (+)-Harzia-
lactone A via the enantioselective reduction of prochiral ketones.

The enzyme mediated preparation of chiral y-lactones is a topic that
has been already explored in the literature. Some reported examples are,
again, based on the kinetic resolution of chemically prepared racemic
lactone-precursors catalyzed by different lipases (Fig. 2a) [18,19].

More elegant preparations have been achieved via stereoselective
biocatalyzed syntheses. Specifically, the enzymatic reduction and tan-
dem cyclization of differently decorated y-ketoesters, regarded as
“bulky-bulky” substrates has been reported using both wild-type and
engineered enzymes [20-25]. Among the y-ketoesters investigated, the
enantioselective reduction of methyl 4-oxo-4-phenylbutanoate (8,
Fig. 2b), a compound structurally related to the focus of this work i.e.
methyl 4-oxo-5-phenylpentanoate (13, Scheme 1), resulted in the
preparation of enantiomerically enriched (S)-5-phenyl y-valerolactone
(($)-10, Fig. 2b) with excellent isolated yield and enantiomeric excess
(ee) using Ralstonia sp. or Sphingobium yanoikuyae alcohol dehydroge-
nase (Ras-ADH and Sy-ADH, respectively) as biocatalysts. More
recently, a novel chemoenzymatic entry to 5-aryl or 5-alkylaryl valer-
olactone derivatives has been proposed by Ozgen et al. who reported an
integrated photo- and biocatalyzed synthesis of chiral y-lactones using
simple aldehydes, acrylates, or unsaturated acid as starting materials
[26]. Furthermore, the microbial bioreduction of y-ketoesters or acids
was only accomplished for the preparation of 5-alkyl or 5-phenyl

a) Kinetic Resolution OH
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y-lactones [27].

On the basis of these considerations, a novel chemoenzymatic syn-
thesis of the two enantiomers of 16 (Scheme 1), direct precursors of
enantiomerically enriched Harzialactone A isomers [15], has been here
investigated and successfully validated. Seeking for good conversions
and high ee in the bioreduction of the “bulky-bulky” substrates 12-15 to
the corresponding y-hydroxyester, different biocatalysts have been
screened. Specifically: (1) a small family of ADHs of different nature and
substrate scope [28-31]; (2) a collection of promiscuous hydroxysteroid
dehydrogenases (HSDHs) [32-34], (3) a commercial kit of ADHs from
Evoxx® and (4) different strains of Torulopsis sp. yeasts, selected among
those species that have previously been exploited in the microbial
reduction of structurally complex ketones [35].

2. Materials and Methods
2.1. General

All chemicals and solvents were purchased from Merck KGaA,
Darmstadt, Germany, and TCI and used as commercially distributed. All
purifications were performed by flash chromatography using prepacked
Biotage Sfar columns or silica gel (particle size 40-63 pm, Merck) on an
Isolera (Biotage, Uppsala, Sweden) apparatus. Thin-layer chromatog-
raphy (TLC) analyses were performed on aluminum plates precoated
with silica gel 60 matrix with a fluorescent indicator and visualized in a
TLC UV cabinet followed by an appropriate staining reagent. The con-
tent of solvents in eluent mixtures is given as v/v percentage. Ry values
are given for guidance. 'H NMR (300 MHz) and '°C NMR (75 MHz)
spectra were recorded on a Varian NMR System 300 MHz spectrometer.
Chemical shifts (8) are reported in parts per million (ppm) relative to the
residual solvent (CHCl3, MeOH, or dimethyl sulfoxide (DMSO)) as an
internal standard. Melting points were determined by a Buchi Melting
Point B-540 apparatus.

The Alcohol Dehydrogenases Screening Kit (cat. n° evo-1.1.100) was
purchased from Evoxx technologies GmbH (Monheim am Rhein, Ger-
many) and applied in the screening according to its technical bulletin.
Plasmid pMS470/pEamTA was kindly donated by Prof. W. Kroutil,
University of Graz, Austria.
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Fig. 2. Biocatalytic entries to chiral GVLs.
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Scheme 1. Novel biocatalytic approach to enantiomerically enriched 5-benzyltetrahydrofuran-2-one (16). Reagents and conditions: (a) Na, diethyl succinate, EtOH,
RT; (b) H20, Acetic Acid, Hydrochloric acid 37%, Reflux; (c) PTSA, MeOH, Trimethyl orthoformate, RT; (d) PTSA, EtOH, Triethyl orthoformate, RT; (e) SOCl, i-
PrOH, reflux; (f) 10% aqueous solution of HCI; (g) 2-[(4-Methylphenyl)sulfonyl]-3-phenyloxaziridine, KHMDS, THF, —78 °C [15].

2.2. Synthesis

2.2.1. Preparation of 4-oxo-4-phenylbutanoic acid (7)

To a solution of succinic anhydride (500 mg, 4.99 mmol) in benzene
(2.5 mL, 28.03 mmol) aluminum chloride was added (1.645 g, 12.34
mmol). The reaction was heated to reflux under stirring for 45 min,
checking the progress via TLC. Afterward, the mixture was cooled down
to room temperature and poured into ice. Then, the residue was diluted
in dichloromethane (15 mL) and extracted with 10% aqueous solution of
NaHCOs (7 mL). The basic extract was acidified with 10% aqueous so-
lution of HCI, and the keto acid was extracted with dichloromethane (3
x 15 mL). The organic phase was dried over anhydrous sodium sulfate,
filtered, and evaporated in vacuo, affording the pure product 7 as a white
solid (396 mg, 2.22 mmol). Yield: 44.5% Mp: 109 °C. TLC (cyclohexane/
ethyl acetate 7:3 + 1% formic acid) Rg: 0.22 1H NMR (300 MHz, CDCl3):
§8.03-7.94 (m, 2H), 7.62-7.54 (m, 1H), 7.47 (t,J = 7.5 Hz, 2H), 3.32 (t,
J = 6.6 Hz, 2H), 2.82 (t, J = 6.6 Hz, 2H). 13C NMR (75 MHz, CDCl3) &
198.1,179.1, 136.6, 133.5, 128.8, 128.2, 33.4, 28.3 NMR data matches
reported literature data [36].

2.2.2. Preparation of methyl 4-oxo-4-phenylbutanoate (8)

Sulfuric acid (1.1 mL, 20.6 mmol) was added to a solution of 7 (656
mg, 3.68 mmol) in methanol (5 mL) and the mixture was heated at 50 °C
for 12 h. The solution was evaporated under reduced pressure, and the
residue was partitioned between water (5 mL) and dichloromethane (20
mL). The organic phase was washed with 10% aqueous solution of
NaHCOs (5 mL) and brine (5 mL), dried over anhydrous sodium sulfate,
filtered, and evaporated in vacuo, affording compound 8 (441 mg, 2.29
mmol) as a yellowish oil. Yield: 62.2%. TLC (cyclohexane/ethyl acetate
7:3) R¢: 0.44 'HNMR (300 MHz, CDCls): 6 8.03-7.94 (m, 2H), 7.61-7.53
(m, 1H), 7.52-7.42 (m, 2H), 3.71 (s, 3H), 3.33 (t, J = 6.6 Hz, 2H), 2.77
(t, J = 6.6 Hz, 2H). '3C NMR (75 MHz, CDCls) § 198.2, 173.5, 136.6,
133.4, 128.7, 128.1, 51.9, 33.5, 28.1. NMR data match reported liter-
ature data [37].

2.2.3. Preparation of (+)-5-phenyltetrahydrofuran-2-one (10)

Under nitrogen atmosphere, NaBH4 (33 mg, 0.85 mmol) was added
to a solution of 7 (126 mg, 0,704 mmol) in NaOH 5%. (1.4 mL). The
reaction mixture was stirred at room temperature 18 h until TLC

indicated the disappearance of the starting material. The reaction
mixture was acidified with a 10% aqueous solution of HCl and extracted
with dichloromethane (6 mL). The organic phase was washed with brine
(2 mL) and dried over anhydrous sodium sulfate, filtered, and evapo-
rated in vacuo, affording of the pure product 10 (82 mg; 0.45 mmol) as a
colorless oil. Yield: 64.3%. TLC (cyclohexane/ethyl acetate 1:1 + 1%
formic acid) R¢ 0.69 'H NMR (300 MHz, CDCls): 6 7.45-7.27 (m, 5H),
5.52 (dd, J = 7.9, 6.3 Hz, 1H), 2.74-2.60 (m, 3H), 2.27-2.09 (m, 1H).
13C NMR (75 MHz, CDCls) § 176.9, 138.9, 129.2, 128.5, 125.0, 80.9,
30.8, 28.9. NMR data match reported literature data [38].

2.2.4. Preparation of Ethyl-5-phenyl-5-cianolevulinate (11)

Under nitrogen atmosphere, benzyl cyanide (5 mL; 42.68 mmol) and
diethyl succinate (11 mL, 65.73 mmol) were added to 21 mL of a freshly
prepared sodium ethoxide solution. The resulting mixture was stirred at
room temperature overnight, until TLC indicated the disappearance of
the starting material. The solution was then diluted with water (50 mL)
and washed three times with toluene (3 x 15 mL). The basic aqueous
layer was acidified with concentrated HCl and extracted three times
with ethyl ether (3 x 20 mL). The organic phase was washed with 10%
aqueous solution of NaHCOs3 (5 mL) and brine (5 mL), dried over
anhydrous sodium sulfate, filtered, and evaporated in vacuo, affording
compound 11 (6.01 g, 24.54 mmol) as a yellow oil. Yield: 57.5%. TLC
(cyclohexane/ethyl acetate 7:3 + 1% formic acid) R¢: 0.47 'H NMR (300
MHz, CDClg): § 7.47-7.36 (m, 5H), 4.80 (s, J = 2.0 Hz, 1H), 4.09 (q, J =
7.2 Hz, 2H), 2.83 (t, J = 6.4 Hz, 3H), 2.61 - 2.53 (m, 2H), 1.21 (t,J=7.2
Hz, 3H).

