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STRESZCZENIE W JEZYKU POLSKIM

Flawonoidy, jako metabolity wtérne roslin, wykazuja szereg wlasciwosci
biologicznych, m.in. petniag role w ich wzroScie i rozwoju, maja wlasciwosci
antyoksydacyjne oraz przeciwdrobnoustrojowe. Wykazuja rowniez pozytywne dziatanie
wobec organizmu ludzkiego, tj. posiadaja m.in. wlasciwosci p/zapalne, p/nowotworowe,
kardio- i neuroprotekcyjne, stad spozywanie produktow roslinnych bogatych
w te zwiazki czy dodatkowa suplementacja powinny by¢ brane pod uwage przy
planowaniu codziennych positkow. Zwiazki flawonoidowe wystepuja w roslinach
zawsze w mieszaninie kilku/kilkudziesieciu zwigzkéw, gtéwnie w formie glikozydow,
ktorych biologiczna aktywnos¢ moze by¢ wzajemnie wzmacniana badz ttumiona.

Synteza chemiczna de novo flawonow, zaréwno glukopiranozyloflawonéw jak iich
aglikondéw, jest zazwyczaj droga i wymaga czesto zastosowania kosztownych
katalizatordw oraz utrzymania drastycznych warunkow reakgji. Natomiast w przypadku
ekstrakcji poszczegdlnych zwiazkow z roélin, proces ten jest zazwyczaj nieoptacalny
ekonomicznie, gltéwnie ze wzgledu na niskie zawartosci tych polifenoli w roslinie,
w przeliczeniu na gram suchej masy, oraz wysoki koszt rozdziatu mieszanin zlozonych
czesto z kilkudziesieciu zwigzkdéw.

Celem pracy byla synteza nowych, oraz wystepujacych w niewielkich ilosciach
w rodlinach leczniczych, zwigzkéw flawonoidowych - gléwnie zawierajacych
podstawnik metoksylowy oraz okreslenie zdolnosci katalitycznych wybranych
mikroorganizmoéw — niekonwencjonalnych szczepdéw drozdzy oraz entomopatogennych
grzybow strzepkowych do biotransformagji tych zwiazkow.

Wiegkszos¢ organizméw zywych jest zdolna do uwodornienia wigzania
podwdjnego. Drozdze posiadaja specyficzne enzymy, umozliwiajgce uwodornienie
wiazania podwojnego pomiedzy weglem C2 a C3 chalkondw. W biotransformacjach
chalkonéw zastosowalem osiem mikroorganizmoéw (Yarrowia lipolytica KCh 71,
Rhodotorula rubra KCh 4, R. marina KCh 77, R. rubra KCh 82, R. glutinis KCh 242,
Saccharomyces cerevisine KCh 464, Candida viswanathii KCh 120 oraz C. parapsilosis KCh 909).
Wszystkie szczepy byly zdolne do redukci wigzania podwodjnego w wybranych
chalkonach i przeksztatcaly je w oczekiwane dihydrochalkony, jednak wydajnosé
opisanego procesu rdznifa sie znaczaco pomiedzy szczepami oraz ze wzgledu na miejsce
i ilo$¢ podstawnikdéw metoksylowych w strukturze zastosowanego substratu.

Jednym z o$miu szczepéw niekonwencjonalnych drozdzy wykorzystanych
w badaniach byl mikroorganizm z gatunku Yarrowia lipolytica, ktéry ze wzgledu na status
GRAS (Generally Recognized As Safe) moze by¢ rowniez stosowany jako
suplement/uzupelnienie diety. Zastosowanie drozdzy mialo na celu uwodornienie
wiazania podwojnego pomiedzy weglem C2 a C3 szkieletu chalkonu i wytworzenie
zwiazkdw, o potencjalnie stodkim smaku posiadajacych wtasciwosci biologiczne zblizone
do chalkonow. Zaréwno chalkony jak i uzyskane w wyniku biotransformacji
dihydrochalkony zostaly przekazane na badania biologiczne w celu wykazania ich
aktywnosci.



Dodatkowo, na  podstawie  wczesniejszych  badan w  kulturach
entomopatogennych grzybow strzepkowych, w ktéorych wykazano zdolnos¢
do unikatowej 4-O-metyloglikozylacji hydroksyflawonow wybratem
9 entomopatogennych szczepow grzybdw strzepkowych, nalezacych do 4 gatunkow
(Beauveria bassiana, B. caledonica, Isaria farinosa oraz I. fumosorosea). Szczepy te zostaly
przetestowane pod katem ich katalitycznych zdolnosci do przeksztalcenia
metoksyflawondéw, w celu uzyskania ich lepiej rozpuszczalnych/przyswajalnych
pochodnych. Zastosowanie tych katalizatorow pozwolito na uzyskanie hydroksy-
oraz glukopiranozyloflawondow.

W niniejszej pracy doktorskiej przedstawitem biotransformacje 18 uzyskanych
w wyniku syntezy chemicznej zawigzkow flawonoidowych. Dziesie¢ chalkondéw
poddatem biotransformacji w kulturach niekonwencjonalnych szczepoéw drozdzy
otrzymujac finalnie 7 dihydrochalkondéw (zwiazki 1a-7a). Osiem metoksyflawonow
poddatem biotransformacji w kulturach entomopatogennych szczepdéw grzyboéw
strzepkowych, uzyskujac tacznie 21 produktow. Osiem posiadajacych w swojej strukturze
grupa hydroksylowa i trzynascie 4-O-metyloglukopiranozylo pochodnych. Jednym
z zalozen pracy bylo otrzymanie pochodnych o interesujacych wlasciwosciach
biologicznych oraz charakteryzujacych sie lepsza przyswajalnoscia i rozpuszczalnoscia
w stosunku do zastosowanych substratow, co jest przypisywane glikozydowym
pochodnym flawonoiddéw.
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STRESZCZENIE W JEZYKU ANGIELSKIM

As secondary metabolites of plants, flavonoids exhibit a series of biological
properties, e.g. they play a role in plant growth and development, have antioxidant and
antimicrobial properties. They also show positive effects on the human organism due
to their, e.g. anti-inflammatory, anticancer, cardio- and neuroprotective properties; thus,
consumption of plant products containing these compounds or additional
supplementation should be considered when planning daily meals. Flavonoid
compounds are always present in plants in a complex of several compounds, mainly in
the form of glycosides, whose biological activity can be additionally enhanced
or suppressed.

De novo chemical synthesis of flavones, both glucopyranosylflavones and their
aglycones are generally expensive and commonly require expensive catalysts and the
maintenance of harsh reaction conditions. In contrast, when extracting individual
compounds from plants, the process is usually not economically viable, mainly due to the
low concentrations of these polyphenols in the plant, per gram of dry mass, and the high
cost of separating mixtures often composed of dozens of compounds.

The aim of this work was to synthesize new flavonoid compounds and those which
occur in small amounts in medicinal plants, mainly containing methoxy substituent, and
to determine the catalytic ability of selected microorganisms, unconventional yeast strains
and entomopathogenic filamentous fungi for biotransformation of these compounds.

Most living organisms are able to hydrogenate the double bond. Yeasts have
specific enzymes that enable hydrogenation of the double bond between the C2 and C3
carbon atom of chalcones. I used eight microorganisms in chalcone biotransformations:
Yarrowia lipolytica KCh 71, Rhodotorula rubra KCh 4, R. marina KCh 77, R. rubra KCh 82,
R. glutinis KCh 242, Saccharomyces cerevisise KCh 464, Candida viswanathii KCh 120,
and C. parapsilosis KCh 909. Each exhibited the ability to reduce the double bond
in selected chalcones and convert them into the expected products, but the efficiency
of the described process differed significantly between the strains.

One of eight strains of unconventional yeast used in the study was
a microorganism from the species Yarrowia lipolytica, which can also be used as a dietary
supplement/supplement due to its GRAS (Generally Recognized As Safe) status. The use
of yeast was to hydrogenate the double bond between the C2 and C3 carbon of the
chalcone backbone and produce compounds with a potentially sweet taste having
biological properties similar to chalcones. Both the chalcones and the biotransformed
dihydrochalcones were submitted for biological tests to determine their activity.

Additionally, based on previous studies in entomopathogenic filamentous fungal
cultures in which the ability to unique 4-O-methylglycosylation of hydroxyflavones
was demonstrated, I selected nine entomopathogenic filamentous fungal strains.
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They belonged to 4 species (Beauveria bassiana, B. caledonica, Isaria farinosa,
and I. fumosorosea) and were tested for their catalytic ability to convert methoxyflavones
to obtain their more soluble/absorbable derivatives. The use of these catalysts yielded
hydroxy- and glucopyranosylflavones.

In this dissertation, I presented the biotransformations of 18 substrates.
Ten chalcones were biotransformed in cultures of unconventional yeast strains to obtain
seven dihydrochalcones (compounds 1a-7a). Eight methoxyflavones were biotransformed
in cultures of entomopathogenic filamentous fungi strains to obtain a total
of 21 methoxyflavone derivatives - eight with an attached hydroxyl group and thirteen
4-O-methylglucopyranosyl derivatives. The aim of the work was to obtain derivatives
with interesting biological properties, better bioavailability and solubility in relation to the
substrates used, which is attributed to glycosidic derivatives of flavonoids.

12



WSTEP

Flawonoidy stanowig liczng grupe zwiazkow wystepujacych w tkankach roslin
i wywieraja istotny wplyw na ich wzrost i rozw¢j, nadaja barwe kwiatom i owocom oraz
sa odpowiedzialne za ochrone roslin przed promieniowaniem UV. Zwiazki
flawonoidowe sg dostarczane do naszego organizmu wraz z produktami roslinnymi,
przez co stanowig codzienny skiadnik naszej diety."? W wigkszych ilosciach obecne sa one
miedzy innymi w czesto spozywanych cytrusach, jabtkach, pomidorach, ziemniakach,
kietkach fasoli.> Wykazuja m.in. dziatanie przeciwzapalne, p/utleniajagce oraz
p/nowotworowe.*¢ Zwiazki te ograniczaja rozwdj patogennych mikroorganizmow,
w tym gram-dodatnich i gram-ujemnych bakterii, grzybow?’, a takze pierwortniakéw.®
Co wigcej, floretyna (dihydrochalkon) jest aktywnym inhibitorem tyrozynazy
grzybowej*?, co ma wplyw m.in. na proces melanogenezy. Dzigki swoim wysokim
i zréznicowanym aktywnosciom biologicznym wiele zwigzkéw flawonoidowych posiada
potencjat do wykorzystania w przemysle farmaceutycznym. Dihydrochalkony sg réwniez
wykorzystywane w syntezie chemicznej do uzyskiwania aktywnych biologicznie
zwigzkow. 2’-Hydroksydihydrochalkon jest wykorzystywany jako blok budulcowy
w syntezie propafenonu — substancji czynnej lekdw przeciwarytmicznych.!0-12

Na polskim rynku suplementéw diety dostepnych jest kilka preparatéw
zawierajacych flawonoidy w swoim skladzie, jednak oferta firm farmaceutycznych jest
wcigz uboga i nie wykorzystuje potencjalu prozdrowotnego tej grupy zwiazkow.
Skupiajac sie¢ na wlasciwosciach suplementéw diety oraz lekéw, ktorych proces
wchianiania rozpoczyna si¢ juz w jamie ustnej, nie mozna nie wspomnie¢
o wlasciwosciach smakowych dihydrochalkondw. Zwiazki te w zaleznosci od stezenia,
charakteryzuja sie¢ réznymi smakami (m.in. stodki, stony, migesny czy umami). Odczucie
stodkosci jest zblizone do sacharozy. Zostalo to juz wykorzystane w przemysle
spozywczym- dihydrochalkon neohesperedyny jest obecnie stosowany jako stodzik
i wczesniej okreslany byt numerem E-959. Zastosowanie wiekszej liczby innych
dihydrochalkonéw jako stodzikéw poszerzyloby obecna, ,zdrowsza” alternatywe dla
cukru i stosowanych stodzikow, ze wzgledu na brak dzialan niepozadanych
przypisywanych sacharozie i jednocze$nie posiadane przez nie wlasciwosci
prozdrowotne.

O O
L |

OH OH

Rysunek 1. Szkielet 2’-hydroksychalkonu oraz 2’-hydroksydihydrochalkonu
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W ostatnich latach przemyst spozywczy koncentruje si¢ m.in. na poszukiwaniu
nowych substangji stodzacych. W tej grupie dodatkéw do Zywnosci coraz wigksza uwage
zyskuja dihydrochalkony (Rys. 1.). Zainteresowanie to jest potegowane faktem,
iz naturalne dihydrochalkony sa obecne w roslinach i stanowia codzienny skiadnik naszej
diety 5, a smak stodki odgrywa dominujaca role w preferencjach zywieniowych
cztowieka.! Jest on najwazniejsza cecha sensoryczng produktéw spozywczych. Jest nie
tylko zrédlem przyjemnosci, ale réwniez podstawowym bodZcem energetycznym dla
organizmu. Badania prospektywne dowiodly korelacji pomiedzy nadmiernym spozyciem
cukru i produktow bogatych w cukier a zwigkszonym ryzykiem zachorowania na raka
trzustki. Biorac pod uwage role hiperglikemii i hiperinsulinemii w rozwoju tego
nowotworu, ustalono, ze bezposrednia przyczyna $mierci tkanek tego narzadu jest
indukowana pokarmem hiperglikemia oraz wzrost zapotrzebowania i zmniejszenie
wrazliwosci na insuling.”> Coraz wigcej dowodow wskazuje réwniez na role
zwigkszonego spozycia cukru w rozwoju nadcisnienia tetniczego, standw zapalnych
i choroby wiericowej.!¢-18 Z tego powodu poszukuje si¢ niskoenergetycznych substytutow,
wykazujacych wlasciwosci sensoryczne poréwnywalne z sacharoza, ale zapewniajacych
dodatkowe korzysci zdrowotne. Wzrost zainteresowania zdrowym stylem zycia oraz
zwigkszona zachorowalnos¢ na choroby spowodowane zaburzonym metabolizmem
zwiazkéw cukrowych zwigkszaja popularno$¢ produktéw zawierajacych substancje
stodzace o obnizonej kalorycznosci."

Substancje stodzace definiuje si¢ jako dodatki do Zywnosci, ktore nasladuja
uczucie stodkiego smaku, podobnego do sacharozy.” Idealny stodzik, oprdcz niskiej
kalorycznosci i wysokiej intensywnosci stodyczy, zblizonej do sacharozy, powinien by¢
bezpieczny dla zdrowia konsumenta, a takze stabilny w rdéznych warunkach
przetwarzania.?’? Mnogo$¢ ograniczen i wad dostepnych na rynku substancji stodzacych
stworzyla potrzebe poszukiwania nowych zwiazkéw, ktére bylyby korzystniejsze pod
wzgledem wplywu na zdrowie czlowieka i bardziej atrakcyjne dla przemystu. Znaczne
zainteresowanie w tym zakresie budza dihydrochalkony 2?5 oddziatujace z receptorami
smaku stodkiego T1R2.2 Otrzymywane sq one w wyniku uwodornienia chalkonéw
i wykazuja duzy potencgal jako innowacyjne substancje stodzace.”?® Najlepiej
przebadanym zwiazkiem opisanym jako substancja intensywnie stodka jest wspomniany

wczesniej dihydrochalkon neohesperydyny.?

Rysunek 2. Wzory strukturalne dihydrochalkonéw A) floretyny, B) florydzyny oraz C) aspalatyny
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Wigkszo$¢ roslinnych dihydrochalkonéw wykazuje prozdrowotne dziatanie.
Floretyna i florydzyna (wystepujace w jabtkach) znaczaco zmniejszaja ryzyko rozwoju
chorob sercowo-naczyniowych i cukrzycy®, natomiast aspalatyna (Rys. 2.) wystepujaca
w znaczacych ilosciach (6-13%) w liSciach Aspalathus linearis wptywa na redukcje stresu
oksydacyjnego i moze spowalnia¢ proces starzenia si¢ organizmu.’® Metoksyflawony
(MF) maja dobrze opisane wlasciwosci przeciwnowotworowe i czesto sg bardziej aktywne
niz flawony pozbawione grup funkcyjnych.®> Ze wzgledu na obecnos¢ grup
metoksylowych zwiazki te wykazuja wyzsza lipofilowos¢ niz analogi z grupami
hydroksylowymi, co bezposrednio wptywa na ich biodostepnosc¢.®® Najlepszym opisanym
do tej pory naturalnym zZroédtem metoksyflawonow jest pierwiosnek lekarski
(Primula veris L.), ktory zawiera te zwiazki w kigczach, korzeniach, kwiatach i liSciach,
i z ktérego przygotowuje sie gldwnie leki wykrztusne.