2.2.5. Preparation of 5-phenyllevulinic acid (12)

Compound 11 (6.01 g, 24.5 mmol) was dissolved in a mixture of
water (0.85 mL), conc. HCI (22 mL), and glacial acetic acid (29 mL). The
reaction was heated to reflux overnight under stirring the progress was
checked via TLC. The mixture was diluted with water (30 mL) and
extracted with dichloromethane (3 x 10 mL). Then the organic layer
was extracted with 10% aqueous solution of NaHCO3 (15 mL). The basic
extract was acidified with aqueous HCl, and the keto acid was extracted
with dichloromethane (3 x 15 mL). The combined organic layers were
dried over anhydrous sodium sulfate, filtered, and evaporated in vacuo,
affording compound 12 (4.038 g, 21.0 mmol) as a yellow solid. Yield:
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85.7%. Mp: 57 °C. TLC (cyclohexane/ethyl acetate 7:3 + 1% formic
acid) R¢: 0.32 H NMR (300 MHz, CDCl3): 6 7.40-7.13 (m, 5H), 3.74 (s,
2H), 2.75 (t,J = 6.6 Hz, 2H), 2.60 (t, J = 6.6 Hz, 2H). 13¢ NMR (75 MHz,
CDCl3) 6 206.5,178.1, 134.0, 129.6, 128.9, 127.3, 50.2, 36.3, 27.9 NMR
data match reported literature data [39].

2.2.6. Preparation of methyl 4-oxo-5-phenylpentanoate (13)

Under nitrogen atmosphere, PTSA (25 mg, 0.13 mmol) and trimethyl
orthoformate (284 pL, 2.6 mmol) were added to a solution of 12 in
methanol (15 mL). The reaction mixture was stirred at room tempera-
ture 18 h until TLC indicated the disappearance of the starting material.
Afterward, the solvent was evaporated in vacuo, and the crude was
dissolved in ethyl acetate (15 mL). The organic phase was washed with
10% aqueous solution of NaHCO3 (5 mL) and brine (5 mL), dried over
anhydrous sodium sulfate, filtered, and evaporated in vacuo, affording
compound 13 (441 mg; 2.29 mmol) as a yellowish oil. Yield: 84.7%. TLC
(cyclohexane/ethyl acetate 7:3) R 0.43 1H NMR (300 MHz, CDCl3): §
7.40-7.16 (m, 5H), 3.74 (s, 2H), 3.65 (s, 3H), 2.76 (t, J = 6.6 Hz, 2H),
2.56 (t, J = 6.6 Hz, 2H). 1*C NMR (75 MHz, CDCl3) § 206.40, 173.09,
134.06, 129.45, 128.70, 127.04, 51.72, 49.92, 36.42, 27.77. NMR data
match reported literature data [40].

2.2.7. Preparation of ethyl 4-oxo-5-phenylpentanoate (14)

Under a nitrogen atmosphere, PTSA (25 mg, 0.13 mmol) and triethyl
orthoformate (540 pL, 3.25 mmol) were added to a solution of 12 in
ethanol (15 mL). The reaction mixture was stirred at room temperature
18 h until TLC indicated the disappearance of the starting material.
Afterward, the solvent was evaporated in vacuo, and the crude was
dissolved in ethyl acetate (15 mL). The organic phase was washed with
10% aqueous solution of NaHCO3 (5 mL) and of brine (5 mL), dried over
anhydrous sodium sulfate, filtered, and evaporated in vacuo, affording
compound 14 (490 mg, 2.22 mmol) as a yellow oil. Yield: 84.7%. TLC
(cyclohexane/ethyl acetate 7:3) Rg: 0.49 4 NMR (300 MHz, CDCl3): 6
7.41-7.12 (m, 5H), 4.11 (q, J = 7.1 Hz, 2H), 3.74 (s, 2H), 2.75 (t, J = 6.6
Hz, 2H), 2.55 (t, J = 6.6 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (75
MHz, CDCl3) § 206.3, 172.5, 134.2, 129.4, 128.6, 126.9, 53.2, 49.8,
36.4, 28.0, 14.1.

2.2.8. Preparation of isopropyl 4-oxo-5-phenylpentanoate (15)

Under a nitrogen atmosphere, SOCl;, (283 pL, 3.9 mmol) was added
to a solution of 12 (500 mg, 2.6 mmol) in isopropanol (15 mL). The
reaction mixture was heated to reflux for 18 h until TLC indicated the
disappearance of the starting material. Afterward, the solvent was
evaporated in vacuo, and the crude was dissolved in ethyl acetate (15
mL). The organic phase was washed with 10% aqueous solution of
NaHCOg (5 mL) and brine (5 mL), dried over anhydrous sodium sulfate,
filtered, and evaporated in vacuo, affording compound 15 (536 mg, 2.28
mmol) as a yellow oil. Yield: 87.9%. TLC (cyclohexane/ethyl acetate
7:3) R¢: 0.56 'H NMR (300 MHz, CDClg): § 7.46-6.95 (m, 5H), 5.04-4.89
(m, 1H), 3.74 (s, 2H), 2.74 (t, J = 6.6 Hz, 2H), 2.52 (t, J = 6.6 Hz, 2H),
1.21 (d, J = 0.8 Hz, 3H), 1.19 (d, J = 0.8 Hz, 3H). 13C NMR (75 MHz,
CDCl3) 6 206.3, 172.0, 134.1, 129.4, 128.6, 127.0, 67.8, 60.1, 49.9,
36.5, 28.3, 21.7.

2.2.9. Preparation of (+)-5-benzyltetrahydrofuran-2-one (16)

Under nitrogen atmosphere, NaBH4 (17 mg, 0.45 mmol) was added
to a solution of 13 (76.7 mg, 0.37 mmol) in 5% aqueous solution of
NaOH (0.8 mL). The reaction mixture was stirred at room temperature
18 h until TLC indicated the disappearance of the starting material. The
reaction mixture was acidified with a 10% aqueous solution of HCI and
extracted with dichloromethane (3 X 2 mL). The organic phase was
washed with brine (2 mL) and dried over anhydrous sodium sulfate,
filtered, and evaporated in vacuo, affording the pure product 16 (65 mg,
0.33 mmol) as a colorless oil. Yield: 91.5%. TLC (cyclohexane/ethyl
acetate 7:3 + 1% formic acid) R¢: 0.50 'H NMR (300 MHz, DMSO-dg): 6
7.40-7.13 (m, 5H), 4.78-4.61 (m, 1H), 3.02-2.79 (m, 2H), 2.56-2.28
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(m, 3H), 2.25-2.08 (m, 1H), 1.97-1.75 (m, 1H). 'H NMR (300 MHz,
CDCl3) 6 7.34-7.22 (m, 5H), 4.76-4.70 (m, 1H), 3.09-2.90 (m, 2H),
2.51-2.33 (m, 2H), 2.29-2.21 (m, 1H), 2.00-1.90 (m, 1H). 13c NMR (75
MHz, CDCl3) 6§ 176.9, 135.9, 129.4, 128.6, 126.9, 80.7, 41.3, 28.6, 27.1.
CDCl3 NMR data match reported literature data [16].

2.3. Engymatic and microbial bioreduction

2.3.1. Enzymes preparation.

Recombinant expression in E. coli and purification by affinity chro-
matography of the following enzymes was carried out as previously
described: MI-ADH [30], Lb-ADH [30] HSDHs [33], Is2-SDR [33],
BmGDH [41] RasADH, ADH-A and SyADH were expressed in E. coli
BL21 DE3 according to [30,42]. After cell pellet recovery by centrifu-
gation, cells were resuspended in water and lyophilized.

2.3.2. Culture conditions.

The yeasts were routinely maintained on YPD medium slants (18 g/L
agar, 10 g/L yeast extract, 10 g/L peptone, 20 g/L glucose, pH = 5.6).
The strain, grown on YPD medium slants for 72 h at 28 °C, was inocu-
lated in a 500 mL Erlenmeyer flask containing 100 mL of the same liquid
medium (without agar) and incubated on a reciprocal shaker (150 rpm)
for 48 h at 28 °C. In the case of solid-solid-liquid growth, the microor-
ganism was grown in solid medium for 24 h and later it was inoculated
in 100 mL liquid medium in a 500 mL Erlenmeyer flask. The microor-
ganism was incubated on a reciprocal shaker (150 rpm) for 48 h at 28 °C
before testing. Cell growth was evaluated by cells dry weight. 20 mL of
broth culture were centrifuged (4500 rpm for 15 min), the pellet was
washed twice with milliQ water and re-suspended in milliQ water. The
cell suspension was placed in an oven for 12 h at 104 °C.

2.3.3. Engzymatic screening for 8 and 13 bioreduction.

Reactions were run in analytical scales working with a final volume
of 0.5 mL. Substrates 8 and 13 were dissolved in PB (pH 7, 50 mM) at a
final concentration of 10 mM starting from stock solutions prepared in
DMSO (200 mM) reaching a co-solvent percentage of the 5% (v/v). The
selected oxidoreductase was then added to the substrate solution based
on its activity reaching a final concentration of 1 U/mL for Is2-SDR and
all the HSDHs and of 0.5 U/mL in the case of MI-ADH. Lb-ADH was used
with a loading of 2 mg/mL. E. coli/SyADH, E. coli/ADH-A and E. coli/
RasADH were instead added with concentrations of 15 mg of lyophilized
cells per mL. Glucose (40 mM), glucose dehydrogenase BmGDH (0.5 U/
mL) and NAD(P)" (0.4 mM) were added to the reaction mixtures which
were then incubated for 24-48 h at 25 °C and 180 rpm. Stock solutions
of cofactor (prepared in MilliQ-water at concentration of 20 mM) and
glucose (prepared in PB buffer -pH 7, 50 mM- at a concentration of 100
mM) were used while BnGDH was added accordingly to its activity. In
the case of E. coli/RasADH, following literature protocols [42], a final
concentration of 1 mM of NAPD" and an operational temperature of
30 °C were used. Reactions were followed by TLC analysis via micro-
extractions (ca 20 pL of reaction extracted with 40 pL of EtOAc). After
24 h, reaction mixtures were acidified ca to pH 2 with 2 N HCl ),
extracted two times with 500 pL of EtOAc. The organic phases were
combined and dried over Na;SO4 and were concentrated in vacuo to be
analyzed by means of 14 NMR (400 MHz, CDCl3) and HPLC (Method B).

2.3.4. Microbial biotransformations: General procedure.

Cells obtained by centrifugation (4500 rpm for 15 min) of the culture
broth were washed twice with tap water. The pellet was suspended in
Tris/HCI buffer containing 50 g/L of glucose (pH 7, 0.1 M) to obtain a
doubled cells concentration. Substrates (8, 12 or 13) were dissolved in
DMSO or isopropanol added to the biotransformations in a final con-
centration of 0.5, 1 or 2 g/L; keeping the co-solvent v/v ratio equal to the
5% (DMSO) and the 10% (isopropanol). The reactions were carried out
at 28 °C under magnetic stirring. After 96 h, the biotransformations were
acidified with an HCI solution ([HCllpjotransformation = 2 M), left under
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magnetic stirring for 24 h and then extracted twice with ethyl acetate.
The combined organic phases were dried over anhydrous NaSO4 and
were evaporated in vacuo. The samples were analyzed by chiral HPLC
analyses according to Method A (see Supplementary Materials for
details).

2.3.5. NADES preparation.

NADES were prepared by mixing choline hydrochloride (ChCl) and
glucose (Glu) in a molar ratio of 1.5:1 or glycerol (Gly) and glucose (Glu)
in a molar ratio of 2:1. The compounds were placed under magnetic
stirring at a temperature of 75 °C until a colorless liquid mixture was
obtained.

2.3.6. HPLC analyses.

Molar conversion and ee were determined by HPLC equipped with a
chiral column according to one of the two different methods reported
below.

Method A: Merck-Hitachi L-7100 instrument coupled with a
UV6000LP detector and a Chiralcel OD-H chiral column (250 mm x 4.6
mm). HPLC conditions: flow rate = 0.8 mL/min, detection A = 210 nm;
temperature = 30 °C, mobile phase: 90% of hexane, 10% of i-PrOH and
0.1% of formic acid. Compound, R¢: 7, 12.6 min; 8, 10.9 min; (S)- 10, 19
min; (R)-10, 18 min; 12, 13.1 min; 13, 12.45 min; 14, 9.9 min; 15, 8 min
(S)-16, 18 min; (R)-16, 21 min.

Method B: Shimadzu LC-20AD high performance liquid chromatog-
raphy system equipped with a Shimadzu SPD-20 A UV detector and a
Phenomenex Lux 3u Cellulose-1 chiral column (250 mm x 4.6 mm).
HPLC conditions: flow rate = 1 mL/min 1; detection A = 280 nm; tem-
perature = 30 °C, mobile phase: 70% of petroleum ether and 30% of i-
PrOH. Compounds: Ry = 7, 5.88 min; (S)-10, 6.9 min; (R)-10, 7.3 min;
13, 6.27 min; (S)-16, 7.4 min; (R)-16, 8.3 min.

2.4. Semi-preparative scale preparation of (R)- and (S)-16

2.4.1. Preparation of (+)-5-benzyltetrahydrofuran-2-one (S)-16

The liquid culture inoculum of T. molischiana was prepared by
making two passages in solid YPD medium by incubating the plates in
both cases at 28 °C for 24 h. Cells from 50 mL of broth culture were
centrifuged, washed and suspended in Tris/HCI buffer (25 mL, pH 7, 0.1
M) containing 10% v/v ChCl-Glc NADES and 25 mg of compound 12.
After 96 h at 30 °C under magnetic stirring, the biotransformation was
acidified with HCI and extracted twice with ethyl acetate. The combined
organic phases were dried over Na;SO4 and were concentrated in vacuo
affording crude (S)-16 which was purified by preparative TLC (Eluent:
cyclohexane: ethyl acetate = 7:3). (S)-16 was obtained as yellowish oil
with a 65% isolated yield and an ee > 97%. [0]2>= +11.37 (c 1.0, CHCl3)
[43], HRMS (ESI): m/z calculated for [M + Na]* C;1H;202 199.0735;
found 199.0736.

2.4.2. Preparation of (-)-5-bengyltetrahydrofuran-2-one (R)-16

Glucose (40 mM), BmGDH (0.5 U/mL) and NADP" (0.4 mM) were
added to a solution of 13 (30 mg, 10 mM) prepared in 10% v/v mixture
of DMSO in PB buffer (pH 7.0, 50 mM). Reduction was started by adding
E. coli/SyADH (10 mg/mL of lyophilized E. coli cells) and it was
controlled by TLC analysis (ethyl acetate/petroleum ether = 7:3 as
mobile phase, UV light and phosphomolybdic acid solution to stain)
over the course of 48 h. After that, the mixture was extracted with EtOAc
(3 X 500 pL), the organic layers were combined, dried over Na;SO4, and
were concentrated in vacuo affording crude (R)-16 which was purified
by preparative TLC (Eluent: cyclohexane: ethyl acetate = 7:3). (R)-16
was obtained as yellowish oil with a 70% isolated yield and an ee > 99%.

(R)-16 [0] = -10.98 (c 1.0, CHCl3) [44], HRMS (ESI): m/z calculated for
[M + Na]* C;1H;205 199.0735; found 199.0735.
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2.5. Computational Methods

Docking simulations were performed by using the resolved structure
of the RasADH in complex with NADP" (PDB ID: 4I5D) [45] which was
prepared by adding the hydrogen atoms according to the physiological
pH equal to 7.4 by using the VEGA suite of programs [46]. The precise
arrangement of the substrates was extrapolated by the resolved structure
of F12 RasADH in complex with NADPH and A60 (PDB ID: 6IHH) [47].
In detail, the A60 was manually inserted into the catalytic cavity of the
first structure by superimposing the common cofactor and the docking
searches were focused within a 10 A radius sphere around the so inserted
A60 ligand. Docking simulations were carried out by PLANTS [48]; 10
poses per ligand were generated and ranked by the ChemPLP scoring
function with speed equal to 1. The generated complexes were mini-
mized by using Namd and rescored by Rescore™ [49].

3. Results & discussion
3.1. Chemistry

3.1.1. Synthesis of the suitable substrates

The substrate 8 was synthesized starting from benzene that under-
went a Friedel-Crafts acylation and a subsequent Fisher esterification as
reported by Alazet et al. whose procedure was properly adapted [39].
The series of suitable prochiral ketones 12-15 were synthesized as
shown in Scheme 1. The synthesis started with the commercially
available benzyl cyanide that reacted with diethyl succinate to give
compound 11 which was subsequently treated with a mixture of acetic
acid/hydrochloric acid to afford the derivative 12. Then, compound 12
underwent esterification with methanol, ethanol, and isopropanol to
obtain compounds 13, 14, and 15 respectively. Furthermore, com-
pounds rac-10 and rac-16 were synthesized as references for HPLC
analyses.

Copies of the NMR spectra and HPLC chromatograms can be found in
the Supplementary Materials.

3.2. Bioreduction of 13: Biocatalysts screening

3.2.1. Wild-type, recombinant oxidoreductases

The biocatalyzed stereoselective reduction of 13 and the one-pot
tandem conversion of the obtained y-hydroxyester into the corre-
sponding y-valerolactone 16 were investigated using a collection of
NAD™ or NADP' dependent oxidoreductases of different origin, both
belonging to the alcohol dehydrogenase (ADHs) and hydroxysteroid

Table 1
Recombinant NAD(P)*-dependent oxidoreductases screened for the stereo-
selective reduction of 8 and 13.

Enzyme Source, Reference Cofactor
Alcohol Dehydrogenases

1s2-SDR Metagenome sample, [32] NADP™
MI-ADH Micrococcus luteus, [50] NAD"
E. coli/ADH-A" Rhodococcus ruber, [51] NAP*
Lb-ADH Lactobacillus brevis, [52] NADP™
E. coli/RasADH" Ralstonia sp., [42] NADP"
E. coli/SyADH' Sphingobium yanoikuyae, [29,42] NADP*
Hydroxysteroids Dehydrogenases

Ca7a-HSDH Clostridium absonum, [33] NADP"
Dm7a-HSDH Deinococcus marmoris, [32] NAD'
Hh7a-HSDH Halomonas halodenitrificans, [32] NAD"
Ngil_7a-HSDH Metagenome sample, [32] NAD™
Bsp7p-HSDH Brucella sp., [32] NAD*
Ca7p -HSDH Clostridium absonum, [53] NADP*
Rs7p-HSDH Rhodobacter sphaeroides, [32] NAD™'
Sc7p-HSDH Stanieria cyanosphaera, [32] NAD"
Csp120-HSDH Clostridium sp., [54] NADP*

! Lyophilized recombinant E. coli cell pellets were used in the bio-
transformations [29,42].
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dehydrogenases (HSDHs) groups (Table 1). The glucose/glucose dehy-
drogenase from Bacillus megaterium (BmGDH) system was used for
cofactor regeneration (Scheme 2), and enzymes were produced as re-
combinant proteins in E. coli according to established literature pro-
tocols (Table 1). Compound 8, whose bioreduction was already reported
in the literature, was used as model substrate to compare the perfor-
mances of the selected biocatalysts on both the bulky-bulky y-ketoester
substrates. At variance to 8, compound 13 is in fact characterized by a
more flexible benzyl substituent as Ca decoration.