Potencjal terapeutyczny flawonoidow jest czesto ograniczony przez ich niska
rozpuszczalnos¢ i biodostepnos¢. Aglikony charakteryzuja sie¢ bardzo niska
rozpuszczalnoscia w wodzie.* Przylaczenie polarnych czasteczek, takich jak czasteczki
cukru, moze zwiekszy¢ ich aktywnos$c®, biodostepnosc¢® i stabilnos$é.”” Przyktadowo,
rozpuszczalnos¢ w wodzie a-glukozyloizokwercytyny wzrasta ponad 80 000-krotnie,
w poréwnaniu do jej zwiazku macierzystego, kwercetyny.*% Glikozyd - izokwercetyna
wykazuje 18 razy wyzsza biodostepnos¢ niz kwercetyna po podaniu doustnym
szczurom®, a takze znacznie wyzsza biodostepnos¢ w pordéwnaniu do kwercetyny
i izokwercetyny w badaniach na ludziach.#t Wyniki te wskazuja, ze glikozydowe
pochodne flawonoidow wykazuja lepsze dziatanie prozdrowotne niz ich aglikony
ze wzgledu na wyzsza biodostepnosc¢.”? Dodatkowo, wiadomo, ze metoksyflawony
posiadaja mniejsza aktywnos¢ antyoksydacyjna niz hydroksyflawony, jednakze,
jednoczesnie posiadaja zdolnos¢ do ochrony komorek przed smiercia indukowana
stresem retikulum endoplazmatycznego, podczas gdy pozostate flawonoidy nie wykazuja
takich wlasciwosci.®

Chryzyna (5,7-dihydroksyflawon) ma dziatanie hamujace aktywnos¢ tyrozynazy,
umiarkowane dzialanie hamujace aktywnos$¢ aromatazy, poprawia rozwdj funkgcji
poznawczych, zmniejsza uszkodzenia moézgu, ma dziatanie przeciwlekowe
i antyestrogenne.* Chryzyne mozna pozyskiwac¢ m.in. z Passiflora caerulea L. (meczennica
btekitna) lub z miodu pszczelego,* natomiast do celéw laboratoryjnych i przemystowych
syntetyzuje sie ja ze zwiazkow posrednich?, a obecnie coraz czesciej z innych
flawonoidow.#

Metoksypochodna chryzyny jest 5,7-dimetoksyflawon (5,7-DMF) (16), naturalny
zwiazek wystepujacy m.in. w klaczu Boesenbergia pandurata (Roxb.), tj. rodliny od dawna
stosowanej w tradycyjnej medycynie tajskiej,* Piper caninum*® czy w Kaempferia parviflora.*°
5,7-DMF wykazywat bardzo matg toksycznos¢ u szczurdéw, praktycznie bez skutkow
ubocznych, nawet w dawkach do 3 g/kg masy ciata.#” Autorzy porownali wlasciwosci
przeciwzapalne 5,7-DMF z aspiryng i stwierdzili, ze 5,7-DMF jednoczesnie hamuje
produkcje prostaglandyn (dziatanie przeciwzapalne) i obniza temperature u szczurow.
Ponadto, wiadomo réwniez, ze 5,7-DMF dziata jako inhibitor sarkopenii i jednoczesnie
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powoduje rozwdj masy i objetosci miesni w modelu mysim® (aktywnos¢ 5,7-DMF jest
bardzo podobna do chryzyny).

Wykazano, ze transport wewnatrzkomérkowy 5,7-DMF jest okoto 10-krotnie
wyzszy niz chryzyny.5! Ponadto chryzyna bylta szybko metabolizowana przez ludzka
watrobe, i juz po 20-minutowej inkubagji nie obserwowano w komdrkach tego zwiazku.
W przeciwienstwie do hydroksylowego analoga, 5,7-DMF byl stabilny metabolicznie
podczas catego 60-minutowego testu.®>%* Co ciekawe, stwierdzono, ze stezenie 5,7-DMF
po podaniu doustnym bylo znacznie wyzsze w tkankach niz w osoczu, gdzie jego okres
pottrwania wynosit 3,4+2,8 godziny, a catkowite usuniecie z organizmu trwato okoto 17
godzin.>* Ponadto wiadomo rowniez, ze metabolizm 5,7-DMF w poréwnaniu z chryzyna
jest znacznie ograniczony, co oznacza, ze dluzej utrzymuje si¢ on w organizmie, co czyni
go obiecujaca substancja chemoprewencyjna.’

Bazujac na rdéznicach w aktywnosci biologicznej chryzyny i 5,7-DMEF,
przeprowadzilem synteze i biotransformacje szeregu zwiazkow flawonoidowych,
zawierajacych podstawniki metoksylowe zardwno w pierscieniu A (w pozycjach 51 7)
jak i B (przy weglach 3, 4 oraz 5), ktore zostaty opisane w Publikacji P4.

|
c |
o

Rysunek 3. Podstawowy szkielet flawonu

Flawonoidy (Rys. 3.) nie sg jedyna grupa zwiazkow, w ktorej udowodniono
pozytywny wplyw obecnosci czasteczki cukrowej na aktywnos¢ zwiazku. Najlepszym
przykladem sa antybiotyki, takie jak erytromycyna czy wankomycyna, w ktérych
obecnosc¢ grupy cukrowej jest kluczowa dla ich wysokiej aktywnosci.?” Obecnos¢ i liczba
podstawnikow glikozydowych w czasteczce flawonoidu, oraz miejsce ich przylaczenia,
silnie wplywa na wlasciwosci biologiczne. Naturalnie glikozylowane pochodne
flawonoidéw wystepuja powszechnie w swiecie roélin, jednak ich stezenie w komdrkach
czesto jest stosunkowo niskie®, co utrudnia ich pozyskiwanie z tego zrédta. Nowe metody
otrzymywania zwiazkow glikozylowanych na wieksza skale sa wciaz potrzebne
i poszukiwane.

Weczesdniejsze badania wykazaly zdolnos¢ do unikatowej 4-O-metyloglikozylacji
hydroksyflawonéw obserwowanej w kulturach entomopatogennych grzybdéw
strzepkowych.3 Szczep Beauveria bassiana AM 278 katalizowal przylaczanie
metyloglukozy do grupy hydroksylowej czasteczki flawonoidu w pozycjach
C-7 i C-3'54 Analogiczna preferencje do selektywnej 4-O-metyloglikozylacji grupy
hydroksylowej zlokalizowanej przy weglu C-7 zaobserwowano podczas biotransformacji
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unikatowych prenylowanych flawonoidéw wyizolowanych z chmielu zwyczajnego
(Humulus lupulus) w kulturach Beauveria bassiana AM 446 i AM 278.-¢¢ Wykazano
efektywna 4-O-metyloglikozylacje 3-hydroksyflawonu, 6-hydroksyflawonu,
7-hydroksyflawonu, bajkaleiny, kwercetyny, naryngeniny, luteoliny, diosmetyny
i daidzeiny w kulturach entomopatogennych grzybow strzepkowych z rodzaju Isaria.®375
Szczep Beauveria bassiana ATCC 13144 jest zdolny do jednoczesnej 4-O-metyloglikozylacji
grupy hydroksylowej zlokalizowanej przy weglu C-3 i hydroksylacji wegla C-4'.%
Rowniez inne szczepy entomopatogenne charakteryzuja sie zdolnoscia do jednoczesnej
hydroksylagji i glikozylacji flawonoidéw. Funkcjonalizacja ta jest obserwowana gtownie
przy weglu C-4" zwiagzku flawonoidowego. Tworzenie odpowiednich glikozydéw
w kulturach Isaria fumosorosea KCh ]2, I. farinosa KCh J1.4, I farinosa KCh J]1.6
i I farinosa KCh KW1.2 poprzedzone bylo wlasnie hydroksylacja wegla C-4'.
Nastepujace po sobie hydroksylacje wegla C-4' i 4-O-metyloglikozylacje obserwowano
podczas inkubacji flawonu, 3-metoksyflawonu, 5-hydroksyflawonu, 6-metoksyflawonu,
6-metoksyflawanonu i 6-metyloflawonu w kulturach rodzaju Isaria.®>%% W oparciu o to
zjawisko, w niniejszej pracy poddano biotransformacji flawony z grupami
metoksylowymi zlokalizowanymi zaréwno w pierscieniu A jak i B, ktore zostaly
otrzymane na drodze syntezy chemicznej. Jako biokatalizatory dla tych zwigzkow
zastosowano szczepy grzybow entomopatogennych o potwierdzonej zdolnosci
do jednoczesnej hydroksylacji/demetylacji i glikozylacji zwiazkéow flawonoidowych.
W niniejszej pracy do przeprowadzenia biotransformacji flawonéw zostato zastosowane
dziewie¢ szczepdw entomopatogennych grzybow  strzepkowych, nalezacych
do 4 gatunkéw: Beauveria bassiana KCh J1.5, KCh J2.1, KCh J1, KCh ]3.2 i KCh BBT,
B. caledonica KCh J3.3 i KCh ]3.4, Isaria farinosa KCh KW 1.1 oraz I. fumosorosea KCh J2.
Wszystkie mikroorganizmy sa dostepne w kolekcji Katedry Chemii UPWr
(publikacje P3 i P4).
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Wszystkie substraty do syntez chemicznych zostaly zakupione w firmie Sigma-
Aldrich. Chalkony zostaly otrzymane w reakcjii kondensacji Claisena-Schmidta,
hydroksyacetofenonu (A) z odpowiednim benzaldehydem (B), wg schematu:

5 1
R (l) T) R RS R!
R2
H NaOH MeOH
s + s reflux przez 2h
R OH R OH

R* 4
A B R

Rysunek 4. Synteza chalkondéw w reakgji Claisena-Schmidta

Chalkony R1 R2 R3 R4 R5 R6
1 2’-metoksychalkon -OCHs -H -H -H -H -H
2 3’-metoksychalkon -H -OCHs -H -H -H -H
3 4’-metoksychalkon -H -H -OCHs -H -H -H
4 2’5'dimetoksychalkon -OCHs -H -H -OCHs -H -H
5 4,6,4’trimetoksychalkon -H -H -OCHs -H -OCHs -OCHs
6 3'4’5’trimetoksychalkon -H -OCHs -OCHs -OCHs -H -H
7 4,634’5 - -H -OCHs -OCHs -OCHs -OCHs -OCHs
pentametoksychalkon
8 4,6-dimetoksychalkon -H -H -H -H -OCHs -OCHs

*Dane dotyczace syntezy chalkonow, zawarte w publikacji P2

Wszystkie uzyskane w wyniku syntezy Claisena-Schmidta metoksychalkony
zostaly poddane reakgcji cyklizacji z jodem w DMSO w celu uzyskania metoksyflawonow,
wg schematu:

Z I, DMSO
126*C, 2 h
OH

Rysunek 5. Reakgja cyklizacji chalkonéw z jodem

*Dane dotyczace syntezy flawondw, zawarte w publikacji P3
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CEL

Celem pracy byla synteza nowych oraz wystepujacych w niewielkich ilosciach
w leczniczych roélinach zwigzkéw flawonoidowych oraz okreslenie zdolnosci
katalitycznych badanych mikroorganizmdéw — niekonwencjonalnych szczepow drozdzy
oraz entomopatogennych grzybow strzepkowych do biotransformacji otrzymanych
zwigzkow.

W celu uzyskania puli dihydrochalkonéw, ktére moga znalez¢ zastosowanie
w przemysle spozywczym do produkcji stodzikow, zostaly zastosowane drozdze
wykazujace zdolnos¢ do efektywnego uwodornienia wigzania podwojnego obecnego
w chalkonach. Natomiast uzyskanie hydroksypochodnych i glikozydow flawonow
o zwiekszonej aktywnosci biologicznej wzgledem substratow zawierajacych w swojej
strukturze podstawniki metoksylowe bylo mozliwe dzigki zastosowaniu szczepdw
entomopatogennych  grzybéw  strzepkowych o  unikatowej zdolnosci do
4-O-metyloglikozylacji.

METODYKA

Biotransformacje prowadzone byly w sterylnym podtozu ptynnym, zawierajacym
1% aminobaku (peptonu bakteriologicznego) i 3% glukozy, rozpuszczonych w wodzie
destylowanej. Planujac doswiadczenia w swojej pracy doktorskiej postanowitem
zastosowa¢ wypracowana w naszej jednostce metodyke.?+56567.% Taki zabieg umozliwia
poréwnanie uzyskanych przeze mnie wynikéw z wczeéniej opisanymi w literaturze.
Badania przesiewowe oraz biotransformacje preparatywne, prowadzone byty w kolbach
Erlenmayera odpowiednio o pojemnosciach 300 mL (zawierajacych 100 mL podtoza) oraz
2 L (zawierajacych 500 mL podloza). Testy ilosciowe zostaly wykonane na ptytkach
24 dotkowych o pojemnosci 5 mL, zawierajacych 3 mL podtoza. Substraty rozpuszczone
byly w rozpuszczalniku organicznym — DMSO (dimetylosulfotlenek) oraz byly dodawane
w warunkach sterylnych do podioza z mikroorganizmami w koncowej fazie ich
logarytmicznego wzrostu. Po ustalonym czasie biotransformacji produkty byly
ekstrahowane octanem etylu i nastgpnie analizowane za pomoca technik
chromatograficznych; odpowiednio: TLC oraz GC dla pochodnych chalkonéw oraz TLC,
HPLC i LC-MS dla pochodnych flawonéw. Wszystkie produkty biotransformacji zostaty
oznaczone metodami spektroskopowymi ("H NMR, *C NMR oraz widm korelacyjnych).
Mase zwiazkow potwierdzono za pomoca LC-MS.

Szczegdtowo opisane warunki przeprowadzonych biotransformacji, analize
struktury uzyskanych produktow syntez i biotransformacji oraz uzyty sprzet (wraz
z parametrami) zostaly opisane doktadniej w odpowiednich publikacjach dotaczonych
do dysertagji.
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WYNIKII DYSKUSJA

Rozprawe doktorska stanowia 4 publikacje (P1-P4), w ktorych opisatem
biotransformacje zwiazkéw flawonoidowych: chalkonéw (P1 i P2) oraz flawonow
(P3 i P4). Biokatalizatorami w pracach P1 i P2 byly szczepy drozdzy z gatunkow
Rhodotorula rubra, R. glutinis, Saccharomyces cerevisiae, Candida viswanathii, C. parapsilosis
i Yarrowia lipolytica. W pracach P3 i P4 opisatem zdolnosci Kkatalityczne
entomopatogennych grzybow strzepkowych z gatunkéw Beauveria bassiana, B. caledonica,
Isaria farinosa oraz I. fumosorosea.

Zardwno wyzej wymienione gatunki drozdzy jak i grzyboéw byly oznaczone
metodami biologii molekularnej. Ich zdolno$¢ do biotransformacji byla opisana
we weczesniejszych publikacjach pracownikéw Katedry Chemii Uniwersytetu
Przyrodniczego we Wroctawiu. Wymienione szczepy nie byly jednak katalizatorami
w transformacjach metoksychalkonow oraz metoksyflawonow.

Wybrane szczepy drozdzy, jak i grzybow wykazuja w wigkszosci zdolnos¢
do biotransformacji uzyskanych na drodze chemicznej zwiazkéw flawonoidowych.
Wyniki przeprowadzonych biotransformacji nalezy podzieli¢ na 4 czesci, dotyczace
odpowiednio:

A. chalkonéw (P11 P2):

1* zawierajacych heteroatom w pierscieniu B,

2* zawierajacych od 1 do 5 podstawnikéw metoksylowych w swojej strukturze.
B. flawonow (P31 P4):

3* zawierajacych podstawniki metoksylowe tylko w pierscieniu B,

4* zawierajacych podstawniki metoksylowe w pierscieniu A lub w A i B.

Do przeprowadzenia biotransformacji zastosowatem 18 substratow uzyskanych
w wyniku syntezy chemicznej (10 chalkonéw oraz 8 flawonow). W wyniku
przeprowadzenia reakcji z zastosowaniem wspomnianych biokatalizatorow otrzymatem
facznie 28 produktéw, w tym 7 dihydrochalkonéw oraz 21 pochodnych
metoksyflawonow - osiem z przylaczona grupa hydroksylowa i trzynascie
4-O-metyloglukopiranozylo pochodnych. Trzynascie z nich nie bylo wczesniej opisanych
w literaturze.
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STRUKTURY ZWIAZKOW UZYSKANYCH W WYNIKU SYNTEZY
CHEMICZNE] I BBOTRANSFORMAC]I OPISANE W DYSERTAC]I
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4-O-metyloglukopiranozydy flawonéw
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W publikacji P1 opisalem uwodornienie podwodjnego wigzania w chalkonach
zawierajacych heteroatom w pierscieniu B (3-(2"-furylo)- (1) i 3-(2"-tiofeno-1-(2'-
hydroksyfenylo)-prop-2-en-1-onu (2)) do dihydrochalkonéw w procesie biotransformacji
wykorzystujac jako katalizatory niekonwencjonalne szczepy drozdzy. Najwyzsza
skutecznos¢ uwodornienia wigzania podwodjnego substratu 1 zaobserwowatem
w kulturach szczepdw Saccharomyces cerevisiae KCh 464 i Yarrowia lipolytica KCh 71.

@)
mikroorganizm _ m
W,
OH 1a
@)
| S
W,
OH 24

mikroorganizm

o

@)
|/ 0]
| /
OH
1
@)
|/ S
|/
OH
2

Schemat 1. Biotransformacja 3-(2”-furylo)-1-(2’-hydroksyfenylo)-prop-2-en-1-onu (1) oraz 3-(2”-tiofeno)-
1-(2’-hydroksyfenylo)-prop-2-en-1-onu (2) przez wybrane szczepy niekonwencjonalnych drozdzy

Substrat 1 w kulturach tych szczepdw (Saccharomyces cerevisiae KCh 464 i Yarrowia
lipolytica KCh 71) byt przeksztalcony w produkt 1a z konwersjq > 99% (na podstawie
analizy GC) juz w sze$¢ godzin po rozpoczeciu biotransformacji. Natomiast zwigzek
zawierajacy w swojej strukturze atom siarki (2) najskuteczniej przeksztalcony byt
w kulturze szczepu drozdzy z gatunku Yarrowia lipolytica KCh 71 (konwersja > 99%,
uzyskana po trzech godzinach inkubacji substratu) (Schemat 1). Zaobserwowatem,
ze rd0zne szczepy badanych drozdzy sa w stanie przeprowadzi¢ bioredukcje
zastosowanego substratu z r6zng wydajnoscia. Wykazalem réwniez, Ze badane szczepy
przeprowadzaja uwodornienie z rézna predkoscia, w zaleznosci od obecnosci w ich
komodrkach indukowanych i/lub konstytutywnych ene-reduktaz. Produkty uzyskane
w tych reakcjach obserwowatem juz po godzinie inkubacji, przy czym konwersja
substratu 1 do produktu 1la wynosita nawet ponad 50% podczas biotransformacji
szczepem Yarrowia lipolytica KCh 71 (Publikacja P1 Tabela 2.).

Najwieksza zaleta tego procesu jest wydajna produkcja jednego produktu,
bez powstawania produktéw ubocznych.

Na podstawie przeprowadzonych badan opracowatem osiem zgloszen
patentowych w ktorych opisatem metody otrzymywania dihydrochalkonéw. Pie¢ z nich
juz uzyskato ochrone patentowaq (P.426756, P.426757, P.426758, P.426767 oraz P.426768).
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Uzyskane wyniki w publikacji P1 byly podstawa do przeprowadzenia
biotransformacji chalkonéw zawierajacych w swojej strukturze podstawniki metoksylowe
(Tab. 1.). W tych badaniach sprawdzilem nie tylko wydajnos¢ biotransformagji
w zaleznosci od potozenia podstawnika w obrebie pierscienia B (pozycje -orto, -meta,
-para), ale réwniez wplyw liczby podstawnikow metoksylowych oraz porownalem
ogolna wydajnosci procesu biotransformacji pomiedzy szczepami (Publikacja P2).

Tabela 1. Zsyntezowane chalkony oraz otrzymane w wyniku biotransformacji dihydrochalkony

Chalkony R1 R2 R3 R4 R5 R6 Dihydrochalkony
(3) -OCHs -H -H -H -H -H (3a)
4) -H -OCHs -H -H -H -H (4a)
(5) -H -H -OCHs -H -H -H (5a)
(6) -OCHs -H -H -OCHs -H -H (6a)
(7) -H -OCHs -OCHs -OCHs -H -H (7a)
(8) -H -H -H -H -OCHs -OCHs -
9) -H -H -OCHs -H -OCHs -OCH:s -
(10) -H -OCHs -OCHs -OCHs -OCHs -OCHs3 -

Réwniez w przypadku metoksychalkondw, mikroorganizmem najefektywniej
przeksztalcajacym badane zwiazki byl szczep Yarrowia lipolytica KCh 71, dla ktérego
sprawdzitem rowniez wplyw stezenia substratu na wydajno$¢ przemian badanych
zwigzkéw. W hodowli tego szczepu monometoksychalkony (2'-hydroksy-2"-, 3"- i 4"-
metoksychalkony) zostalty  efektywnie = uwodornione do odpowiednich
dihydrochalkondw przy zastosowaniu substratu w stezeniu 0,5g/1L podtoza juz po
godzinie inkubacji. Konwersje powyzej 40% po trzech godzinach transformacji
obserwowatem roéwniez dla stezen wynoszacych 1g/1L pozywki (Schemat 2.).
Wraz ze wzrostem liczby podstawnikéw metoksylowych w substracie zaobserwowatem
spadek szybkosci i wydajnosci konwers;ji substratu.

Jedynym wyjatkiem jest 2'-hydroksy-2",5"-dimetoksychalkon (6), ktéry byt
przeksztatcany w dihydrochalkon przez szczep Yarrowia lipolytica KCh 71 z wydajnoscia
poréwnywalna z chalkonem zawierajacym pojedyncza grupe metoksylowa.

Najwydajniej przeksztatcanymi zwigzkami byty chalkony zawierajace pojedyncze
grupy metoksylowe w pierscieniu B. Co ciekawe, 2"-hydroksy-2"-metoksychalkon (3)
nawet w stezeniu zwiekszonym do 5 g substratu na 1 L pozywki byl przeksztalcany
z wydajnoscia do 50% po 24 godzinach (Schemat 3.). Jednoczesnie bardzo wysoka
konwersja, od 66 do 91% w zaleznosci od zastosowanego substratu, po jednej godzinie
inkubacji wskazuje na bardzo wysoka aktywnos¢ enzymdéw obecnych w komorkach
biokatalizatora.
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Wykres biotransformacji

2'-hydroksy-2"-metoksychalkonu
\ 3h

——100mg/L

——500mg/L
1g/L
2g/L

——5g/L

12h 6h

Schemat 2. Konwersja 2'-hydroksy-2"-metoksychalkonu (3) przez szczep Yarrowia lipolytica KCh 71
przy réznych stezeniach substratu

Wykres biotransformacji po 24-godzinnej
inkubacji
100 -
H 2’-hydroksy-2"-
80 7 metoksychalkon
60 - m 2’-hydroksy-3"-
40 metoksychalkon
20 - 2’-hydroksy-4"-
0 - metoksychalkon
&S & Q(}\’ Q(}\’ Q}\’ Q(}\’ 2’-hydroksy-2",5"-
N c)g dimetoksychalkon

Schemat 3. Poréwnanie konwersji substratow we wzrastajacych stezeniach przez szczep Yarrowia
lipolytica KCh 71, po 24 godzinach

Redukcja wigzania podwdjnego pomiedzy weglami C2 a C3 w szkielecie chalkonu
pozwala z wysokim prawdopodobienstwem przypisa¢ te wlasciwosci enzymom OYE
(Old Yellow Enzymes), ktére sa znane w literaturze naukowej z wydajnej redukcji wigzania
podwdjnego réznorodnych grup zwigzkéw, w tym chalkonow. ©-7!

Wraz ze wzrostem liczby grup metoksylowych wydajno$¢ procesu malata.
W przypadku zwiazkéw zawierajacych podstawniki metoksylowe réwniez w pierscieniu
A (8,91 10) nie obserwowano produktow biotransformaciji.

Zastosowanie drozdzy z gatunku Yarrowia lipolytica nie jest przypadkowe.
Jest to mikroorganizm, ktérego wtasciwosci sg szeroko wykorzystywane w przemysle
spozywczym - od produkgji kwasu cytrynowego” czy kwasu eikozapentaenowego’,
poprzez zapobieganie gnicia zbiorow”, az po produkcje wysokobiatkowej paszy dla
zwierzat” i niekonwencjonalnej zywnosci dla ludzi”. Wykorzystuje sie je réwniez
w produkdji réznego rodzaju substancji stodzacych”.
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Drozdze tego gatunku zostaly dopuszczone do obrotu jako nowa zywnosé w 2019
roku (Rozporzadzenie UE 2019/760).7 Co istotne, status GRAS (Generally Recognised As
Safe) definiuje szczepy gatunku Y. lipolytica jako atrakcyjne i przyjazne srodowisku
narzedzie mikrobiologiczne do produkgi nutraceutykéw, zywnosci fermentowanej
i suplementow diety.”” Ponadto, dzieki badaniom przeprowadzonym podczas realizacji
pracy doktorskiej, wykazatem, ze drozdze tego gatunku moga by¢ z powodzeniem
wykorzystywane do produkcji znacznych ilosci réznego rodzaju dihydrochalkonéw.
Co warte podkreslenia - biotransformacje z zastosowaniem tych mikroorganizmow
pozwalaja na otrzymanie z duza wydajnoscia jednego produktu, co zwigksza szanse na
przemystowe wdrozenie tych proceséw. Zastosowane mikroorganizmy nie byly zdolne
do produkgji innych pochodnych flawonoidéw (flawondéw, flawanonéw czy flawonoli),
ktore wystepuja podczas transformacji chalkonéw w kulturach grzybow strzepkowych,
bakterii czy glonéw.?*% Modyfikacja budowy chemicznej 2’-hydroksychalkonu
prowadzi do powstania in vitro pochodnych o zréznicowanym dziataniu
przeciwnowotworowym. Taka modyfikacja polegajaca na stworzeniu analogéw
zawierajacych grupe metoksylowa zamiast grupy hydroksylowej spowodowata zmiane
sity dziatania przeciwnowotworowego, w zaleznosci od liczby wprowadzonych grup
iich potozenia w badanym zwiazku. Jednak podstawowy mechanizm dziatania nie ulegt
zmianie. Dzialanie cytotoksyczne zwigzku macierzystego i pochodnych bylo silniejsze
w stosunku do linii komoérek nowotworowych niz normalnych. Wszystkie przetestowane
w tym badaniu zwigzki s otrzymane przeze mnie i wykazuja w réznym stopniu
aktywno$¢ antyproliferacyjng i proapoptyczng oraz zdolno$¢ wywotywania uszkodzen
DNA. 78

Sposoby wytwarzania 10 zwigzkdw opisanych w obrebie publikacji P2 zostaty
objete ochrong patentowa (patenty nr: P.426755, P.426760, P.426761, P.426762, P.426763,
P.426764, P.426765, P.426766, P.426769, P.426770).
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Chalkony, ktérych synteze opisalem w publikacji P2, nastepnie przeksztatcitem
w odpowiednie flawony w reakcji cyklizacji z jodem w dimetylosulfotlenku wedtug

schematu:

Z I, DMSO
126*C, 2 h
OH

Schemat 4. Reakgja cyklizacji chalkonéw z jodem

Biotransformacje metoksyflawonow opisatem w dwoch kolejnych publikacjach
(P3 i P4). Katalizatorami zastosowanymi do przeksztalcen tych zwigzkow byty
entomopatogenne grzyby strzepkowe, ktére charakteryzuja sie znacznie bogatsza
biblioteka enzymow hydroksylujacych i glikozylujacych polifenole, w stosunku
do drozdzy. Na podstawie wczesniejszych badann prowadzonych w naszym
zakladzie®®¢77°, do przeprowadzenia biotransformacji metoksyflawonow wybratem
9 szczepdéw nalezacych do czterech gatunkéw grzybow: Beauveria bassiana KCh J1.5,
KCh J2.1, KCh J1, KCh J3.2 i KCh BBT, B. caledonica KCh ]3.3 i KCh ]3.4, Isaria farinosa
KCh KW 1.1 oraz I. fumosorosea KCh J2.

Pierwsza grupe zsyntezowanych metoksyflawonoéw opisatem w publikacji P3
(zwiazki o nr 11-15). Sa to zwiazki posiadajace grupy metoksylowe tylko w obrebie
pierscienia B (Schemat 5):

I
Ry
c |
Rz
@)
Rs
Ry
Ri R Rs R4
11) -OCHs -H -H -H 2’-metoksyflawon
(12) -H -OCHs -H -H 3’-metoksyflawon
(13) -H -H -OCHs -H 4’-metoksyflawon
(14) -OCHs -H -H -OCHs 2’,5'-dimetoksyflawon
(15) -H -OCHs -OCHs -OCHs 3’',4’,5'-trimetoksyflawon

Schemat 5. Otrzymane metoksyflawony, wykorzystane do przeprowadzenia procesu biotransformacji
w publikagji P3
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Podczas biotransformacji metoksyflawonow zostaly zastosowane szczepy
entomopatogennych grzybow o udokumentowanej juz aktywnosci (szczepy z gatunkow
B. bassiana, 1. farinosa oraz I. fumosorosea), jednakze, po raz pierwszy
w biotransformacji flawonoidéw zostaly wykorzystane szczepy z gatunku Beauveria
caledonica (KCh ]J3.31]3.4).

W odroéznieniu od biotransformacji chalkonéw przez niekonwencjonalne szczepy
drozdzy, podczas biotransformacji flawondéw przez entomopatogenne grzyby strzepkowe
rzadziej obserwowatem tylko jeden produkt reakcji (zazwyczaj podczas biotransformacji
szczepami B. bassiana KCh J1 oraz I farinosa KCh KW1.1.). Liczba powstajacych
produktow jest zalezna od katalizatora, jednakze nalezy tutaj zwrdci¢ uwage na dwa
szczepy: B. bassiana KCh J1.5, oraz I. fumosorosea KCh ]2, jako te, posiadajace najszerszy
wachlarz enzymatyczny, dzigki ktdremu wyizolowano najwiecej produktow.

Na podstawie struktury wyizolowanych produktow mozna wnioskowac,
ze glikozylowane pochodne flawonoidow powstaja w wyniku przemian kaskadowych.
W trakcie inkubacji zachodza procesy demetylacjii i/lub hydroksylacji oraz
4-O-metyloglukozylacji, w ktore zaangazowanych jest kilka enzymoéw i koenzymow

biokatalizatora.