Table 1 summarizes the source and redox cofactor of the screened
biocatalysts, all of them characterized by different synthetic features.
Specifically, Is2-SDR, a short-chain dehydrogenase discovered by the
authors by metagenome mining, and the alcohol dehydrogenase from
Micrococcus luteus (M1-ADH) are enzymes known for their broad sub-
strate promiscuity and ability to reduce bulky or structurally complex
substrates [32,50]. The above mentioned E. coli/RasADH and E. coli/
SyADH showed good activity (60-70%) and excellent enantioselectivity
in the reduction of 8, while the alcohol dehydrogenase from Rhodococcus
ruber (ADH-A) and Lactobacillus brevis (Lb-ADH) did not convert this
model substrate [21,26,30]. Finally, a small collection of the different
hydroxysteroid dehydrogenases (HSDHs) available to SCITEC-CNR
laboratories was selected based on their high regio- and stereo-
selectivity towards steroid skeletons (i.e. 7a, 7 and 12 HSDHs) and
substrate promiscuity [32,34].

All the described enzymes were thus used in analytical scale as
biocatalysts for the stereoselective reduction of compounds 8 and 13
conducing their one-pot, tandem transformation into 10 and 16
respectively without isolating the corresponding y-hydroxyester inter-
mediate. Reactions were run for 24 h (for details of the screening pro-
tocol see the Material and Methods section); after extraction with ethyl
acetate, conversion and ee for compounds 10 and 16 were determined
via HPLC using chiral stationary phase methods already reported in the
literature [16,20]. The successful biotransformations obtained during
the screening process are summarized in Table 2.

To our surprise, none of the promiscuous HSDHs, which successfully
catalyzed the reduction of B-ketoesters [32,34], were able to convert
compounds 8 or 13 to 10 or 16 respectively.

Interestingly, both Is2-SDR and MI-ADH reduced 8 with modest
conversion (< 40%) and complementary enantioselectivity. The former
produced (S)-10 (the Prelog product) with 78% ee while the latter
catalyzed the formation of the (R)-10 (the anti-Prelog product) with an
excellent ee (> 99%). However, both these biocatalysts did not convert
the bulkier substrate 13.

In agreement with previous works [21,26,30], neither Lb-ADH nor
ADH-A converted 8, while both E. coli/RasADH and E. coli/SyADH
reduced 8 with excellent ee (> 9%) in favor of the Prelog product (S)-10.
In agreement with what was reported for 8, compound 13 was not
converted by neither Lb-ADH nor ADH-A while it was reduced by E. coli/
RasADH and E. coli/SyADH, though with lower conversions. Moreover,
both E. coli/RasADH and E. coli/SyADH, at variance to the reduction of
8, formed the anti-Prelog product (R)-16 from 13 with a modest to an
excellent ee (66% and > 99%, respectively).

Surprised by the unexpected anti-Prelog stereoselectivity of the
bioreduction of 13, an in silico investigation was performed to compare

RT(\/COQMe ADH or HSDH
o] /\«

NAD(P)H NAD(P)+
8 R=Ph
13R =Bn GDH
. . glucono glucose
gluconic acid lactone
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Table 2
Screening results for the bioreduction of compounds 8 and 13.

R, R
R COOMe ’
\[o]/\/ Q . \Q

(@) (6]
8 R=Ph (R)-10 R = Ph (S)-10 R = Ph
13 R=Bn (R)-16 R = Bn (S)-16 R =Bn
Substrate
8 13
Product
Entry Oxidoreductases 10’ 16°
¢ (%)° ee (%)° ¢ (%)° ee (%)°
1 Is2-SDR 31 78 (S) N.C.
2 MI-ADH 38 > 99 (R) N.C.
3 E. coli/RasADH 60 > 99 (S) 50 66 (R)
4 E. coli/SyADH 70 > 99 (S) 45 > 99 (R)

N.C. = no conversion.

! Method: Lux Cellulose-1, 210 nm and 254 nm, mobile phase petroleum
ether/isopropanol = 7:3, flow = 1 mL/min. R; = (5)-10, 6.9 min; (R)-10, 7.3
min.

2 Method: Lux Cellulose-1, A 210 nm and 254 nm, mobile phase petroleum
ether/isopropanol = 7:3, flow = 1 mL/min. R, = (5)-16, 7.4 min; (R)-16, 8.3
min.

3 Conversion (¢ (%)) and enantiomeric excesses (ee (%)) were determined by
HPLC analysis on chiral column (see Materials and Methods section).

the docking poses of the two prochiral y-ketoesters in RasADH active site
(PDB ID: 415D) [45].

The docking results revealed that both the substrates, namely com-
pounds 8 and 13, can be suitably accommodated within the RasADH
catalytic pocket where they assume two specular binding modes thus
providing different enantiotopic faces as shown in Fig. 3. Both esters
arrange the keto group in a pose conducive to the catalysis since the
oxygen atom interacts with Ser137, His147 and Tyr150, while the
nicotinamide ring of the cofactor points to the carbonyl carbon atom of
the substrate. The differences between the two simulated substrates
involve the relative arrangement of the phenyl ring and the ester moiety.
Indeed, Fig. 3A reveals that the small substrate (8) is able to arrange the
phenyl ring towards the cofactor with which it can stabilize n/x in-
teractions further reinforced by similar stacking contacts with Phe205
plus hydrophobic interactions with surrounding alkyl-chain residues (e.
g. 11e91, Alal62, 1le187 and I1e188). The ester group of compound 8 is
facing the exit of the binding pocket where it can only stabilize hydro-
phobic interactions with Vall38, Leul44 and Leu246. In contrast,
Fig. 3B shows that compound 13 prefers to assume an overturned pose in
which the ester group approaches the cofactor, and the phenyl assumes a
more superficial arrangement. In detail, the ester moiety is engaged by a
H-bond with GIn191 plus hydrophobic contacts with 1le91 and Ile187,
while the phenyl ring elicits a clear n/x stacking with Phe205 plus hy-
drophobic contacts with Val138, Leul44 and Leu246.

3.2.2. The Evoxx® alcohol dehydrogenase kit

As discussed, compound 13 was reduced by E. coli/RasADH even
though with low conversion and ee, and by E. coli/SyADH, with an

RW"/\/COQMe "

OH - MeOH
o
10 R =Ph
16 R =Bn

Scheme 2. Enzymatic reduction of compounds 8 and 13 and their tandem conversion into the corresponding GVLs (10 and 16).
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Fig. 3. Main interactions stabilizing the putative complexes for compounds 8 (A) and 13 (B) within the catalytic pocket of RasADH (PDB ID: 4I5D) [45]. (C)

Schematic representation of Prelog and anti-Prelog reduction.

excellent ee and a lower conversion when compared to the reduction of
compound 8. Moreover, both E. coli/RasADH and E. coli/SyADH pro-
duced the (R)-enantiomer of 16, which presents the opposite absolute
stereochemistry of (+)-Harzialactone A (Fig. 1). Thus, seeking for an
enantiocomplementary enzyme, a kit of commercially available engi-
neered ADH (EvoXX® Technologies GmbH) whose good performances
on bulky and structurally complex natural compounds have been
already reported by us [30] was screened for the reduction of substrates
8 and 13. Among the screened enzymes ADH442 was found to efficiently
catalyzed the formation of (R)-16 with excellent conversion and ee.
Obtained data are reported in detail in the Supplementary Materials
(Table S1).

3.2.3. Microbial bioreduction of 13

After screening isolated enzymes, looking for a low-cost biocatalyst
to produce (S)-16, the core of (+)-Harzialactone A, we focused our
attention on the microbial reduction of 13 (Scheme 1) because of no
reports can be found in the literature dealing with the biotransformation
of this substrate using whole cells as biocatalyst. Twenty different yeast
strains selected from our in-house collection and belonging to different
species and genera were exploited in an analytical scale screening. As
planned for isolated enzymes, compound 13 was used as a model sub-
strate (Fig. 2b) since, as demonstrated by Forzato et al., its acid and the
ethyl ester derivatives were stereoselectively reduced to the corre-
sponding (S)-butyrolactones either by P. etchelsii, P. glucozyma, or
S. cerevisiae [27].