A) Biotransformacje flawondéw zawierajacych grupy metoksylowe w pierscieniu B —
Publikacja P3

1) Biotransformacje 2'-metoksyflawonu (11)

Beauveria bassiana O | OH
KChJ1
(0]

Schemat 6. Biotransformacje 2’-metoksyflawonu (11) w kulturze szczepu B. bassiana KCh J1
OH

o HO,,,, SO

OH
. o o}
Isaria fumosorosea ‘ +
—_— >
KCh J2
o

HO H (6]
HO
Schemat 7. Biotransformacje 2’-metoksyflawonu (11) w kulturze szczepu 1. fumosorosea KCh J2
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Wyizolowane produkty:

11a) 2’-hydroksyflawon

11b) 2’-O-3-D-(4”-O-metyloglukopiranozylo)-flawon

11c) 8-O-p-D-(4”-O-metyloglukopiranozylo)-2’-metoksyflawon
11d) 5’-O-B-D-(4”-O-metyloglukopiranozylo)-flawon

11e) 3-O-p-D-(4"-O-metyloglukopiranozylo)-2’-metoksyflawon

Podczas biotransformacji 2’-metoksyflawonu (11) zaobserwowalem powstanie
facznie 5 produktéw (11a-11e) (Schematy 6 i 7). W wyniku biotransformacji w kulturach
wiekszosci badanych szczepow otrzymatem jeden gtowny produkt 2’-O-p3-D-(4"-O-
metyloglukopiranozylo)-flawon (11b). Zwiazku tego nie zaobserwowalem podczas
biotransformacji w kulturze szczepu Beauveria bassiana KCh J1, ktéry jako jedyny
z uzytych biokatalizatoréw nie posiadal zdolnosci do 4-O-metyloglikozylacji. Zwigzek
11b powstawal w wyniku nastepujacej po sobie demetylacji i 4-O-metyloglikozylacji
(Schemat 7.).

Jako jeden z produktow zostat rowniez scharakteryzowany 2’-hydroksyflawon
(11a) (Schemat 6.), ktéry powstat w wyniku demetylagji substratu 11, a po zwigkszeniu
skali do pdtpreparatywnej, zostal on wyizolowany z najwieksza wydajnoscia z hodowli
szczepu B. bassiana KCh J1 (z wydajnoscia 43%).

Pozostatymi produktami transformacji substratu 11, byty
glukopiranozyloflawony, posiadajace przylaczona czasteczke 4-O-glukopiranozydu wraz
z zachowana grupa metoksylowa w pozycji 2’ (produkty 1lc-e). Zwiazki te powstaly
w wyniku nastepujacych po sobie proceséw hydroksylacji oraz 4-O-metyloglikozylacji.
(Schemat 7.).

2) Biotransformacje 3'-metoksyflawonu (12)

O | Beauveria bassiana
KCh J1
O

Schemat 8. Biotransformacje 3’-metoksyflawonu (12) w kulturze szczepu B. bassiana KCh J1

o)
|

i
O | Isaria farinosa |
o KCh KWL1.1 O, _O__.w
: O ) C : O Q\OH
12 12b
HO” ™ Yo~
HO

Schemat 9. Biotransformacje 3’-metoksyflawonu (12) w kulturze szczepu I. farinosa KCh KW 1.1
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Wyizolowane produkty:

12a) 3’-hydroksyflawon
12b) 3’-O-3-D-(4”-O-metyloglukopiranozylo)-flawon

Kolejny substrat 3’-metoksyflawon (12) byt najszybciej przeksztatcanym
zwigzkiem przez wszystkie biokatalizatory. Konwersja 12 w hodowlach czterech
z dziewieciu biokatalizatoréw (I. fumosorosea KCh ]2, I. farinosa KCh KW1.1, B. bassiana
KCh J1.51 KCh J3.2) byta bliska 100% po trzech dniach inkubacji (Publikacja P3, Tabela 3).
Najprawdopodobniej wigze si¢ to z tatwiejszym dostepem enzymow odpowiedzialnych
za proces demetylacji do grupy metoksylowej umiejscowionej w pozycji meta w stosunku
do podstawnika chromenowego. Jednakze w wyniku tej biotransformacji
zaobserwowatem znacznie mniej produktow. Pierwszy produkt 12a powstal w wyniku
demetylacji i zostal scharakteryzowany jako 3’-hydroksyflawon. (Schemat 8.) Natomiast
gldownym produktem przemiany 3’-metoksyflawonu u wigkszosci badanych szczepow
byl  produkt demetylacgi i 4-O-metyloglikozylacji, czyli 3'-O-p-D-(4”-O-
metyloglukopiranozylo)-flawon (12b). (Schemat 9.)

3) Biotransformacje 4’-metoksyflawonu (13)

O | Beauveria bassiana O |
KChJ1
13 - 13a
0 OH

Schemat 10. Biotransformacje 4’- metoksyflawonu (13) w kulturze szczepu B. bassiana KCh J1

o o

) ) OH
| Isaria farinosa |
HO,, e
o KCh KW1.1 o . R A
13 O 13b O OH
o~ o” >o

Schemat 11. Biotransformacje 4’- metoksyflawonu (13) w kulturze szczepu B. bassiana KCh J1.5

Wyizolowane produkty:

13a) 4’-hydroksyflawon
13b) 4'-O-B-D-(4”-O-metyloglukopiranozylo)-flawon

Podczas biotransformacji 4’-metoksyflawonu (13), konwersje w hodowlach
badanych szczepow byly porownywalne do tych uzyskanych dla 3’-metoksyflawonu (12)
w siedmiodniowym okresie biotransformagji. Blisko 100% konwersje zaobserwowalem
w hodowli Isaria farinosa KCh KW 1.1 oraz czterech szczepow Beauveria bassiana (KCh J1.5,
J2.1, ]3.2, BBT) (Publikacja P3, Tabela 4.). Réwniez w przypadku tego substratu,
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ze wszystkich hodowli szczepdw entomopatogennych grzybow strzepkowych
(za wyjatkiem Beauveria bassiana KCh ]1) jako gtowny produkt biotransformacji
wyizolowatem 4’-O-B-D-(4”-O-metyloglukopiranozylo)-flawon (13b) (Schemat 11.).
Podobnie jak w przypadku dwoch wyzej opisanych zwigzkow (111 12), réwniez dla tego
substratu szczep Beauveria bassiana KCh J1 byl zdolny tylko do demetylacji substratu,
w wyniku czego zostat wyizolowany 4’-hydroksyflawon (13a). (Schemat 10.)

Metody i sposoby otrzymywania hydroksyflawonow zostaly zastrzezone w formie
patentow o numerach: P.427404, P.427405 i P.427409.

4) Biotransformacje 2',5'-dimetoksyflawonu (14)

I. farinosa KCh KW1.1

B. bassiana KCh J1.5
_—

Schemat 12. Biotransformacje 2’5’-dimetoksyflawonu w kulturach szczepdéw I. farinosa KCh KW1.1
oraz B. bassiana KCh J1.5

Beauveria bassiana
—_—
KChJl

Schemat 13. Biotransformacje 2’'5’-dimetoksyflawonu (14) w kulturze szczepu Beauveria bassiana KCh J1

Wyizolowane produkty:

14a(11d) 5’-O-B-D-(4"-O-metyloglukopiranozylo)- 2’-metoksyflawon
14b) 2'-O-B-D-(4"-O-metyloglukopiranozylo)- 5’- metoksyflawon
14c) 4'-O-3-D-(4"-O-metyloglukopiranozylo)- 2’,5"-dimetoksyflawon
14d) 5'-hydroksy-2’-metoksyflawon

14e) 4'- hydroksy -2’,5"-dimetoksyflawon

Podczas biotransformagji 2’,5’-dimetoksyflawonu (14), gtéownym produktem byt
zwigzek powstajacy w wyniku 4-O-metyloglikozylacji poprzedzonej regioselektywna
demetylacja grupy CHs usytuowanej przy weglu C-5". W wyniku tych przemian uzyskano

33



5’-0-B-D-(4”-O-metyloglukopiranozylo)-2’-metoksyflawon  (14a/11d). Zwiazek ten
zaobserwowatem réwniez podczas biotransformacji = 2’-metoksyflawonu  (11).
Drugim produktem powstajacym podczas biotransformacji 2’,5'-dimetoksyflawonu (14),
w kulturze szczepu B. bassiana KCh J1.5, ktéry powstawat z niemal dwukrotnie nizsza
wydajnoscia niz 14a (Publikacja P3, Tabela 5.), réwniez byl produkt demetylacji oraz
4-O-metyloglukozylagji. Strukture tego produktu ustalono w oparciu o wykonang analize
strukturalng jako 2'-O-B-D-(4”-O-metyloglukopiranozylo)-5-metoksyflawon (14b)
(Schemat 12). Trzeci produkt powstajacy z najnizsza wydajnoscia w hodowli B. bassiana
KCh J1.5 zostat réwniez zidentyfikowany jako 4-O-metyloglukopiranozyd. Jednakze
w tym przypadku nastapila najpierw hydroksylacja wegla C-4’, a dopiero pozniej
4-O-metyloglukozylagja. Otrzymanym produktem byt 4'-O-p-D-(4"-0O-
metyloglukopiranozylo)- 2’,5'-dimetoksyflawon (14c).

W wyniku wykonania biotransformacji preparatywnej w kulturze szczepu
B. bassiana KCh J1 wyizolowatem rowniez hydroksypochodne. Pierwsza z nich,
5’-hydroksy-2’-metoksyflawon (14d), powstata w wyniku demetylacji grupy metylowej
usytuowanej przy weglu C-5, natomiast druga, 4-hydroksy-2’,5"-dimetoksyflawon (14e),
- w wyniku hydroksylacji wegla C-4” (Schemat 13.) .

5) Biotransformacje 3’,4’,5 -trimetoksyflawonu (15)

(e}

‘ Beauveria bassiana
—_—
o O KChJ15
15
O

\
o ~

Schemat 14. Biotransformacje 3’,4’,5"-trimetoksyflawonu (15) w kulturze szczepu B. bassiana KCh J1.5

Wyizolowane produkty:

15a) 3’-O-p-D-(4”-O-metyloglukopiranozylo)-4’,5'-dimetoksyflawon

15b) 4'-O-B-D-(4”-O- metyloglukopiranozylo)-3’,5"-dimetoksyflawon

15¢) 3’-O-B-D-(4"-O- metyloglukopiranozylo)-6-hydroksy-4’,5"-dimetoksyflawon
15d) 6-O-3-D-(4"-O- metyloglukopiranozylo)-3’,4’,5 -trimetoksyflawon
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Najwyzsza konwersje (ponad 90% po siddmym dniu biotransformacji) 3’,4’,5'-
trimetoksyflawonu zaobserwowalem w hodowli B. bassiana KCh J1.5 oraz dwdch
szczepodw B. caledonica (KCh J3.3 i KCh ]3.4) (Publikacja P3, Tabela 6). W wyniku
biotransformacji w zwigkszonej skali w kulturze B. bassiana KCh J1.5, wyizolowalem
cztery produkty (15a-15d) (Schemat 14.).

Glowny produkt (powstajacy w wigkszosci badanych szczepdw) jest efektem
demetylacji i 4-O-metyloglukozylacji i zostat scharakteryzowany jako 3’-O-f-D-(4"-O-
metylogluko-piranozylo)-4’,5-dimetoksyflawon (15a).

Drugi produkt przeprowadzonej biotransformacji réwniez powstat w wyniku
demetylacji i 4-O-metyloglukozylacji, jednakze w tym przypadku metyloglikozyd
byl dotaczany przy weglu C-4, w efekcie czego powstawal 4'-O-B-D-(4"-O-
metyloglukopiranozylo)-3’,5'-dimetoksyflawon (15b). W hodowli B. bassiana KCh BBT
zwiazki 15a i 15b powstawaty w stosunku 3:1, w hodowli I. farinosa KCh KW 1.1
w stosunku 10:1, a w hodowli I fumosorosea KCh J2 w stosunku 48:1
(Publikacja P3, Tabela 6).

Kolejny produkt, powstajacy najwydajniej w kulturze szczepu B. bassiana KCh J1.5
(ok. 20% po 7 dobie inkubacji) zostal okreslony na podstawie widm korelacyjnych,
na podstawie ktorych stwierdzilem, ze jednostka cukru jest zwigzana z weglem C-6,
a zwiazek scharakteryzowatem jako 6-O-B-D-(4"-O-metyloglukopiranozylo)-3',4’,5'-
trimetoksyflawon (15d). Zwiazek ten jest efektem nastepujacych po sobie hydroksylacji
i glikozylagji. Ostatnim wyizolowanym produktem biotransformacji byt 3’-O-3-D-(4"-O-
metyloglukopiranozylo)-6-hydroksy-4’,5"-dimetoksyflawon (15c), ktéry pojawiat sie
w sladowych ilosciach, maksymalnie 6%, po 10 dniach inkubacji w kulturze szczepu
B.bassiana KCh BBT.

Na podstawie przeprowadzonych doswiadczen powstato 20 zgloszen
patentowych, dotyczacych sposobu wytwarzania glukopiranozyloflawonow.
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B) Biotransformacje flawondéw zawierajacych grupy metoksylowe w pierscieniu A
oraz w pierscieniu A i B (Schemat 15) — Publikacja P4

~N 0 |C|)
c | .
~ o o 1
R,
R,
Ri R2 Rs

(16) -H -H -H 5,7-dimetoksyflawon
17) -H -OCHs -H 5,74 -trimetoksyflawon
(18) -OCHs -OCHs -OCHs 5,7,3 4,5 -pentametoksyflawon

Schemat 15. Otrzymane metoksyflawony, wykorzystane do przeprowadzenia procesu biotransformacji
w publikacji P4

1) Biotransformacje 5,7-dimetoksyflawonu (16)

Isaria farinosa

KCh KW 1.1.

OH

Schemat 16. Biotransformacje 5,7-dimetoksyflawonu (16) w kulturze szczepu Isaria farinosa KCh
KW11

Wyizolowane produkty:

16a) 3’-hydroksy-5,7-dimetoksyflawon
16b) 4’- hydroksy-5,7-dimetoksyflawon
16c) 3’,4’-dihydroksy-5,7-dimetoksyflawon
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2) Biotransformacje 5,7,4’-trimetoksyflawonu (17)

Isana farinosa
\ KCh KW 1.1
O o~

Schemat 17. Biotransformagje 5,7,4’-trimetoksyflawonu (17) w kulturze szczepu Isaria farinosa KCh
KW1.1

Wyizolowane produkty:

17a(16b) 4’-hydroksy-5,7-dimetoksyflawon
17b(16c¢) 3’,4’-dihydroksy-5,7-dimetoksyflawon

3) Biotransformacje 5,7,3',4’,5"-pentametoksyflawonu (18)

~So o
‘ O BeaUVerla bassiana
~ ~ OH —— ~o
o o O T kehusin
18 o
N

Schemat 18. Biotransformacje 5,7,3',4’,5'-pentametoksyflawonu (18) w kulturach szczepow
B. bassiana KCh J1.5 and B. bassiana KCh J1

Wyizolowane produkty:

18a) 3’-hydroksy-5,7,4’,5 -tetrametoksyflawon
18b) 3’-O-p-D-(4"-O-metyloglukopiranozylo)-5,7,4’,5 -tetrametoksyflawon

W przypadku flawonéw zawierajacych podstawniki metoksylowe w pozydji
5,7 — pierscienia A (substraty 16-18), przylaczanie jednostki glikozydowej nie nastepowato
tak wydajnie jak w przypadku substratéw zawierajacych podstawniki tylko w pierscieniu
B (11-15).