Screening results (Table 3) are reported as conversion and ee of the
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Table 3
Microorganisms screened for the bioreduction of compounds 8 and 13.
Entry  Microorganism Substrate
8 13
Product Product
7 10 12 16
c c ee c c ee

@) (%) @) ) () %)'

1 Kluyveromyces 71 17 72 59 41 85
marxianus CBS (&) &)
397

2 K. marxianus var. 53 41 75 78 10 37
lactis CL69 ) (&)

3 Lindnera fabianii 5 95 95 65 35 66
CBS 5640 ) )

4 Pachysolen 5 75 22 47 45 33
tannophylus CBS ) (R)
4044

5 Pichia capsulata 70 13 60 73 traces
CBS 1993 )

6 Pichia etchelsii 24 51 47 48 traces
MIM )

7 Pichia glucozyma 34 30 45 13 traces
CBS 5766 )

8 Pichia jadinii CBS 57 25 65 89 16 64
4885 ) R)

9 Pichia pastoris CBS 71 traces 80 traces
704

10 Rhodotorula rubra 79 traces 39 59 87
MIM 146 R)

11 Rhodotorula rubra 63 traces 35 12 55
MIM 147 (R)

12 Saccharomyces 47 41 98 73 traces
cerevisiae ZEUS )

13 Sporidiobolus 96 traces 92 11 77
pararoseus SD2 (R)

14 Sporobolomyces 76 traces 75 traces
holsaticus NCYC
420

15 Sporobolomyces 0 0 46 traces
salmonicolor MIM

16 Slooffia tsugae CBS 51 38 98 73 18 81
5038 ) )

17 Torulopsis magnolie 8 82 75 51 32 71
IMAP 4425 ) )

18 Torulopsis 14 71 92 68 16 58
molischiana CBS ) )
837

19 Torulopsis pinus 73 traces 68 13 4(S)
IMAP 4573

20 Torulopsis castelli 11 11 50 67 15 91
CBS 4332 ) )

Screening conditions: substrate 2 mg/mL, DMSO 5% v/v, glucose 50 mg/mL,
biocatalyst double concentrated compared to the liquid culture, 96 h and 30 °C.

1 Conversion (¢ (%)) and enantiomeric excesses (ee (%)) were determined by
HPLC analysis on chiral column (see Materials and Methods section).

corresponding lactones determined via HPLC (See Materials and
Methods section and Supplementary Materials). At variance to the use of
isolated enzymes, both the substrates (8 and 13) underwent competitive
hydrolytic processes in the presence of whole cells, thus they were also
converted to the corresponding y-ketoacids (7 and 12).

As expected, compound 8 was successfully reduced by P. etchelsii,
P. glucozyma, and S. cerevisiae with good conversion and moderate to
excellent ee; among them S. cerevisiae and L. fabianii were the best ones
in term of enantioselectivity (ee > 95%). In general, the yeast strains,
that were found active, reduced compound 8 only to (S)-10 with
different degrees of enantioselectivity.

As far as the bioreduction of compound 13 concerns (Table 3), this
bulkier substrate was generally transformed to the corresponding
lactone with lower conversion with respect to compound 8. Interest-
ingly, the screened yeast strains showed different stereoselectivity in
reducing 13 leading to the formation of both the enantiomers of 16 with
different degrees of enantioselectivity. In details, five yeast strains
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(Entries 4, 8, 10, 11, 13) catalyzed the formation of the anti-Prelog
lactone (R)-16 with up to 87% of ee, while all the other microorganisms
produce the Prelog product with poor to good ee.

This inversion of enantioselectivity in the reduction of 13, with the
respect to 8, may be caused by different factors. As a matter of fact,
several enzymes endowed by different affinity and selectivity towards
the two substrates 8 and 13 could be present in the same yeast. In
addition, the bulkier and more flexible nature of compound 13, as
previously demonstrated in silico in the case of E. coli/RasADH, could
induce a different binding pose within the catalytic site of the same
reductase thus offering a distinctive prochiral face to the cofactor.

Furthermore, as previously mentioned, in all the biotransformations
modest to considerable amounts of 12 were formed attesting the high
hydrolytic activity of these microorganisms toward compound 13.

This preliminary screening (Table 3) allowed us to identify T. castelli
CBS 4332 as the most promising biocatalyst for the reduction of 13 to
the Prelog enantiomer (S)-16 with a good ee (> 90%). Interestingly,
Torulopsis sp. yeasts were already applied for the reduction of bulky
substrate [35] and for these reasons Torulopsis strains were selected for
upcoming experiments for the optimization of the biotransformations.
Specifically, the undesired hydrolytic activity shown toward 13 has been
studied to address if (1) it could be lowered avoiding competition with
the desired reducing activity or if (2) it could be directly exploited to
produce the target lactone 16 from 12 (Scheme 2). Also, the reasons at
the basis of the modest conversions of 13 into 16 have been investigated
in terms of substrate loading, substrate/product inhibitory activity and
in-cell availability of redox cofactors via ad hoc designed experiments.

At first, we tried to suppress/lower the hydrolytic activity using
bulkier esters as substrates, i.e. ethyl (14) and isopropyl (15) derivatives,
in the presence of T. magnolie, T. molischiana, and T. castelli. Also, a
hexane-buffer biphasic system was tested using 13 as substrate. As
shown in Table 4 (Entries 1-3), the use of bulkier esters or a biphasic
system did not produce a significant increase in the amount of 16 with
the respect to 12.

Thus, according to the potential inhibitory effects and/or different
enzymatic activities described above , we focused our attention on the
effects of using different concentrations of 13 on the 16/12 ratio
(Table 4, Entries 4, 5). We discovered that increasing the concentration
of compound 13 always lowered the 16/12 ratio, de facto facilitating the
undesired hydrolytic processes.

In addition, based on these results we again hypothesized substrate/
product inhibitory effects and/or a competition between hydrolytic and
redox enzymes characterized by different kinetics.

Afterwards, a set of glucose-feeding experiments (feed every 50 g/L
every 24 h) was conducted to investigate if the low conversion of
compound 13 into 16 could be ascribed to poor redox cofactor avail-
ability in the cells. Percentages of compounds 16 and 12 seemed to be
unmodified by this approach as the 16,/12 ratio basically did not change
in all the experiments (Data not shown).

Finally, considering the high hydrolytic activities of the Torulopsis
yeasts and the possible alternative reaction pathways reported in
Scheme 3 we checked whether the microorganisms could have directly
reduced compound 12 with better conversion and enantioselectivity
(Table 5).

In the meantime, we could also determine if the reduction of 12
would be enantioconvergent with the bioreduction of 13 using the same
biocatalyst.

Surprisingly, the three microorganisms produced (S)-16 with excel-
lent ees (97-98%). These results corroborated the hypothesis of the
presence of no-stereoconvergent ADHs operating on 13 and/or 12 that
lowered the ees of the previously discussed biotransformations. This is of
relevance in the case of bioreduction of 12 catalyzed by T. magnolie and
T. molischiana whose ees were significantly higher when compared to the
results of Table 3.

Once we discovered that compound 12 represented a more conve-
nient substrate, we decided to optimize its biotransformation via an
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Table 4
Studies on the bioreduction of the different prochiral ketones.
Entry Substrate T. magnolie T. molischiana T. castelli
16 (%) 12 (%) 16/12' 16 (%) 12 (%) 16/12! 16 (%) 12 (%) 16/12!
1 14 30 57 0.5 28 51 0.5 10 63 0.1
2 15 16 36 0.4 20 47 0.4 5 41 0.1
3 13-1?'iphasi(:2 0 37 N.C. 0 34 N.C. 0 43 N.C.
4 13, 1 mg/mL 29 67 0.4 51 49 1.0 25 60 0.4
5 13, 2 mg/mL 15 63 0.2 16 67 0.2 15 67 0.2
Cell grown for 72 h in solid medium and 48 h in liquid medium (S-L), 96 h of biotransformation, [substrates] = 2 mg/mL, 5% v/v DMSO, glucose 50 g/L.
N.C. = not calculated.
! Ratio between the HPLC abundance (%) of compounds 16 and 12.
2 Hexane: Tris/HCI buffer (0.1 M, pH7) = 1:1.
R CO,Me Table 6
TC)(\/ ADHs R WCOZMe Co-substrates and co-solvents effects on bioreduction of 12.
40 - )
7 Entry  Co-substrate T. molischiana  T. magnolie
8 R=Ph OH ‘%«
13R=Bn R c (%) ee (%)’ c(%)' e
(©%)'
(¢} 1 Isopropanol 10% v/ 10 98 (S) N.C.
o) '
Hydrolases 10R = Ph 2 Glucose 50 g/I. 36 97 (S) 34 96 (S)
16R = Bn 3 Glucose 100 g/L 43 93 (S) 33 93 (S)
‘?\G\ 4 Xylose 50 g/L 41 92 (S) 30 94 (S)
RW/VCOZH ADHs R.* COH /ec;" 5 Glycerol 50 g/L 25 97 (5) 22 9% ()
I > A AN 6 NADES (glu-gly)’ 80 93 (5) 79 97 (8)
OH 7 NADES (ChCl-glu)” 82 97 (S) 60 96 (S)
12 E : g: Cell grown for 48 h (S-L), 96 h of biotransformation, 12 1 mg/mL. T. molischiana

Scheme 3. Different biotransformation pathways of compound 13 in cells.

Table 5

Studies on bioreduction of compound 12.
Entry Microorganism ¢ (%) ee (%)"
1 T. magnolie 44 98 (S)
2 T. molischiana 35 98 (S)
3 T. castelli 17 97 (S)

Cell grown for 72 h in solid medium and 48 h in liquid medium (S-L), 96 h of
biotransformation, [12] = 1 mg/mL. T. molischiana [cells] = 21.2 mg/mL;
T. magnolie [cells] = 20.4 mg/mL; T. castelli [cells] = mg/mL 15.7 mg/mL.

1 Conversion (c (%)) and enantiomeric excesses (ee (%)) were determined by
HPLC analysis on chiral column (see Materials and Methods section).

approach of reaction media engineering. Specifically, we tested: (1)
possible inhibitory effects of compound 16; (2) the concentration of
compound 12 and, most importantly; (3) the effects of different co-
solvents and co-substrates.

The presence of 0.5 mg/mL of 16 did not produce any inhibitory
effects on bioreduction of compound 12, while high substrate’s con-
centrations sensibly lowered its conversion into 16 (from 22% in the
presence of 2.0 mg/mL to the 68% in the presence of 0.5 mg/mL).

The effects of different co-substrates and co-solvents on the biocon-
version of compound 12 into (S)-16 are reported in Table 6. The use of
increasing concentrations of glucose (Entries 2-3) or glycerol did not
produce any appreciable effects on the conversion of compound 12
(Entry 5), while xylose slightly lowered it. At variance to what we
discovered before for the bioreduction of bulky ketones mediated by
Torulopsis sp. [35], the 10% v/v of isopropanol lowered the conversion
of compound 12 (Entry 1), highlighting that different ADHs could be
involved in the reduction of this specific substrate. Based on these results
we decided to use a glucose-based NADES [55] (natural deep eutectic
solvents, Entries 6 and 7) since they merged the characteristics of green
and biocompatible co-solvent with a convenient co-substrate. This
strategy allowed us to strongly increase the conversion of 12 into the
target (S)-16. Additionally, a double growth passage on solid medium

[cells] = 21.2 mg/mL; T. magnolie [cells] = 20.4 mg/mL.
N.C. = no conversion.

1 Conversion (¢ (%)) and enantiomeric excesses (ee (%)) were determined by
HPLC analysis on chiral column (see Materials and Methods section).

2 NADES (glu-gly): Glucose-glycerol.

3 NADES (CHCL-glu): Choline chloride-glucose.

and then in liquid medium was found to increase the conversion of 12.

3.2.4. Semi-preparative scale preparation of (R)- and (S)-16

(R)- and (S)-16 were prepared using two different biocatalytic
systems.

The anti-Prelog enantiomer (R)-16 was prepared using E. coli/SyADH
as biocatalyst (10 mg/mL of lyophilized E. coli cells) using a 10 mM
solution of 13 prepared in the presence of 10% v/v DMSO in PB buffer
(pH 7.0, 50 mM), glucose (40 mM), BmGDH (0.5 U/mL) and NADP™
(0.4 mM). Product was obtained with an ee > 99% (80% molar con-
version) and a 70% isolated yield (see the Material and Methods
section).

The Prelog product (S)-16, the direct precursor of (+)-Harzialactone
A [15], was obtained by biotransformation with whole cells of
T. molischiana (18.9 mg/mL) grown in solid medium 24 h (double step)
and liquid medium 48 h. The cells were suspended in Tris/HCl buffer
(0.1 M, pH 7) containing 10% NADES (ChCl-glu) and 1 g/L of 12. After
96 h (S)-16 was obtained with a molar conversion of 88%, ee > 97% and
65% isolated yield (see the Material and Methods section).

4. Conclusions

In this work, after screening libraries of more than 15 wild type,
promiscuous oxidoreductases, a commercial kit of ADHs and 20
different yeasts strains as whole-cell biocatalysts, we have successfully
designed and realized a chemo-enzymatic entry to both the enantiomers
of 16. To the best of our knowledge this is the first time that a bio-
catalytic approach is applied for the preparation of (S)-16, a valuable
synthon of the bioactive marine drug (+)-Harzialactone A.

This convenient, facile, and biocatalytic approach to entantiomeri-
cally enriched y-lactones is now being exploited by us for the synthesis of
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the

two enantiomers of the metabolite 5-(3',4'-dihydroxyphenyl)-

y-valerolactone, that we found to be active against Candida albicans
when tested as a racemate [10].

Funding

This work was supported by Universita degli Studi di Milano.

Supplementary Materials

The supporting information file for the manuscript was uploaded.

Author Contributions

Angelica Artasensi and Ivan Bassanini share the First author.

Declaration of Competing Interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

References

[1]

[2

—

[3]

[4]

(5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

X. Pang, X. Lin, J. Yang, X. Zhou, B. Yang, J. Wang, Y. Liu, Spiro-Phthalides and
Isocoumarins Isolated from the Marine-Sponge-Derived Fungus Setosphaeria Sp.
SCSI041009, J. Nat. Prod. 81 (2018) 1860-1868, https://doi.org/10.1021/acs.
jnatprod.8b00345.

AR. Carroll, B.R. Copp, R.A. Davis, R.A. Keyzers, M.R. Prinsep, Marine Natural
Products, Nat. Prod. Rep. 39 (2022) 1122-1171, https://doi.org/10.1039/
D1NP0O0076D.

R. Guo, G. Li, Z. Zhang, X. Peng, Structures and Biological Activities of Secondary
Metabolites from Trichoderma Harzianum, Mar. Drugs 20 (2022) 701, https://doi.
0rg/10.3390/md20110701.

J.-L. Zhang, W.-L. Tang, Q.-R. Huang, Y.-Z. Li, M.-L. Wei, L.-L. Jiang, C. Liu, X. Yu,
H.-W. Zhu, G.-Z. Chen, et al., Trichoderma: A Treasure House of Structurally
Diverse Secondary Metabolites With Medicinal Importance, Front. Microbiol. 12
(2021), https://doi.org/10.3389/fmicb.2021.723828.

T. Amagata, Y. Usami, K. Minoura, T. Ito, A. Numata, Cytotoxic Substances
Produced by a Fungal Strain from a Sponge: Physico-Chemical Properties and
Structures, J. Antibiot. (Tokyo) 51 (1998) 33-40, https://doi.org/10.7164/
antibiotics.51.33.

A.D.L. Souza, E. Rodrigues-Filho, A.Q.L. Souza, F. Henrique-Silva, J.O. Pereira,
A New Guaiane Mannoside from a Eutypa-like Fungus Isolated from Murraya
Paniculata in Brazil, J. Braz. Chem. Soc. 19 (2008) 1321-1325, https://doi.org/
10.1590/50103-50532008000700014.

V.U. Pawar, S. Ghosh, B.A. Chopade, V.S. Shinde, Design and Synthesis of
Harzialactone Analogues: Promising Anticancer Agents, Bioorg. Med. Chem. Lett.
20 (2010) 7243-7245, https://doi.org/10.1016/j.bmcl.2010.10.100.

G.H. Braun, H.P. Ramos, A.C.B.B. Candido, R.C.N. Pedroso, K.A. Siqueira, M.

A. Soares, G.M. Dias, L.G. Magalhaes, S.R. Ambroésio, A.H. Janudrio, R.C.L.

R. Pietro, Evaluation of Antileishmanial Activity of Harzialactone a Isolated from
the Marine-Derived Fungus Paecilomyces Sp, Nat. Prod. Res. 35 (10) (2021)
1644-1647.

A. Artasensi, G. Baron, G. Vistoli, G. Aldini, L. Fumagalli, (Z)-5-(30,40-Bis
(Benzyloxy)Benzylidene)Furan-2(5H)-One, Molbank 2021 (2021), https://doi.org/
10.3390/M1193.

E. Ottaviano, G. Baron, L. Fumagalli, J. Leite, E.A. Colombo, A. Artasensi, G. Aldini,
E. Borghi, Candida Albicans Biofilm Inhibition by Two Vaccinium Macrocarpon
(Cranberry) Urinary Metabolites: 5-(3',4'-Dihydroxyphenyl)-y-Valerolactone and
4-Hydroxybenzoic Acid, Microorganisms 9 (7) (2021) 1492.

G. Baron, A. Altomare, L. Regazzoni, L. Fumagalli, A. Artasensi, E. Borghi,

E. Ottaviano, C. Del Bo, P. Riso, P. Allegrini, G. Petrangolini, P. Morazzoni, A. Riva,
L. Arnoldi, M. Carini, G. Aldini, Profiling Vaccinium Macrocarpon Components and
Metabolites in Human Urine and the Urine Ex-Vivo Effect on Candida Albicans
Adhesion and Biofilm-Formation, Biochem. Pharmacol. 173 (2020) 113726.

H.B. Mereyala, R.R. Gadikota, A Concise Synthesis of Harzialactone A from D-
Glucose and Revision of Absolute Stereochemistry, Tetrahedron Asymmetry 10
(1999) 2305-2306, https://doi.org/10.1016/50957-4166(99)00245-1.

L. He, S. Zhang, Y. Wu, Y. Li, Synthesis of (-)-Harzialactone a from a Readily
Accessible Epoxy Chiral Building Block, Chin. J. Chem. 29 (2011) 2664-2668,
https://doi.org/10.1002/cjoc.201100373.

10

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Bioorganic Chemistry 138 (2023) 106675

F. Ballaschk, Y. Ozkaya, S.F. Kirsch, Stereocontrolled Synthesis of Harzialactone A
and Its Three Stereoisomers by Use of Standardized Polyketide Building Blocks,
European J Org Chem 2020 (2020) 6078-6080, https://doi.org/10.1002/
€joc.202001046.

S.P. Kotkar, G.S. Suryavanshi, A. Sudalai, A Short Synthesis of (+)-Harzialactone A
and (R)-(+)-4-Hexanolide via Proline-Catalyzed Sequential a-Aminooxylation and
Horner-Wadsworth-Emmons Olefination of Aldehydes, Tetrahedron Asymmetry 18
(2007) 1795-1798, https://doi.org/10.1016/j.tetasy.2007.07.031.

C. Shu, M.Q. Liu, Y.Z. Sun, L.W. Ye, Efficient Synthesis of y-Lactones via Gold-
Catalyzed Tandem Cycloisomerization/Oxidation, Org. Lett. 14 (2012)
4958-4961, https://doi.org/10.1021/01302323a.

B. Chen, H.F. Yin, Z.S. Wang, J.H. Xu, New Synthesis of Harzialactone A via Kinetic
Resolution Using Recombinant Fusarium Proliferatum Lactonase, Tetrahedron
Asymmetry 21 (2010) 237-240, https://doi.org/10.1016/j.tetasy.2010.01.021.
C. Ketterer, B. Wiinsch, Lipase-Catalyzed Kinetic Resolution of 2-Phenylethanol
Derivatives and Chiral Oxa-Pictet-Spengler Reaction as the Key Steps in the
Synthesis of Enantiomerically Pure Tricyclic Amines, Europ. J. Org. Chem. 2012
(2012) 2428-2444, https://doi.org/10.1002/ejoc.201101800.