W przeprowadzonych badaniach zaden z badanych mikroorganizmoéow nie byt
w stanie przeprowadzi¢ O-demetylacji grup metoksylowych obecnych w pierscieniu A.
Demetylacje obserwowalem jedynie w pierScieniu B badanych substratow.
Co zaskakujace, w S$wietle opisanej wczesniej efektywnej 4-O-metyloglukozylacji
hydroksyflawonéw w kulturach grzybow entomopatogennych,®37%81  podczas
biotransformacji 5,7-dimetoksyflawonéw wyizolowatem tylko jeden glikopiranozyd:
3’-0-B-D-(4"-O-metyloglukopiranozylo)-5,7,4’,5"-tetrametoksyflawon 18b).
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Gléwnym produktem trzydniowej biotransformacji 5,7-dimetoksyflawonu (16)
(Schemat 16.) w kulturze szczepu B. bassiatna KCh J1.5 byl 3’-hydroksy-5,7-
dimetoksyflawon (16a), ktory zostat wyizolowany z wydajnoscig 40%. Analiza NMR i MS
wykazata, Ze zwigzek ten jest produktem hydroksylacji. Stezenie zwigzku 16a bylo
wyraznie wyzsze niz 5,7-dimetoksy-4'-hydroksyflawonu (16b) (Publikacja 4, Tabela 1
i Tabela S1 - Materiaty uzupeiajace). Réznica w ilosciach otrzymanych zwigzkéow 16a
i 16b swiadczy o preferencji monooksygenaz wytwarzanych przez badane szczepy
entomopatogenne do umieszczania grupy hydroksylowej w 5,7-dimetoksyflawonie (16)
przy weglu C-3’. Wedlug wczesniejszych badan gldéwnym miejscem hydroksylacji byta
pozycja C-4’ pierscienia B. 6-metoksyflawanon w hodowli I. fumosorosea KCh ]2 byt
hydroksylowany do pochodnych 4’-hydroksy- i 3’,4’-dihydroksylowych, natomiast
6-metoksyflawon byt hydroksylowany do pochodnych 3’- i 4’-hydroksy
oraz 3',4'-dihydroksylowych.®

Hydroksylacja wegla C-3" i 4’-hydroksflawonoidéw jest czesto obserwowana
i dobrze scharakteryzowana w komorkach roslinnych.82% Proces hydroksylacji pierscienia
B flawonoidéw jest katalizowany przez 3'-hydroksylaze flawonoidowa (F3'H). Natomiast
wyniki badan drzewa filogenetycznego wykazaty, ze F3'H nalezy do CYP75B. 828

W  przypadku substratu 18 - 5,7,3,4,5-pentametoksyflawonu giownym
produktem powstajacym w kulturach badanych szczepéw byt 3’-O-B-D-(4"-O-metylo)-
glukopiranozylo-5,7,4',5 -tetrametoksyflawon (18b) (Schemat 18.). Produkt nastepujacych
po sobie regioselektywnej demetylacji oraz 4-O-metyloglukozylacji.

Tylko jeden z wykorzystanych szczepéw entomopatogennych nie byt zdolny
do przeprowadzenia tej reakcji - szczep Beauveria bassiana KCh J1. Natomiast w hodowli
tego szczepu zaobserwowalem najwyzsze stezenie produktu regioselektywnej
O-demetylacji grupy metoksylowej zwigzanej z weglem C-3". Produktem tego procesu byt
3’-hydroksy-5,7,4’,5 -tetrametoksyflawon (18a), ktéry byt produktem posrednim, podczas
biotransformacji w kulturach pozostatych szczepdéw, niezbednym do otrzymania zwiazku
18b.
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PODSUMOWANIE

» Do przeprowadzenia opisanych biotransformacji wykorzystatem 17 szczepéw
mikroorganizméw, w tym 8 niekonwencjonalnych szczepéw  drozdzy
(z gatunkoéw Rhodotorula rubra, R. glutinis, Saccharomyces cerevisiae, Candida viswanathii,
C. parapsilosis oraz Yarrowia lipolytica) — (P1iP2), oraz 9 entomopatogennych szczepdéw
grzybow strzepkowych (z gatunkoéw Beauveria bassiana, B. caledonica, Isaria farinosa oraz
I. fumosorosea) — (P3 i P4).

> Jako substratow uzytem 18 zwigzkdéw wytworzonych na drodze syntezy chemicznej
(10 chalkonéw oraz 8 flawondéw), =z ktérych otrzymatem lacznie
28 produktow, w tym 7 dihydrochalkonéw oraz 21 pochodnych metoksyflawondéw -
osiem z przylaczona grupa hydroksylowq i trzynascie 4-O-metyloglukopiranozylo
pochodnych. Trzynascie z nich nie bylo wczesniej opisanych w literaturze.

> Zastosowane szczepy niekonwencjonalnych drozdzy z wysoka regioselektywnoscia
redukowaty wigzanie podwdjne w chalkonach pomiedzy weglem C2 a C3, czego
produktem byly odpowiednie dihydrochalkony. Testowane drozdze nie byly zdolne
do redukcji chalkonéw posiadajacych grupy metoksylowe w pierscieniu A,
w pozycjach 4, 6.

» Szczep Yarrowia lipolytica KCh 71 przeprowadzat uwodornienie badanych chalkonéw
najefektywniej.

> Najwiecej produktéw biotransformacji flawonéw zaobserwowatem, gdy przynajmniej
jeden z podstawnikéw metoksylowych znajdowat sie¢ w pozycji 2’ pierscienia B.

» Zastosowane szczepy entomopatogennych grzyboéw strzepkowych sa zdolne
do wprowadzania czasteczki 4-O-metyloglukopiranozy do struktury flawondéw
posiadajacych podstawniki metoksylowe w pierscieniu B, po wczesniejszej
ich demetylacji.

> Metoksyflawony posiadajace podstawniki metoksylowe w pierscieniu A w pozycji 5,7-
byty najczesciej przeksztatcane do pochodnych hydroksylowych. Jedynym wyjatkiem
byt 5,7,3,4',5-pentametoksyflawon, ktéry w wyniku biotransformacji w kulturach
szczepOw Beauveria bassiana KCh J1.5 zostal przeksztatcony
do 3’-O-B-D-(4"-O-metyloglukopiranozylo)-5,7,4’,5"-tetrametoksyflawonu (18b).

> 4-O-metyloglukopiranozydy = badanych flawonéw  powstajg w  procesie
dwuetapowym: metoksyflawony ulegaja najpierw demetylacji, a pdzniej dochodzi
do przylaczenia czasteczki glikozydu; pozostate flawony ulegaja najpierw
hydroksylacji i pdzniejszemu przylaczeniu 4-O-metyloglukopiranozy.

» Struktury wszystkich otrzymanych produktéw okreslitem na podstawie analizy
'"H NMR, *C NMR oraz widm korelacyjnych.

» Produkty syntez i biotransformacji flawonéw dodatkowo zanalizowatem
na podstawie stosunku ich masy do tadunku m/z na podstawie analizy
spektroskopowej LC-MS.

» W wyniku przeprowadzonych badan, opisanych w publikacjach P1-P4 powstato
19 patentow oraz 30 zgloszen patentowych dotyczacych sposobu wytwarzania
przedstawionych w dysertacji zwigzkow.
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Abstract:  Biotransformations were performed on eight selected yeast strains, all of
which were able to selectively hydrogenate the chalcone derivatives 3-(2”-furyl)-
(1) and 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) into 3-(2”-furyl)- (2) and
3-(2”7-thienyl)-1-(2’-hydroxyphenyl)-propan-1-one (4) respectively. The highest efficiency of
hydrogenation of the double bond in the substrate 1 was observed in the cultures of
Saccharomyces cerevisiae KCh 464 and Yarrowia lipolytica KCh 71 strains. The substrate was converted
into the product with > 99% conversion just in six hours after biotransformation started. The compound
containing the sulfur atom in its structure was most effectively transformed by the Yarrowia lipolytica
KCh 71 culture strain (conversion > 99%, obtained after three hours of substrate incubation).
Also, we observed that, different strains of tested yeasts are able to carry out the bioreduction of
the used substrate with different yields, depending on the presence of induced and constitutive ene
reductases in their cells. The biggest advantage of this process is the efficient production of one
product, practically without the formation of side products.

Keywords: biotransformation; chalcone; dihydrochalcone; yeast; sweeteners

1. Introduction

In recent years, there has been growing interest from the food industry in sweeteners. Within this
group of substances, dihydrochalcones are increasingly gaining attention. The increase in interest
is due to the fact that dihydrochalcones are synthesized by plant cells, and they are a daily part
of our diet [1,2]. They are present in citrus, apples, tomatoes, potatoes, bean sprouts, and other
plants [3]. Dihydrochalcones have a wide spectrum of activity, such as antiviral (the ability to inhibit
dengue virus proteases or herpes simplex virus), and anti-inflammatory and antioxidant activity [4-7].
They are also known for their activity against pathogenic microorganisms, including gram-positive
and gram-negative bacteria, as well as fungi [8] and antimalarial or anti-tuberculosis activity [9].
Dihydrochalcone (phlorizin) is an active inhibitor of fungal tyrosinase [6,10]. Dihydrochalcones are
also used in chemical synthesis to obtain biologically active compounds. 2’-Hydroxydihydrochalcon
is used as a building block in the synthesis of propafenone—the active substance of anti-arrhythmic
drugs [11-13].

Schallenberger’s hypothesis explains the sensation of sweet taste, according to which the flavor
substance and the receptor create contact by hydrogen bonding [14]. This is due to the proton donor
groups (AH) and an electron donor (B), which are also present in taste receptors and the structure of
sweet substance. The sweetness of dihydrochalcones is related to their structure. The most important
element of the structure of these compounds is the substitution of the B-ring in the meta or para position
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with at least one -OH group. The compounds that have three adjacent substituents on the B-ring do
not have a sweet taste [15]. It is suspected that the structure of the B-ring also affects the perception of
non-sweet aftertaste in dihydrochalcones, which do not always correspond to human preferences [16].
Commonly used in the food industry, neohesperidin dihydrochalcone is characterized by a licorice
flavor and a cool feeling on the tongue [17]. There is also a group of dihydrochalcone analogs,
that have a heteroatom in the B-ring and having non-sweet flavors [2]. This group also describes
3-(2”-furyl)-1-(2"-hydroxyphenyl)-propan-1-one (2), which, depending on the concentration, may have
different taste sensations: A concentration of 0.01 ppm does not show any flavor properties; 1 ppm,
soapy; umami, bitter; 10 ppm, licorice, soapy, slightly sweet, bitter, vegetable, terpenic; a particularly
interesting impression is noted in higher concentrations — 100 ppm, bitter, licorice, light-sweet, celery,
umami, and broth [2].

A method for obtaining 3-(2”-furyl)-1-(2’-hydroxyphenyl)-propan-1-one (2) with a conversion
of 75%, as a result of the chemical synthesis of 2’-hydroxyacetophenone and furfuryl alcohol with
NaOH, in the presence of an iridium catalyst, has been identified in [18]. The direct chemical
hydrogenation of chalcones to dihydrochalcones requires the use of metal salts (complexes) of
iridium, palladium, ruthenium, or nickel, and the entire reaction (due to its high flammability)
must be conducted under strictly controlled conditions [19-22]. There are no reports in the
literature regarding the use of biotechnological methods to obtain both, 3-(2”-furyl)- (2) as well
3-(2”-thienyl)-1-(2’-hydroxyphenyl)-propan-1-one (4).

The majority of living organisms are able to hydrogenate the double bond [23,24]. Yeasts possess
their specific enzymes, capable of hydrogenating chalcones [9,25,26]. Such activity is also described in
relation to other microorganisms, including bacteria, such as Gordonia sp. and Rhodococcus sp. [27],
the entomopathogenic fungus, Aspergillus flavus [6], and the cyanobacterium, Spirulina platensis [28].
The reduction of activated alkenes by ente reductases [EC 1.3.1.31], which are flavoproteins from the
old yellow enzyme (OYE) family, has been investigated in great detail [29-31]. The substrates in these
reactions are predominantly hydroxy and methoxy derivatives of chalcones. In this study, we aimed
to assess whether the heteroatom-containing substrate in the B-ring would also be accepted by the
double-binding dehydrogenase, present in the tested biocatalysts.

The main aim of the study was to assess the capability of yeast strains for the biotransformation
of a compound, containing a furan (1) and thiophene (3) substituent. Yeast strains, used in this
experiment, are the subject of many years of research conducted in the Department of Chemistry of
Wroctaw University of Environmental and Life Sciences, regarding their catalytic capabilities [26,32,33],
and have been selected as having a high ability in reduceing the double bond in the chalcone
and its derivatives [26-28]. An additional goal was to optimize the biotechnological production of
dihydrochalcone (2, 4), which would enable the development of the method of obtaining the product
on an increased scale.

2. Results and Discussion

Each of the eight tested microorganisms (Rhodotorula rubra KCh 4, Yarrowia lipolytica KCh 71,
Rhodotorula marina KCh 77, Rhodotorula rubra KCh 82, Candida viswanathii KCh 120, Rhodotorula glutinis
KCh 242, Saccharomyces cerevisiae KCh 464, Candida parapsilosis KCh 909) was able to transform both
substrates into the expected products, but the efficiency of the described process differs significantly
between the strains (Table 1 and Figure 1). High regioselectivity of the biocatalysts’ ability to reduce
the double bond was observed, which was described before on the example of other compounds, e.g.,
chalcone containing no substituents and 2’-hydroxychalcone [32,34,35].
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Table 1. Relationship between transformation of substrates 1 and 3 [%] and time in the cultures of
tested strains.

Strain Number
KCh 4 KCh 71 KCh 77 KCh 82 KCh 120 KCh 242 KCh 464 KCh 909
1 3 1 3 1 3 1 3 1 3 1 3 1 3 1 3

Time [Days]

1 91 23 98 >99 92 38 98 59 49 84 0 52 98 98 2 9
3 99 33 >99 >99 >99 60 >99 84 >99 99 0 67 >99 99 14 12
7 >99 49 >99 >99 >99 63 >99 97 >99 99 17 87 >99 98 26 16
100 & L - A
B
80

- |

A

20

0 A 0 k —

composition of reaction mixture [%]
composition of reaction mixture [%]

0 20 40 60 0 20 40 60

biotransformation time [houes) biotransformation time [houes]

Figure 1. Time dependence of the transformation of chalcone (1) in the culture of: (A) Rhodotorula rubra
KCh 4; (B) Yarrowia lipolytica KCh 71.

In the experiment, 3-(2”-furyl)- (1) and 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one
(3) were obtained by chemical synthesis, and then converted to 3-(2”-furyl)- (2) and
3-(2”-thienyl)-1-(2’-hydroxyphenyl)-propan-1-one (4) wusing biotransformation methods on
a semi-preparative scale (Figures 2 and 3). The obtained products 1-4 were purified (isolated
yield > 70%) and their structures were determined on the basis of NMR analysis (H-NMR, 3C-NMR
and correlation spectra - HMBC; HMQC, COSY) as well as by gas chromatography (GC) and thin-layer
chromatography (TLC) analysis (Supplementary Materials).

microorganism O

OH

Figure 2. Biotransformation of 3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (1) by selected yeast
cultures. The ring designations and the numbering of carbon atoms have been placed on compound 1.

@] @]
| = S | S

microorganism

|/ |/
OH OH
3 4

Figure 3. Biotransformation of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) by selected
yeast cultures.
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The reduction of the double bond was the most efficient in the Saccharomyces cerevisine KCh 464
strain, where over 99% of the product 2 was observed in the reaction medium after six-hour substrate
incubation (Table 2). On the first day of the reaction, the four tested microorganisms exceeded the
threshold of 90% of the substrate 1 conversion: R. rubra KCh 4, R. rubra KCh 82, Y. lipolytica KCh 71,
R. marina KCh 77. In the culture of C. viswanathii KCh 120, the 90% limit was exceeded after three
days of the biotransformation process. A surprisingly low conversion was observed for the strains
R. glutinis KCh 242 and C. parapsilosis KCh 909 (Table 1). High hydrogenation of the double bond in the
cultures of these strains was observed for chalcone and its methoxy derivatives [32,36].

Table 2. Transformation of the substrate 1 by selected strains.