Y. Shimotori, M. Hoshi, K. Inoue, T. Osanai, H. Okabe, T. Miyakoshi, Preparation of
Optically Active 4-Substituted y-Lactones by Lipase-Catalyzed Optical Resolution,
Heterocycl Comm 21 (2015) 165-174, https://doi.org/10.1515/hc-2015-0027.
P. Borowiecki, N. Telatycka, M. Tataruch, A. Zadto-Dobrowolska, T. Reiter,

K. Schiihle, J. Heider, M. Szaleniec, W. Kroutil, Biocatalytic Asymmetric Reduction
of I'-Keto Esters to Access Optically Active I'-Aryl-y-butyrolactones, Adv. Synth.
Catal. 362 (2020) 2012-2029, https://doi.org/10.1002/adsc.201901483.

A. Diaz-Rodriguez, W. Borzecka, I. Lavandera, V. Gotor, Stereodivergent
Preparation of Valuable y- Or 8-Hydroxy Esters and Lactones through One-Pot
Cascade or Tandem Chemoenzymatic Protocols, ACS Catal. 4 (2) (2014) 386-393.
J. Zhou, G. Xu, Y. Ni, Stereochemistry in Asymmetric Reduction of Bulky-Bulky
Ketones by Alcohol Dehydrogenases, ACS Catal. 10 (2020) 10954-10966, https://
doi.org/10.1021/acscatal.0c02646.

K. Wu, Z. Yang, X. Meng, R. Chen, J. Huang, L. Shao, Engineering an Alcohol
Dehydrogenase with Enhanced Activity and Stereoselectivity toward Diaryl
Ketones: Reduction of Steric Hindrance and Change of the Stereocontrol Element,
Cat. Sci. Technol. 10 (2020) 1650-1660, https://doi.org/10.1039/c9cy02444a.
G. Xu, W. Dai, Y. Wang, L.u. Zhang, Z. Sun, J. Zhou, Y.e. Ni, Molecular Switch
Manipulating Prelog Priority of an Alcohol Dehydrogenase toward Bulky-Bulky
Ketones. Molecular, Catalysis 484 (2020) 110741.

I.L. de Matos, W.G. Birolli, D.d.A. Santos, M. Nitschke, A.L.M. Porto,
Stereoselective Reduction of Flavanones by Marine-Derived Fungi. Molecular,
Catalysis 513 (2021) 111734.

F.F. Ozgen, A. Jorea, L. Capaldo, R. Kourist, D. Ravelli, S. Schmidt, The Synthesis of
Chiral y-Lactones by Merging Decatungstate Photocatalysis with Biocatalysis,
ChemCatChem 14 (2022), https://doi.org/10.1002/cctc.202200855.

C. Forzato, R. Gandolfi, F. Molinari, P. Nitti, G. Pitacco, E. Valentin, Microbial
Bioreductions of y- and §-Ketoacids and Their Esters, Tetrahed. Asymm. 12 (2001)
1039-1046, https://doi.org/10.1016/50957-4166(01)00184-7.

E.E. Ferrandi, I. Bassanini, S. Bertuletti, S. Riva, C. Tognoli, M. Vanoni, D. Monti,
Functional Characterization and Synthetic Application of Is2-SDR, a Novel
Thermostable and Promiscuous Ketoreductase from a Hot Spring Metagenome, Int.
J. Mol. Sci. 23 (20) (2022) 12153.

K. Kedziora, F.R. Bisogno, 1. Lavandera, V. Gotor-Ferndndez, J. Montejo-Bernardo,
S. Garcia-Granda, W. Kroutil, V. Gotor, Expanding the Scope of Alcohol
Dehydrogenases towards Bulkier Substrates: Stereo- and Enantiopreference for a,
a-Dihalogenated Ketones, ChemCatChem 6 (2014) 1066-1072, https://doi.org/
10.1002/cctc.201300834.

R. Nasti, I. Bassanini, E.E. Ferrandi, F. Linguardo, S. Bertuletti, M. Vanoni, S. Riva,
L. Verotta, D. Monti, Stereoselective Biocatalyzed Reductions of Ginger Active
Components Recovered from Industrial Wastes, Chembiochem (2022,) 23, https://
doi.org/10.1002/cbic.202200105.

1. Lavandera, A. Kern, V. Resch, B. Ferreira-Silva, A. Glieder, W.M.F. Fabian, S. de
Wildeman, W. Kroutil, One-Way Biohydrogen Transfer for Oxidation of Sec
-Alcohols, Org. Lett. 10 (2008) 2155-2158, https://doi.org/10.1021/01800549f.
S. Bertuletti, E.E. Ferrandi, S. Marzorati, M. Vanoni, S. Riva, D. Monti, Insights into
the Substrate Promiscuity of Novel Hydroxysteroid Dehydrogenases, Adv. Synth.
Catal. 362 (2020) 2474-2485, https://doi.org/10.1002/adsc.202000120.

E.E. Ferrandi, S. Bertuletti, D. Monti, S. Riva, Hydroxysteroid Dehydrogenases: An
Ongoing Story, European J Org Chem 2020 (2020) 4463-4473, https://doi.org/
10.1002/€joc.202000192.

S. Bertuletti, I. Bayout, I. Bassanini, E.E. Ferrandi, N. Bouzemi, D. Monti, S. Riva,
Biocatalytic Approaches to the Enantiomers of Wieland-Miescher Ketone and Its
Derivatives, European J Org Chem 2021 (2021) 3992-3998, https://doi.org/
10.1002/ejoc.202100174.

R. Gandolfi, G. Coffetti, G. Facchetti, I. Rimoldi, Double Approaches for Obtaining
an Asymmetric One-Pot Addition/Reduction Reaction, Mol. Catal. 532 (2022)
112716.

J. Zhou, M. Jia, M. Song, Z. Huang, A. Steiner, Q. An, J. Ma, Z. Guo, Q. Zhang,
H. Sun, C. Robertson, J. Bacsa, J. Xiao, C. Li, Chemoselective Oxyfunctionalization
of Functionalized Benzylic Compounds with a Manganese Catalyst, Angew. Chem.
Int. Ed. 61 (30) (2022), https://doi.org/10.1002/anie.202205983.

S.K. Santra, A.M. Szpilman, Visible-Spectrum Solar-Light-Mediated Benzylic C-H
Oxygenation Using 9,10-Dibromoanthracene As an Initiator, J. Org. Chem. 86
(2021) 1164-1171, https://doi.org/10.1021/acs.joc.0c01720.

M. Zhao, W. Li, X. Li, K. Ren, X. Tao, X. Xie, T. Ayad, V. Ratovelomanana-Vidal,
Z. Zhang, Enantioselective Ruthenium(II)/Xyl-SunPhos/Daipen-Catalyzed


https://doi.org/10.1021/acs.jnatprod.8b00345
https://doi.org/10.1021/acs.jnatprod.8b00345
https://doi.org/10.1039/D1NP00076D
https://doi.org/10.1039/D1NP00076D
https://doi.org/10.3390/md20110701
https://doi.org/10.3390/md20110701
https://doi.org/10.3389/fmicb.2021.723828
https://doi.org/10.7164/antibiotics.51.33
https://doi.org/10.7164/antibiotics.51.33
https://doi.org/10.1590/S0103-50532008000700014
https://doi.org/10.1590/S0103-50532008000700014
https://doi.org/10.1016/j.bmcl.2010.10.100
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0040
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0040
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0040
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0040
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0040
https://doi.org/10.3390/M1193
https://doi.org/10.3390/M1193
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0050
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0050
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0050
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0050
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0055
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0055
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0055
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0055
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0055
https://doi.org/10.1016/S0957-4166(99)00245-1
https://doi.org/10.1002/cjoc.201100373
https://doi.org/10.1002/ejoc.202001046
https://doi.org/10.1002/ejoc.202001046
https://doi.org/10.1016/j.tetasy.2007.07.031
https://doi.org/10.1021/ol302323a
https://doi.org/10.1016/j.tetasy.2010.01.021
https://doi.org/10.1002/ejoc.201101800
https://doi.org/10.1515/hc-2015-0027
https://doi.org/10.1002/adsc.201901483
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0105
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0105
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0105
https://doi.org/10.1021/acscatal.0c02646
https://doi.org/10.1021/acscatal.0c02646
https://doi.org/10.1039/c9cy02444a
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0120
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0120
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0120
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0125
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0125
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0125
https://doi.org/10.1002/cctc.202200855
https://doi.org/10.1016/S0957-4166(01)00184-7
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0140
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0140
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0140
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0140
https://doi.org/10.1002/cctc.201300834
https://doi.org/10.1002/cctc.201300834
https://doi.org/10.1002/cbic.202200105
https://doi.org/10.1002/cbic.202200105
https://doi.org/10.1021/ol800549f
https://doi.org/10.1002/adsc.202000120
https://doi.org/10.1002/ejoc.202000192
https://doi.org/10.1002/ejoc.202000192
https://doi.org/10.1002/ejoc.202100174
https://doi.org/10.1002/ejoc.202100174
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0175
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0175
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0175
https://doi.org/10.1002/anie.202205983
https://doi.org/10.1021/acs.joc.0c01720

A. Artasensi et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Hydrogenation of y-Ketoamides, J. Org. Chem. 79 (2014) 6164-6171, https://doi.
org/10.1021/j05008916.

S. Alazet, F. Le Vaillant, S. Nicolai, T. Courant, J. Waser, Divergent Access to (1,1)
and (1,2)-Azidolactones from Alkenes Using Hypervalent Iodine Reagents, Chem. A
Eur. J. 23 (2017) 9501-9504, https://doi.org/10.1002/chem.201702599.

K. Guo, Z. Zhang, A. Li, Y. Li, J. Huang, Z. Yang, Photoredox-Catalyzed
Isomerization of Highly Substituted Allylic Alcohols by C—H Bond Activation,
Angewan. Chem. — Int. Ed. 59 (2020) 11660-11668, https://doi.org/10.1002/
anie.202000743.

M. Crotti, F. Parmeggiani, E.E. Ferrandi, F.G. Gatti, A. Sacchetti, S. Riva, E. Brenna,
D. Monti, Stereoselectivity Switch in the Reduction of a-Alkyl-p-Arylenones by
Structure-Guided Designed Variants of the Ene Reductase OYE1, Front. Bioeng.
Biotechnol. 7 (2019), https://doi.org/10.3389/fbioe.2019.00089.

1. Lavandera, A. Kern, B. Ferreira-Silva, A. Glieder, S. De Wildeman, W. Kroutil,
Stereoselective Bioreduction of Bulky-Bulky Ketones by a Novel ADH from
Ralstonia Sp, J. Org. Chem. 73 (2008) 6003-6005, https://doi.org/10.1021/
jo800849d.

C.-Q. Deng, J. Liu, J.-H. Luo, L.-J. Gan, J. Deng, Y. Fu, Proton-Promoted Nickel-
Catalyzed Asymmetric Hydrogenation of Aliphatic Ketoacids, Angew. Chem. Int.
Ed. 61 (15) (2022).

A. Armstrong, D.C. Braddock, A.X. Jones, S. Clark, Catalytic Asymmetric
Bromolactonization Reactions Using (DHQD) 2PHAL-Benzoic Acid Combinations,
Tetrahedron Lett. 54 (2013) 7004-7008, https://doi.org/10.1016/j.
tetlet.2013.10.043.

A. Lerchner, A. Jarasch, W. Meining, A. Schiefner, A. Skerra, Crystallographic
Analysis and Structure-Guided Engineering of NADPH-Dependent Ralstonia Sp.
Alcohol Dehydrogenase toward NADH Cosubstrate Specificity, Biotechnol. Bioeng.
110 (2013) 2803-2814, https://doi.org/10.1002/bit.24956.

A. Pedretti, A. Mazzolari, S. Gervasoni, L. Fumagalli, G. Vistoli, The VEGA Suite of
Programs: An Versatile Platform for Cheminformatics and Drug Design Projects,
Bioinformatics 37 (2021) 1174-1175, https://doi.org/10.1093/bioinformatics/
btaa774.

X.i. Chen, H. Zhang, M.A. Maria-Solano, W. Liu, J. Li, J. Feng, X. Liu, S. Osuna, R.-
T. Guo, Q. Wu, D. Zhu, Y. Ma, Efficient Reductive Desymmetrization of Bulky 1,3-

11

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Bioorganic Chemistry 138 (2023) 106675

Cyclodiketones Enabled by Structure-Guided Directed Evolution of a Carbonyl
Reductase, Nat. Catal. 2 (10) (2019) 931-941.

O. Korb, T. Stiitzle, T.E. Exner, Empirical Scoring Functions for Advanced
Protein—Ligand Docking with PLANTS, J. Chem. Inf. Model. 49 (2009) 84-96,
https://doi.org/10.1021/ci800298z.

A. Pedretti, C. Granito, A. Mazzolari, G. Vistoli, Structural Effects of Some Relevant
Missense Mutations on the MECP2-DNA Binding: A MD Study Analyzed by Rescore
+, a Versatile Rescoring Tool of the VEGA ZZ Program, Mol Inform 35 (2016)
424-433, https://doi.org/10.1002/minf.201501030.

J.-W. Song, E.-Y. Jeon, D.-H. Song, H.-Y. Jang, U.T. Bornscheuer, D.-K. Oh, J.-

B. Park, Multistep Enzymatic Synthesis of Long-Chain a, w-Dicarboxylic and
w»-Hydroxycarboxylic Acids from Renewable Fatty Acids and Plant Oils, Angew.
Chem. Int. Ed. 52 (2013) 2534-2537, https://doi.org/10.1002/anie.201209187.
K. Edegger, W. Stampfer, B. Seisser, K. Faber, S.F. Mayer, R. Oehrlein, A. Hafner,
W. Kroutil, Regio- and Stereoselective Reduction of Diketones and Oxidation of
Diols by Biocatalytic Hydrogen Transfer, European J Org Chem 2006 (2006)
1904-1909, https://doi.org/10.1002/ejoc.200500839.

K. Niefind, J. Miiller, B. Riebel, W. Hummel, D. Schomburg, The Crystal Structure
of R-Specific Alcohol Dehydrogenase from Lactobacillus Brevis Suggests the
Structural Basis of Its Metal Dependency, J. Mol. Biol. 327 (2003) 317-328,
https://doi.org/10.1016,/50022-2836(03)00081-0.

E.E. Ferrandi, G.M. Bertolesi, F. Polentini, A. Negri, S. Riva, D. Monti, In Search of
Sustainable Chemical Processes: Cloning, Recombinant Expression, and Functional
Characterization of the 7a- and 7p-Hydroxysteroid Dehydrogenases from
Clostridium Absonum, Appl. Microbiol. Biotechnol. 95 (2012) 1221-1233, https://
doi.org/10.1007/500253-011-3798-X/FIGURES/5.

Schmid, R.; Braun, M.; Liu, L.; Aigner, A.; Weuster-Botz, D. 7 a-Hydroxysteroid
Dehydrogenase Knockout Mutants and Use Therefor 2015.

F. Annunziata, A. Guaglio, P. Conti, L. Tamborini, R. Gandolfi, Continuous-Flow
Stereoselective Reduction of Prochiral Ketones in a Whole Cell Bioreactor with
Natural Deep Eutectic Solvents, Green Chem. 24 (2022) 950-956, https://doi.org/
10.1039/d1gc03786b.


https://doi.org/10.1021/jo5008916
https://doi.org/10.1021/jo5008916
https://doi.org/10.1002/chem.201702599
https://doi.org/10.1002/anie.202000743
https://doi.org/10.1002/anie.202000743
https://doi.org/10.3389/fbioe.2019.00089
https://doi.org/10.1021/jo800849d
https://doi.org/10.1021/jo800849d
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0215
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0215
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0215
https://doi.org/10.1016/j.tetlet.2013.10.043
https://doi.org/10.1016/j.tetlet.2013.10.043
https://doi.org/10.1002/bit.24956
https://doi.org/10.1093/bioinformatics/btaa774
https://doi.org/10.1093/bioinformatics/btaa774
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0235
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0235
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0235
http://refhub.elsevier.com/S0045-2068(23)00336-X/h0235
https://doi.org/10.1021/ci800298z
https://doi.org/10.1002/minf.201501030
https://doi.org/10.1002/anie.201209187
https://doi.org/10.1002/ejoc.200500839
https://doi.org/10.1016/S0022-2836(03)00081-0
https://doi.org/10.1007/S00253-011-3798-X/FIGURES/5
https://doi.org/10.1007/S00253-011-3798-X/FIGURES/5
https://doi.org/10.1039/d1gc03786b
https://doi.org/10.1039/d1gc03786b

	Chemoenzymatic approach towards the synthesis of the antitumor and antileishmanial marine metabolite (+)-Harzialactone A vi ...
	1 Introduction
	2 Materials and Methods
	2.1 General
	2.2 Synthesis
	2.2.1 Preparation of 4-oxo-4-phenylbutanoic acid (7)
	2.2.2 Preparation of methyl 4-oxo-4-phenylbutanoate (8)
	2.2.3 Preparation of (±)-5-phenyltetrahydrofuran-2-one (10)
	2.2.4 Preparation of Ethyl-5-phenyl-5-cianolevulinate (11)
	2.2.5 Preparation of 5-phenyllevulinic acid (12)
	2.2.6 Preparation of methyl 4-oxo-5-phenylpentanoate (13)
	2.2.7 Preparation of ethyl 4-oxo-5-phenylpentanoate (14)
	2.2.8 Preparation of isopropyl 4-oxo-5-phenylpentanoate (15)
	2.2.9 Preparation of (±)-5-benzyltetrahydrofuran-2-one (16)

	2.3 Enzymatic and microbial bioreduction
	2.3.1 Enzymes preparation.
	2.3.2 Culture conditions.
	2.3.3 Enzymatic screening for 8 and 13 bioreduction.
	2.3.4 Microbial biotransformations: General procedure.
	2.3.5 NADES preparation.
	2.3.6 HPLC analyses.

	2.4 Semi-preparative scale preparation of (R)- and (S)-16
	2.4.1 Preparation of (+)-5-benzyltetrahydrofuran-2-one (S)-16
	2.4.2 Preparation of (-)-5-benzyltetrahydrofuran-2-one (R)-16

	2.5 Computational Methods

	3 Results & discussion
	3.1 Chemistry
	3.1.1 Synthesis of the suitable substrates

	3.2 Bioreduction of 13: Biocatalysts screening
	3.2.1 Wild-type, recombinant oxidoreductases
	3.2.2 The Evoxx® alcohol dehydrogenase kit
	3.2.3 Microbial bioreduction of 13
	3.2.4 Semi-preparative scale preparation of (R)- and (S)-16


	4 Conclusions
	Funding
	Supplementary Materials
	Author Contributions
	Declaration of Competing Interest
	Data availability
	References