Strain Number

Time [h]
KCh4 KCh71 KCh120 KCh464
1 5+1.1 52 +45 2+05 40+2.1
3 6+0.1 88 +1.6 2+04 84+29
6 9+05 >99 +0.0 4+09 98 + 0.5
12 10+ 0.9 >99 £ 0.0 9+05 99 + 0.6

Substrate 3 was most effectively transformed by the Y. lipolytica KCh 71 strain. The conversion
above 99% was recorded after the third hour of biotransformation. A high efficiency of reduction
of the double bond of chalcone derivatives was also confirmed for Saccharomyces cerevisiae KCh 464
strain (conversion > 98% after three hours of transformation). For most of the tested strains, a lower
conversion of the substrate, containing thiophene (3) in its, compared to the furan-containing substrate
(1), was observed. Interestingly, the strain Rhodotorula rubra KCh 4 after twelve hours showed only
10% of substrate 1 conversion, and after 24h it was already 91% (Figure 1), which may indicate that ene
reductases are not present in the cell, but their production begins as a response to the stimulus (substrate
induction) from the environment. An analogous induction of dehydrogenases (ene reductases) was
observed for the strain C. viswanathii KCh 120. In the culture of this strain, substrate 3 was converted
faster. However, conversion above 98% was achieved for both substrates at the same time in three
days. Based on the obtained results, it can be concluded that the constitutive enzyme is present
in Y. lipolytica KCh 71 and S. cerevisinze KCh 464 strains (observations for both substrates 1 and 3).
Biotransformations with these microorganisms show the fastest conversion progress, compared to
other used microorganisms for both substrate 1 and 3 (Tables 1-3). Similar observations were obtained
during the biotransformation of chalcone and described earlier [32].

Table 3. Transformation of the substrate 3 by selected strains.

Strain Number

Time [h]
KCh71 KCh120 KCh242 KCh464
1 67 +£3.9 0+0.0 1+0.6 35+3.6
3 >99 + 0.0 10+1.1 5+05 64 +09
6 >99 + 0.0 14+12 9+0.6 83 + 0.6
12 >99 + 0.0 25+3.1 12+ 0.9 98 +0.3

The strains of the species Saccharomyces cerevisiae are widely described as biocatalysts,
effectively reducing the double bond in various compounds — derivatives of chalcones [9], containing
methyl, methoxy, hydroxy substituents [37], and even bromine or chlorine [33,38], in both A and
B-rings. On the basis of the results obtained in this study, it can be concluded that a chalcone derivative,
containing a heteroatom in the B-ring, is effectively transformed by this strain. In previous studies
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during biotransformation of chalcones, in addition to the hydrogenation product, a carbonyl reduction
product was also observed [28,32,37,39]. In this study, additional products were not observed in any of
the reactions carried out for the test compounds.

Biotransformation

The obtained product 3-(2”-furyl)-1-(2’-hydroxyphenyl)-propan-1-one (2) was characterized by
the following NMR spectrum: '"H-NMR (600 MHz) (CDCl3) § (ppm): 3.07-3.12 (m, 2H, H-3), 3.34-3.41
(m, 2H, H-2), 6.06 (dq, 1H, ] = 3.2, 0.8 Hz, H-3"), 6.29 (dd, 1H, ] = 3.1, 1.9 Hz, H-4"), 6.90 (ddd, 1H,
J=82,71,12Hz H-5),7.02 (dd, 1H, ] = 8.4, 0.9 Hz, H-3'), 7.32 (dd, 1H, | = 1.8, 0.8 Hz, H-5"),
749 (ddd, 1H,] =8.5,7.2,1.6 Hz, H-4"), 7.92 (dd, 1H, | = 8.0, 1.6 Hz, H-6"), 12.23 (s, 1H, -OH).

13C-NMR (151 MHz, CDCl3) § = 22.50 (C-3), 36.73 (C-2), 105.69 (C-3"), 110.44 (C-4"), 118.72 (C-3"),
119.12 (C-5"), 119.40 (C-1"), 129.94 (C-6"), 136.56 (C-4’), 141.41 (C-5"), 154.33 (C-2"), 162.56 (C-2"),
204.90 (C-1).

The obtained product 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-propane-1-one (4) was characterized by
the following NMR spectrum: H-NMR (600 MHz) (CDCl3) & (ppm): 3.27-3.33 (m, 2H, H-3), 3.37-3.43
(m, 2H, H-2), 6.87 (dq, 1H, | = 3.4, 1.0 Hz, H-3"), 6.90 (ddd, 1H, ] = 7.4, 7.1, 1.0 Hz, H-5’), 6.29 (dd,
1H,]=5.1,3.4 Hz, H-4"), 6.99 (ddd, 1H, ] =84, 1.1, 0.4 Hz, H-3"), 7.14 (dd, 1H, ] = 5.1, 1.2 Hz, H-5"),
7.47(ddd, 1H, ] = 8.4,7.3,1.5 Hz, H-4"), 7.76 (dd, 1H, ] = 8.1, 1.6 Hz, H-6"), 12.24 (s, 1H, -OH).

13C-NMR (151 MHz, CDCl3) § = 24.16 (C-3), 40.26 (C-2), 118.73 (C-3"), 119.13 (C-5"), 119.38 (C-1"),
123.72 (C-5”), 124.99 (C-3"), 127.06 (C-4”), 129.90 (C-6"), 136.60 (C-4’), 143.40 (C-2"), 162.56 (C-2'),
204.76 (C-1).

3. Materials and Methods

3.1. Substrate

The substrates, used for biotransformation, were obtained by Claisen-Shmidt condensation
reaction of 2-hydroxyacetophenone (5) with furfural (6) or aldehyde 7 [purchased
from Sigma-Aldrich (St Louis, MO, USA)] dissolved in methanol in an alkaline
environment at high temperature (Figures 4 and 5) according to the procedure described
previously [32,40]. The resulting 3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (1)
and 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) were used as a substrates for
the biotransformation.

(0]

)
” H ] ) NaOH, MeOH I = @)
E:@ + /\L/) reflux through 2h m
OH OH
5 6 1

Figure 4. Synthesis of 3-(2”-furyl)-1-(2"-hydroxyphenyl)-prop-2-en-1-one (1).

0 o)
H S NaOH, MeOH = S
— >
+ | / reflux through 2h | /
OH OH
5 7 3

Figure 5. Synthesis of 3-(2”-thienyl)-1-(2"-hydroxyphenyl)-prop-2-en-1-one (3).

The resulting compound (1) was characterized by the following NMR spectral data:
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'H-NMR (600 MHz) (CDCl3) & (ppm): 6.54 (dd, 1H, ] = 3.4, 1.8 Hz, H-3"), 6.77 (d, 1H, ] = 3.4 Hz,
H-47),6.93 (ddd, 1H, ] =8.2,7.2,1.1 Hz, H-5"),7.02 (dd, 1H, | = 8.4, 0.9 Hz, H-3"), 7.49 (ddd, 1H, | = 8.6,
7.2,1.6 Hz, H-4"),7.55 (d, 1H, ] = 15.1 Hz, H-2), 7.56 (d, 1H, ] = 1.4 Hz, H-5"), 7.68 (d, 1H, ] = 15.2 Hz,
H-3),7.92 (dd, 1H, | = 8.1, 1.6 Hz, H-6"), 12.89 (s, 1H, -OH).

13C-NMR (151 MHz, CDCl3) § = 113.03 (C-4"), 117.29 (C-3"), 117.73 (C-2), 118.66 (C-3"), 118.98
(C-5),120.17 (C-1"), 129.77 (C-6"), 131.26 (C-3), 136.44 (C-4"), 145.55 (C-5”), 151.65 (C-2"), 163.66 (C-2'),
193.46 (C-1).

The resulting compound (3) was characterized by the following NMR spectral data:

'H-NMR (600 MHz) (CDCl3) & (ppm): 6.95 (ddd, 1H, ] =8.1,7.1,1.1 Hz, H-5"), 7.02 (dd, 1H, ] = 8.4,
1.2 Hz, H-3"),7.12 (ddd, 1H,J =] =5.0,3.7, 0,3 Hz, H-4"), 7.41 (d, 1H, | = 3.6, Hz, H-3"), 7.44 (d, 1H,
J=152Hz, H-2),7.47 (d, 1H, ] = 49 Hz, H-5"), 7.49 (ddd, 1H, ] = 8.4, 7.2, 1.5 Hz, H-4’), 7.89 (dd, 1H,
J=8.1,1.6 Hz, H-6"),8.05 (dd, 1H, | = 15.2, 0,5 Hz, H-3), 12.85 (s, 1H, -OH).

13C-NMR (151 MHz, CDCl3) & (ppm) = 118.74 (C-3"), 118.95 (C-2), 118.99 (C-5), 120.06 (C-1"),
128.66 (C-4"), 129.65 (C-6"), 129.68 (C-5"), 132.89 (C-3"), 136.49 (C-4"), 138.00 (C-3), 140.30 (C-27),
163.69 (C-2"), 193.27 (C-1).

3.2. Microorganisms

The studies were carried out on eight strains of yeasts of the species Rhodotorula rubra (KCh 4
and KCh 82), Rhodotorula marina (KCh 77), Rhodotorula glutinis (KCh 242), Yarrowia lipolytica (KCh
71), Candida viswanathii (KCh 120), Saccharomyces cerevisine (KCh 464), and Candida parapsilosis (KCh
909), which have already been described [26,33], and come from the collection of the Department of
Chemistry of Wroctaw University of Environmental and Life Sciences, Poland. All the strains were
cultivated on a Sabouraud agar consisting of aminobac (5 g), glucose (40 g) and agar (15 g) dissolved
in 1L of distilled water and pH 5.5 and stored in a fridge at 4 °C.

3.3. Analysis

Initial tests were carried out using TLC plates (SiO,, DC Alufolien Kieselgel 60 Fps4 (0.2 mm thick),
Merck, Darmstadt, Germany). The product separation on a plate in cyclohexane is Ethyl acetate eluent
(9:1 v/v). The product was observed (without additional visualization) under the UV lamp for the
wavelength of 254 nm.

3.4. Gas Chromatography (GC)

GC analysis were performed using an Agilent 7890A gas chromatograph, equipped with
a flame ionization detector (FID) (Agilent, Santa Clara, CA, USA). The capillary column DB-5HT
(30 m x 0.25 mm X 0.10 pm) was used to determine the composition of the product mixtures.
A temperature program was applied as follows: 80-300 °C, the temperature on the detector: 300 °C,
injection 1 pl, flow 1 mL/min, flow Hj: 35 mL/min, air flow; 300 mL/min, time of analysis; 18.67 min.
The retention time of the substrate 1—9,6 min, product 2 retention time—8,5 min. The retention times
for compounds having the thiophene substituent 3 and 4 were recorded as 10,8 min, and 9,7 min,
respectively (Supplementary Materials).

3.5. NMR Analysis

NMR analysis was performed using a DRX 600 MHz Bruker spectrometer (Bruker, Billerica,
MA, USA). The prepared samples were dissolved in deuterated chloroform CDCL;. The analyses
performed, included IH-NMR, 13C-NMR, HMBC (two-dimensional analysis) HMQC (heteronuclear
correlation) and COSY (correlation spectroscopy) (Supplementary Materials).
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3.6. Screening

Erlenmeyer flasks with a capacity of 300 mL were used for biotransformation; each contained
100 ml of the culture medium — Sabouraud (3% glucose, 1% peptone). The transplanted microorganisms
were incubated for three days at 24 °C on a rotary shaker (144 rpm). After this time, the substrates 1 and
3 were added in an amount of 10 mg, dissolved in 1 mL of DMSO (dimethyl sulfoxide). Samples were
collected after 1, 3, 6, 12 hours and 1, 3, and 7 day of incubation. After this time, samples were extracted
with ethyl acetate, dried with anhydrous magnesium sulfate (MgSO,), and analyzed by TLC and GC.

3.7. Semi-Preparative Scale

Semi-preparative biotransformations were performed in 2 L Erlenmeyer flasks, each containing
500 mL of culture medium (3% glucose, 1% peptone). The transferred microorganisms were incubated
for three days at 24 °C on a rotary shaker. After this time, the substrate was added in 100 mg,
dissolved in 2 mL of DMSO. After ten days, the product in the mixture was isolated by triple extraction
with ethyl acetate (3 extractions of 300 mL). After drying with anhydrous magnesium sulfate, and
concentrating the sample by using a rotary evaporator, the obtained product was analyzed by GC
and NMR.

The biotransformation product was separated on preparative TLC plates (1000 um, silica gel
plates (Anatech, Gehrden, Germany) with cyclohexane: Ethyl acetate eluent (9:1 v/v). After separation,
the product was scraped from the plate, extracted twice from the gel with ethyl acetate, dried with
magnesium sulfate and concentrated by a rotary vacuum evaporator. A one-day transformation
of 3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (1) (100mg) in Y. lipolytica KCh 71 gave 72 mg
(colorless oil) of 3-(2”-furyl)-1-(2’-hydroxyphenyl)-propan-1-one (2). One-day transformation of
3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) (100mg) in the same strain culture yielded 76 mg
(pale yellow oil) of 3-(2”-thienyl)-1-(2"-hydroxyphenyl)-propan-1-one (4). The resulting products were
then analyzed by NMR spectroscopy.

4. Conclusions

There is known catalytic activity of ene reductases present in many yeast species, consisting in
the hydrogenation of chalcone to dihydrochalcone. In this study, 3-2”-furyl)- (1) and
3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) were biotransformed using eight yeast strains.
The purpose was to test the microorganisms” ability to selectively hydrogenate the double bond in
chalcone containing heteroatom, in one of the rings, and select the most efficiently transforming
strain. A significant factor in this type of reaction is not only its duration and the efficiency
with which the substrate is transformed, but also the lack of by-products. Out of the available
microorganisms, the fastest conversions of substrate 1 to the expected product were observed in
Saccharomyces cerevisine KCh 464 and Y. lipolytica KCh 71 strains. Product 2 was observed following
the first hour of biotransformation (constitutive enzyme), and the conversion efficiency >99% was
recorded as early as six hours after the start of the biotransformation. High conversion of substrate
1, higher than 90% after 24 hours of biotransformation, was also observed in the R. rubra KCh
4 culture. However, when analyzing the composition of the reaction mixture in twelve hours,
the observed substrate conversion did not exceed 10%. This biotransformation pattern indicates that it
is probably the result of substrate-induced ene reductases. Comparing these data to the conversion of
2-hydroxychalcone to dihydrochalcone, as previously described in [32], where the above-mentioned
strains were also tested, we observed that the presence of the heteroatom in the B-ring practically does
not affect the transformation efficiency—after 72 hours in the case of KCh 71 and KCh 464 strains;
however, it is much more efficient in the case of the strain KCh 4. Substrate 3, which is composed
of a sulfur atom in ring B, was analogously converted by the tested biocatalysts in the same way
as substrate 1. Substrate 3 was most effectively transformed by Y. lipolytica KCh 71 strain culture.
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During this biotransformation, 3-(2”-thienyl)-1-(2"-hydroxyphenyl)-propan-1-one (4) was obtained in
99% yield after the third hour of transformation.

Supplementary Materials: Supplementary materials are available online.
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FigureS1. 'H-NMR spectral of 3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (1) (CDCls, 600 MHz)
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FigureS2. Part of the *H-NMR spectral of 3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (1) (CDCls, 600 MHz)
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FigureS3. 1¥*C-NMR spectral of 3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (1) (CDCls, 151 MHz)
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FigureS4. HSQC spectral of 3-(2”-furyl)-1-(2°-hydroxyphenyl)-prop-2-en-1-one (1) (CDCls, 151 MHz)
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FigureS5. COSY spectral of 3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (1) (CDCl3z, 600 MHz)
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FigureS7. Part of the 'H-NMR spectral of 3-(2-furyl)-1-(2’-hydroxyphenyl)- propan-1-one (2) (CDCls, 600 MHz)
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FigureS8. ®*C-NMR spectral of 3-(2”-furyl)-1-(2’-hydroxyphenyl)- propan-1-one (2) (CDCls, 151 MHz)

w
TJ-ML-prep2 : 0.0080
single pulse decoupled gated NOE
F0.0075
o

r0.0070

204.90
§
—162.56
154.33
\ 14141
-~ 136.56
/129.94
119.40
119.12
118.72
110.44
105.69
36.73
92,50

0.0065

A
\

OH

0.0060
0.0055
0.0050
0.0045
0.0040
0.0035
0.0030
0.0025
0.0020
0.0015
0.0010
0.0005

~-0.0005

T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)



FigureS9. HSQC spectral of 3-(2”-furyl)-1-(2’-hydroxyphenyl)- propan-1-one (2) (CDCls, 151 MHz)
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FigureS10. COSY spectral of 3-(2”-furyl)-1-(2’-hydroxyphenyl)- propan-1-one (2) (CDCls, 600 MHz)
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FigureS11. 'H-NMR spectral of 3-(2-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) (CDCls, 600 MHz)
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FigureS12. Part of the 'H-NMR spectral of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) (CDCls, 600 MHz)
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FigureS13. *C-NMR spectral of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) (CDCls, 151 MHz)
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FigureS14. HSQC spectral of 3-(2-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) (CDCls, 151 MHz)

TI-MK-2-T-s

gradient enhanced HMQC with X-decoupling

rii4
riie
(0]

— 118

S

W

r120
OH
r122
r124
r126
r128
r130
r132

r134

r136

r138

140

=142

r0.050

0.045

r0.040

0.035

r0.030

0.025

r0.020

r0.015

r0.010

0.005

r0.000

f1 (ppm)



FigureS15. COSY spectral of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) (CDCl3z, 600 MHz)
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FigureS16. HMBC spectral of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3) (CDCls, 151 MHz)
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FigureS17. 'H-NMR spectral of 3-(2-thienyl)-1-(2’-hydroxyphenyl)-propan-1-one (4) (CDCls, 600 MHz)
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FigureS19. ¥ C-NMR spectral of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)- propan-1-one (4) (CDCls, 151 MHz)
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FigureS20. HSQC spectral of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)- propan-1-one (4) (CDCls, 151 MHz)
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FigureS21. COSY spectral of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)- propan-1-one (4) (CDCls, 600 MHz)
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FigureS22. HMBC spectral of 3-(2”-thienyl)-1-(2’-hydroxyphenyl)- propan-1-one (4) (CDCls, 151 MHz)
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Selected chromatograms of biotransformation course:

FigureS23. Chromatogram presenting the composition of reaction mixture after 1 hour incubation of 1 in the culture
of the Saccharomyces cerevisiae KCh 464 strain.

Retention time of the substrate (3-(2”-furyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (1)) — 9.6min and product (3-(2”-
furyl)-1-(2°-hydroxyphenyl)- propan-1-one (2)) - 8.5min.

FID1 A, Front Signal (KOPIA PLIKOW - GC\TJ_ML_S2\ML_F_S_GODZ1-12 2019-07-24 17-04-34\ML_F_464_1H_2.0)
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FigureS24. Chromatogram presenting the composition of reaction mixture after 3 hours incubation of 1 in the culture
of the Saccharomyces cerevisiae KCh 464 strain.
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FigureS25. Chromatogram presenting the composition of reaction mixture after 6 hours incubation of 1 in the culture
of the Saccharomyces cerevisiae KCh 464 strain.
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FigureS26. Chromatogram presenting the composition of reaction mixture after 12 hours incubation of 1 in the culture
of the Saccharomyces cerevisiae KCh 464 strain.
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FigureS27. Chromatogram presenting the composition of reaction mixture after 1 hour incubation of 3 in the culture
of the Saccharomyces cerevisiae KCh 464 strain.

Retention time of the substrate (3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one (3)) — 10.8min and product (3-
(27-thienyl)-1-(2’-hydroxyphenyl)- propan-1-one (4)) - 9.7min.
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FigureS29. Chromatogram presenting the composition of reaction mixture after 6 hours incubation of 3 in the culture
of the Saccharomyces cerevisiae KCh 464 strain.
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Abstract: We describe the impact of the number and location of methoxy groups in the structure
of chalcones on the speed and efficiency of their transformation by unconventional yeast strains.
The effect of substrate concentration on the conversion efficiency in the culture of the Yarrowia lipolytica
KCh 71 strain was tested. In the culture of this strain, monomethoxychalcones (2’-hydroxy-2"'-, 3"-
and 4”-methoxychalcone) were effectively hydrogenated at over 40% to the specific dihydrochalcones
at a concentration of 0.5 g/L of medium after just 1 h of incubation. A conversion rate of over 40%
was also observed for concentrations of these compounds of 1 g/L of medium after three hours
of transformation. As the number of methoxy substituents increases in the chalcone substrate,
the rate and efficiency of transformation to dihydrochalcones decreased. The only exception was
2’-hydroxy-2",5” -dimethoxychalcone, which was transformed into dihydrochalcone by strain KCh71
with a yield comparable to that of chalcone containing a single methoxy group.

Keywords: biotransformations; sweeteners; methoxychalcones; dihydrochalcones; yeast

1. Introduction

Sweet taste plays a dominant role in human food preferences [1]. It is the most important sensory
feature of food products. It is not only a source of pleasure but also a basic energy stimulus for the body.
Prospective studies have provided information on the correlation between excessive consumption
of sugar and sugar-rich products, and an increased risk of pancreatic cancer. Given the role of
hyperglycaemia and hyperinsulinaemia in the development of this cancer, it has been established
that the direct cause of organ tissue death is the induction of frequent food hyperglycaemia and the
increase in demand and reduction of insulin sensitivity [2]. There is also growing evidence of the role
of increased sugar consumption in the development of hypertension, inflammation, and coronary
artery disease [3-5].

For this reason, low-energy substitutes are being sought, exhibiting physical and chemical
properties comparable to sucrose, but providing additional health benefits [6]. The increased interest
in a healthy lifestyle and increased incidence of diseases caused by impaired metabolism of sugar
compounds enhance the popularity of products containing sweeteners with reduced caloric value [7].
Sweeteners are defined as food additives that mimic the feeling of sweet taste, similar to saccharose [8].
Dihydrochalcones interacting with the receptors of sweet taste, T1R2, are included in this group [9].
An ideal sweetener, apart from low caloric value and sweetness intensity, similar to sucrose,
should be safe for the health of the consumer and also stable in various processing conditions [6,10].
The multiplicity of restrictions and disadvantages of sweetener substances available on the market
has created the need to search for new compounds that are more beneficial in terms of their impact
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on human health and more attractive to industry [11]. Dihydrochalcones raise significant interest
in this area [12-14]. They are obtained as a result of hydrogenation of chalcones, and show great
potential as synthetic sweeteners [15,16]. The best-studied compound reported as an intensely sweet
substance is neohesperidin dihydrochalcone [17]. Desirable biological properties characterise most
of the dihydrochalcones found in plants. Phloretin and phlorizin (found in apples) significantly
reduce the risk of developing cardiovascular disease and diabetes [18]. Aspalathin is found mainly in
larger quantities in the leaves of Aspalathus linearis (6-13%), and in the stems it is much less abundant
(0.16-0.78%). It affects the reduction of oxidative stress and may slow down the ageing process [19].
The main aim of our research was to obtain, as a result of biotransformation, a bank of
dihydrochalcones characterised by a sweet taste. Additionally, we characterised the ability of selected
yeast strains to hydrogenate both natural and unidentified in plants chalcones. Unconventional yeasts
were used as biocatalysts because of specific enzymes capable of hydrogenation of chalcones [20-23].
Eight microorganisms were chosen to perform biotransformations; however, in this work, we pay
special attention to the study of the catalytic capacity of a strain of the species Yarrowia lipolytica, which is
currently known for its use in the production of many substances essential for the food industry:
organic acids [24-26], polyols [27-30], fragrance substances [31,32], hydrolytic enzymes [33-35],
and biomass [36]. One of the unique features of Y. lipolytica is the ability to use many unconventional
carbon sources for its culture, such as alkanes, glycerol, or fatty acids [36-39]. The extraordinary interest
in Y. lipolytica yeast is due to its strong tolerance to changes in pH, salt concentration, and a wide range
of carbon sources that simplify the optimisation of bioprocesses and facilitate the use of non-glucose
based raw materials [40,41]. More importantly, the GRAS status (Generally Recognised As Safe) defines
strains of the Y. lipolytica species as an attractive and environmentally friendly microbiological tool
for the production of nutraceuticals, fermented foods, and dietary supplements [41-43]. Yeast of
this species received marketing authorisation as a novel food in 2019 (EU Regulation 2019/760).
The maximum dose used is 3 g per day for children aged 3 to 10 years. Above the age of 10, the dose is
6 g a day [44]. The ability of strains of this species to effectively hydrogenate chalcones observed in our
previous studies [22,23] may, in the future, result in the development of preparations combining the
nutritional values of this species’ strain, and the health and sensory properties of dihydrochalcones.
The combination of chemical and biological methods allows for obtaining new compounds, and the
development of unique processes, will enable the development of new ways to obtain sweeteners.

2. Results and Discussion

The main purpose of the study was to assess the capacity of various yeast strains for selective
reduction of the double bond in a series of methoxychalcones obtained as a result of chemical synthesis.
Additionally, the influence of the number and the position of methoxy substituents on the speed of
biotransformation was checked. The selected substrates had one (1, 2, 3), two (4, 6), three (5, 7) or five
(8) methoxy groups, and also the hydroxyl group at the 2’ position of the A ring (crucial for natural
chalcones) (Scheme 1).

5 1

R® 0O o R R0 R R 0 R'

2
R 2 R2
H NaOH, MeOH “ R microorganism
. + 3 2h reflux

R OH . rR® OH R® R’ OH rR®

R 4 R*

A* B* 1-8 R 9-13

Scheme 1. Synthesis of chalcones and dihydrochalcones obtained as a result of transformation by
unconventional yeast strains.

Eight microorganisms (Rhodotorula rubra KCh 4, Yarrowia lipolytica KCh 71, Rhodotorula marina
KCh 77, Rhodotorula rubra KCh 82, Candida viswanathii KCh 120, Rhodotorula glutinis KCh 242,
Saccharomyces cerevisinze KCh 464, and Candida parapsilosis KCh 909) [13,23] were chosen based on
their previously observed high regioselectivity during biotransformation, among others 3-(2”-furyl)-
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and 3-(2”-thienyl)-1-(2’-hydroxyphenyl)-prop-2-en-1-one [23]. The strains have a high ability to
hydrogenate the double bond between C2-C3 in compounds lacking additional functional groups [13].

Eight substrates (1-8) were obtained as a result of chemical synthesis, according to the
Claisen-Schmidt reaction (Table 1). Chemically obtained chalcones (1-8) and dihydrochalcones
(9-13) resulting from biotransformation were purified and then characterised by NMR (\H NMR,
13C NMR, correlation spectra and long-range heteronuclear correlation—HMBC (Heteronuclear
Multiple Bond Correlation)) and gas chromatography analysis (GC), and as well thin layer liquid
chromatography (TLC) analysis.

Table 1. Chalcones obtained by chemical synthesis and dihydrochalcones identify as a results

of biotransformations.
Chalcones Dihydrochalcones R1 R2 R3 R4 R5 R6
1 9 -OCHj; -H -H -H -H -H
2 10 -H -OCHj3; -H -H -H -H
3 11 -H -H -OCHj3; -H -H -H
4 12 -OCHj; -H -H -OCHj; -H -H
5 13 -H -OCHj3; -OCHj3; -OCHj; -H -H
6 - H H -H -H -OCH;, -OCH;,
7 - -H -H -OCHj3; -H -OCHj; -OCHj;
8 - -H -OCHj; -OCHj; -OCHj; -OCHj3; -OCHj;

Five out of eight substrates (compounds 1-5), all having methoxy substituents only in the B ring,
were transformed to dihydrochalcones (2’-hydroxy-2"’-methoxy-«, 3-dihydrochalcone (9), 2’-hydroxy-
3”-methoxy-«, 3-dihydrochalcone (10), 2’-hydroxy-4”-methoxy-«, 3- dihydrochalcone (11), 2’-hydroxy-
2”,5”-dimethoxy-a, 3-dihydrochalcone (12), and 2’-hydroxy- 3”,4”,5”-trimethoxy-c, 3-dihydrochalcone
(13)). In contrast, no conversion of substrates having methoxyl substituents also at the 4’,6’
positions of ring A (substrates 6, 7, and 8), to the expected product was observed, regardless
of the used strain. The highest substrate conversion was observed in the culture of the
Yarrowia lipolytica KCh 71 strain (Table 2). We observed very high conversions (88-99%) of the
four used substrates—2’-hydroxy-2”-methoxychalcone (1), 2’-hydroxy-3”-methoxychalcone (2),
2’-hydroxy-4”-methoxychalcone (3), and 2’-hydroxy-2”,5”-dimethoxychalcone (4)—in the culture
of this strain after just one day. At the same time, as the number of methoxyl groups in the B ring
increased, the conversion efficiency to dihydrochalcones decreased. For a substrate containing three
methoxyl groups in the 3”7, 4”, and 5” positions (5), after reaching a certain level, the biotransformation
was stopped and, with the expiration of the time, the substrate was no longer converted.

The results of each reaction were analysed in two aspects: (a) strains performing effective
hydrogenation of as many substrates as possible, regardless of their structure. Considering this
criterion, the best biocatalyst turned out to be the Yarrowia lipolytica KCh 71 strain (Table 2). Similar
efficiencies of this strain have also been described during biotransformation of chalcone having
heteroatom in the B ring [23]; (b) most efficiently converted substrate. In this case, with the increasing
number of methoxyl groups in the B ring, the conversion efficiency of the substrate decreased, while in
the presence of methoxyl substituents in the A ring, the product did not occur at all. These results
were noted for most of the tested biocatalysts (Table 2).
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Table 2. Conversion [%] of the substrates in time.

Substrate 2’-hydroxy-2''- 2’-hydroxy-3"- 2’-hydroxy-4"- 2’-hydroxy-2",5"- 2’-hydroxy-3",4",5"-
methoxychalcone (1) methoxychalcone (2) methoxychalcone (3) dimethoxychalcone (4)  trimethoxychalcone (5)

Incubation Time [days] 1 3 7 1 3 7 1 3 7 1 3 7 1 3 7
Rhodotorula rubra KCh 4 2 3 4 7 8 10 5 5 8 4 5 7 0 0 2
Yarrowia lipolytica KCh 71 98 99 99 96 97 98 88 95 96 99 99 99 7 14 20
Rhodotorula marina KCh 77 3 3 4 8 8 10 10 14 17 2 5 8 0 3 5
Rhodotorula rubra KCh 82 3 3 3 25 30 43 6 8 13 2 4 6 0 4 6
Candida viswanathii KCh 120 98 99 99 70 95 95 98 98 98 0 39 58 6 10 19
Rhodotorula glutinis KCh 242 2 3 14 95 95 95 43 75 94 3 6 6 4 4 6
Saccharomyces cerevisiae KCh 464 10 14 34 6 12 24 74 86 97 3 4 5 3 4 9
Candida parapsilosis KCh 909 44 68 83 33 54 73 29 75 84 12 17 48 4 6 7
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Also, the methoxyl substitution position affected the rate and efficiency of the hydrogenation
process. These differences are seen the best in the R. glutinis KCh 242 strain, in a culture whose
conversion of compounds containing one methoxyl group in various positions (in the same ring) is
diametrically different. Substrate 1 having a methoxyl group at the C-2” carbon was 14% converted
after seven days of incubation, whereas for substrates 2 and 3 (methoxyl group located at C-3” and
C-4”, respectively) conversion rates exceeded 90% after seven days (Figure 1A). Another preference,
selectivity due to the structure of the substrate, was observed for the strain Saccharomyces cerevisiae
KCh 464, for which a significantly higher conversion was recorded for compound 3. Compounds with
the methoxy group located at the C-2"and C-3” carbon demonstrate a much slower conversion in the
culture of this strain (Figure 1 B). This observation was surprising because strains of this species in
many papers are described as effective and universal biocatalysts for the hydrogenation of double
bonds, both in chalcones [13,20] and other compounds containing the enone moiety [45,46].

KCh 242 (A) KCh 464 (B)

95 95 95 97
100 4 100 85
— 80 =80 - 74 L
£ &, I
£ 60 £ 60 -
3 34 |
g 40 §40 > 34 =
5 s
0 0
1d 3d 7d 1d 3d 7d 1d | 3d 7d‘
1 2 3 1 2 3 ‘

Figure 1. (A) Substrate conversionby R. glutinis KCh 242 strain after 1 and 7 days of incubation.
(1) 2’-hydroxy-2"-methoxychalcone, (2) 2’-hydroxy-3”-methoxychalcone and (3) 2’-hydroxy-4"-
methoxychalcone; (B) Substrate conversionby S. Cerevisite KCh 464 strain after 1 and 7 days

of incubation. (1) 2’-hydroxy-2”-methoxychalcone, (2) 2’-hydroxy-3”-methoxychalcone and (3)
2’-hydroxy-4"-methoxychalcone.

Based on screening tests, we decided to choose Yarrowia lipolytica KCh 71 strain for further
experiments. This strain showed the highest conversion and the largest number of substrates tested
after just one day of biotransformation. In addition, yeast from this species was authorised in 2019 as a
novel food (EU Regulation 2019/760). The use of a strain with such properties, as a biocatalyst, minimises
the possibility of extraction of any toxic metabolites with the obtained product [44]. For these reasons,
we decided to check the progress of biotransformation during the first day of substrate incubation,
and the ability of this strain to hydrogenate higher concentrations of tested compounds. At this
stage, the four most efficiently convertible compounds were used as substrates (1-4). The standard
concentration of substrate for screening tests was 100 mg/L. However, we tested and compared the
efficiency of this reaction by increasing the scale of the process so that the medium contained a
maximum of 5 g of substrate per 1 L of a medium, which is shown in the table (Table 3).
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Table 3. Conversion of selected substrates depending on their concentration and biotransformation
time, performed in triplicate.

Concentration Biotransformation Time
Substrate [g/L]
1h 3h 6h 12 h 24 h

1 0.1 87 +1.2 96 + 3.5 100 = 0.0 100 = 0.0 100 = 0.6
0.5 41+71 92 + 3.0 98 + 0.0 100 + 0.0 100 + 0.6

1 26 +4.9 57 +6.7 69 +7.6 83+7.2 94 + 0.0

2 15+15 32+21 36 +1.7 43 +42 70 £ 45

5 6+1.0 14+20 16 2.3 19+25 49 + 0.6

2 0.1 66 = 8.1 91 +5.0 91 +8.1 93 +1.0 95+ 1.5
0.5 46 +5.8 77 + 4.4 85+32 90 +1.0 93 +1.0

1 27 +2.0 41 + 4.7 49 +47 60 +£4.9 64 +£35

2 14+15 25+1.2 30+2.6 31+14 37 +3.2

5 5+0.6 8+0.0 9+0.6 10+ 0.6 16 +1.2

3 0.1 74+15 95+15 98 + 0.6 98 + 0.6 98 + 0.0
0.5 51 +5.3 75+ 2.6 88 +1.7 96 = 0.6 97 = 0.6

1 23+25 44 +15 51+1.0 66 +7.0 77 £+ 6.4

2 11+0.6 22+1.0 26+1.2 33+3.2 48 +4.0

5 4+0.6 6+12 8+17 12 +£3.0 22 +5.0

4 0.1 91 £ 3.5 96 + 0.6 99 + 0.0 99 + 0.0 99 + 0.0
0.5 40 + 3.6 50 + 3.6 43+26 44 + 0.6 49+1.2

1 15+15 26 +3.2 25+3.5 25+26 29 +2.0

2 9+1.2 13+2.1 13+1.5 14+17 16 +2.5

5 3+0.6 4+0.6 5+0.6 615 7+15

In this part of the experiment, the scale of the process was changed and Riplate square wells
were used instead of Erlenmeyer flasks. This test was performed in triplicate. The substrate addition
was as follows: 0.3, 1.5, 3, 6, and 15 mg per well, which corresponds to concentrations: 100, 500,
1,2, and 5 g per 1 L of culture medium, respectively. At the lower concentrations, there is no
significant difference between the conversion of various substrates. As the concentration increases,
2’-hydroxy-2”-methoxychalcone (1) is transformed the most efficiently, and the conversion is shown in
Figure 2B. The lowest conversion rate recorded for this substrate after 24 h was 50%, at the maximum
concentration of 5 g/L.

Biotransformation chart after 24h Biotransformation chart
. . 1h
incubation (A) 100 after 24 incubation of
2'-hydroxy-2"-methoxychalcone (B)
100 M 2’-hydroxy-2"-
— 80 methoxychalkone 24h 3h
% 60 2'-hydroxy-3"- ——100mg/L
8 methoxychalkone
5 40 ) ) 500mg/L
= 2’-hydroxy-4”-
g 20 — methoxychalkene 1g/L
0 . . 2’-hydroxy-2",5"- Zg/L
dimethoxychalkone 12h 6h
& \ N N NS
& POMIROSIT) —5g/L
% (’)QQ

Figure 2. Comparison of conversions of increased substrate concentrations: after 24 h (A); conversion
of 2’-hydroxy-2”-methoxychalcone (1) by Yarrowia lipolytica KCh 71 at increasing concentrations of
substrate (B).

As the concentration increased, significant differences between the conversion of individual
compounds started to be visible (Figure 3). The expected product (dihydrochalcone) was also observed
during the transformation of the highest substrate concentration but with a much lower yield compared
to the screening concentration (100 mg/L). After 24 h of biotransformation, at the highest substrate
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concentration (5 g/L), 2’-hydroxy-2"-methoxychalcone was converted the most efficiently—where
about 50% conversion was observed (Figure 3A). Under the above conditions, the Yarrowia lipolytica
KCh 71 strain was also able to transform the other substrates, although with much lower yield
(7%-22%) (Table 3). In addition, such a high level of conversion for the tested methoxychalcones, at a
concentration of 100 mg/L, is comparable to the previously described studies on the unsubstituted [13]
or containing hydroxyl or methyl groups [47] chalcone derivatives.

100
90
80 = 2"-hydroxy-2"-
70 methoxychalkone
60

e 2’-hydroxy-3"-
methoxychalkone

o

2’-hydroxy-4”-

Conversion [%]
w B 0
o

o - p—— methoxychalkone
20 -~ = 2’-hydroxy-2",5"-
10 4 dimethoxychalkone

0

Oh 1h 3h 6h 12h 24h

Figure 3. Comparison of conversion of selected substrates to products during 24 h incubation, for a
substrate concentration of 1 g/L.

Moreover, the use of yeast from the Yarrowia lipolytica species is not accidental. This is a
microorganism whose properties are widely used in the food industry—from the production of
citric acid [25] or eicosapentaenoic acid [48] by preventing rotting of the harvest [49] and cleaning
the soil from petroleum hydrocarbons [50], to the production of high-protein animal feed [51] and
unconventional food for humans [44]. Itis also used in the production of various types of sweeteners [41].
Moreover, yeast of this species can be successfully used to produce significant amounts of various
types of dihydrochalcones. In addition, biotransformations using these microorganisms allow one
to obtain with high efficiency a single compound with high purity. The only reaction products
were dihydrochalcones (also observed in our previous studies) [23]. The microorganisms used were
not able to produce other flavonoid derivatives (flavones, flavanones), which are found during the
transformation of chalcones in cultures of filamentous fungi, bacteria, or algae [13,47,52,53].

3. Materials and Methods

3.1. Substrates

The substrates, used for biotransformation, were obtained by Claisen-Schmidt condensation
reaction of 2-hydroxyacetophenone or 2’-hydroxy-4’,6’-dimethoxyacetophenone (A*) with benzaldehyde
containing methoxylated group(s) in appropriate positions (B*) (purchased from Sigma-Aldrich (St. Louis,
MO, USA)) dissolved in methanol in an alkaline environment (Table 1) at a high temperature, according
to the procedure described previously [13,23]. The resulting compounds (1-8) were used as substrates for
the biotransformation and their NMR spectral data are identical to those previously published [52,54-56].

3.2. Microorganisms

The research was carried out on eight strains of yeast from the species: Rhodotorula rubra (KCh 4
and KCh 82), Rhodotorula marina KCh 77, Rhodotorula glutinis KCh 242, Yarrowia lipolytica KCh 71,
Candida viswanathii KCh 120, Saccharomyces cerevisiae KCh 464, and Candida parapsilosis KCh 909 were
obtained from the collection of the Department of Chemistry, Wroctaw University of Environmental
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and Life Sciences (Wroctaw, Poland). Whose storage and biocatalytic capacity have been previously
described [22,23,57].

3.3. Screening

Erlenmeyer flasks of 300 mL were used for biotransformation on an analytical scale, each containing
100 mL of Sabouraud culture medium (3% glucose, 1% aminobac). Used microorganisms were incubated
for three days at 24°C on a rotary shaker (144 rpm)(Eppendorf AG, Hamburg, Germany). After this
time, 10 mg of the substrate was dissolved in DMSO (dimethyl sulfoxide) and added. Samples were
collected after 1, 3, and 7 days. Portions of 10 mL of the transformation mixture were taken out and
extracted with ethyl acetate. The extracts were dried over MgSOy, concentrated in vacuo, and analysed
by gas chromatography (GC) and thin-layer chromatography (TLC) (5i02, DC Alufolien Kieselgel 60
F254 (0.2 mm thick), Merck, Darmstadt, Germany).

3.4. Gas Chromatography

GC analysis was performed using an Agilent 7890A gas chromatograph, equipped with a flame
ionisation detector (FID) (Agilent, Santa Clara, CA, USA). The capillary column DB-5HT (30 m x
0.25 mm X 0.10 um) was used to determine the composition of the product mixtures. The temperature
programme was applied as follows: 80-300 °C, the temperature on the detector: 300 °C, injection 1 pL,
flow 1 mL/min, flow H2: 35 mL/min, airflow; 300 mL/min, time of analysis: 18.67 min. The retention
times of the substrates and products are described in Table 4.

Table 4. Compounds mass after extraction (preparative scale) [mg]—in relation to 100 mg of substrate
used and retention times based on GC.

Substrate Product Isolated Substrate Retention Product Retention
Yield [%] Time [min] Time [min]

2’-hydroxy-2”-methoxychalcone (1) 9 47 11.93 10.58

2’-hydroxy-3"-methoxychalcone (2) 10 33 11.90 10.87

2’-hydroxy-4"-methoxychalcone (3) 11 40 12.24 11.03

2’-hydroxy-2”,5”-dimethoxychalcone (4) 12 54 13.36 12.54

2’-hydroxy-3”,4”,5”-trimethoxychalcone (5) 13 5 14.17 13.46

2’-hydroxy-4’,6’-dimethoxychalcone (6) - - 13.83 -

2’-hydroxy-4’,6’ 4”-trimethoxychalcone (7) - - 14.69
2’-hydroxy-4’,6’,3”,4”,5”-penthamethoxychalcone (8) - - 16.01

3.5. Preparative Scale

Preparative biotransformations were performed in 2 L Erlenmeyer flasks, each containing 500 mL
of culture medium (3% glucose, 1% peptone). The transferred microorganisms were incubated for
three days at 24°C on a rotary shaker. After this time, 100 mg of the substrate dissolved in 2 mL of
DMSO was added. After three days, the product was isolated by triple extraction with ethyl acetate
(3 extractions with 300 mL), dried with anhydrous magnesium sulfate, and concentrated in vacuo.
The transformation products were separated by preparative TLC and analysed (TLC, GC, NMR).

3.6. TLC and NMR Analysis

The course of biotransformation was monitored using TLC plates (S5iO,, DC Alufolien Kiesel gel
60 F254 (0.2 mm thick), Merck, Darmstadt, Germany). Products were separated using preparative
TLC plates (Silica Gel GF, 20 x 20 cm, 500 pm, Analtech, Newark, DE, USA) and a cyclohexane: ethyl
acetate mixture (9:1, v/v) as an eluent, according to the method described previously [58]. The product
was observed (without additional visualisation) under the UV lamp at the wavelength of 254 nm.

NMR analysis was performed using a DRX 600 MHz Bruker spectrometer (Bruker, Billerica, MA,
USA). The prepared samples were dissolved in deuterated chloroform CDCl;. The performed analyses
include "H NMR, 13C NMR, HMBC (two-dimensional analysis) HMQC (heteronuclear correlation)
and COSY (correlation spectroscopy) (Supplementary Materials).
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3.7. Increasing the Concentrations of Tested Substrates

Transfer (scaling) of the biotransformation scale was carried out in Riplate square wells, 24 wells,
to which 3 mL of culture medium with an inoculum of Yarrowia lipolytica KCh 71 was added.
Microorganisms were incubated for three days at 24 °C on an oscillating shaker (190 rpm)(ELMI, Riga,
Latvia). Screening was performed for five substrate concentrations—100 mg/L, 500 mg/L, 1 g/L, 2 g/L,
and 5 g/L. The substrate was dissolved in DMSO. A total of 100 pL of the prepared substrate solution
was added to each well. The experiment was carried out in triplicate. Samples (500 puL each) were
collected after 1, 3, 6, 12, and 24 h of substrate incubation, then extracted with ethyl acetate, centrifuged,
and analysed with GC.

4. Conclusions

On account of the constantly growing requirement for sweeteners, new solutions for their
production are still being sought, preferably as cheaply as possible, biotechnological and ones that
simultaneously fulfil the assumptions of the “green source” theory. The use of microorganisms, which is
approved as safe and even allowed for consumption, seems to be an interesting solution. Y. lipolytica
KCh 71 adapted for biotransformation turned out to be the best of the tested microorganisms to
transform methoxychalcones. The most efficiently transformed compounds were chalcones containing
single methoxyl groups in the B ring. Interestingly, the substrate with 2’-hydroxy-2”-methoxychalcone
even at a scale increased to 5 g substrate per 1 L of medium was convertible with up to 50% yield after
24 h. At the same time, a very high conversion, from 66 to 91% depending on the substrate, after one
hour of incubation (Table 2) indicates that the ene-reductase catalysing this process is a constitutive
enzyme. However, identification of which group of enzymes catalyzes this reaction requires the use of
molecular biology methods.

With the increase in the number of methoxyl groups, the efficiency of the process decreased.
For compounds that contain methoxyl substituents also in the A ring, the transformation did not occur
at all, including commonly described flavokavain B (2’-hydroxy-4’,6’-dimethoxychalcone).

The challenge facing this type of research is to limit the number of solvents used when extracting
products—or to eliminate extraction. This solution would increase the efficiency of the process and,
at the same time, would allow the production of a supplement containing the pro-health microorganism
as well as a sweet flavonoid product with a significantly different spectrum of activity. Moreover,
the use of created dihydrochalcones as sweeteners could have a positive effect on the human body;,
while enriching our diet and reducing the need to use sucrose and preventing various types of
civilisation diseases.

Sweeteners play a significant role in the human diet. Through their palatability, they improve the
taste of sweets, drinks, or snacks. Replacing some of the popular sweeteners (e.g., acesulfame) with
other, less caloric compounds lacking side-effects is an increasingly common food market practice.
The placement of dihydrochalcone, following the dihydrochalcone neohesperidin, in food products
could have a more positive effect on the reduction of civilisation diseases than the use of sweeteners
without health-promoting properties.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2073-4344/10/10/
1135/s1. Figure S1: "H NMR spectral of 1-(2’-hydroxyphenyl)-3-(2’-methoxyphenyl)-2-propan-1-one (9) (CDCl3,
600 MHz), Figure S2: Part of the 3C NMR spectral of 1-(2’-hydroxyphenyl)-3-(2’-methoxyphenyl)-2-propan-1-one
(9) (CDCl3, 600 MHz), Figure S3: 13C NMR spectral of 1-(2’-hydroxyphenyl)-3-(2’-methoxyphenyl)-2-propan-1-one
(9) (CDClz, 151 MHz), Figure S4: Part of the '3C NMR spectral of 1-(2’-hydroxyphenyl)-3-
(2”7-methoxyphenyl)-2-propan-1-one (9) (CDCl3, 151 MHz), Figure S5: COSY spectral of 1-(2’-hydroxyphenyl)-
3-(2”"-methoxyphenyl)-2-propan-1-one (9) (CDCl3;, 151 MHz), Figure S6: Part of the COSY spectral of
1-(2’-hydroxyphenyl)-3-(2”’-methoxyphenyl)-2-propan-1-one (9) (CDCl3, 151 MHz), Figure S7: HSQC spectral of
1-(2’-hydroxyphenyl)-3-(2”'-methoxyphenyl)-2-propan-1-one (9) (CDCl3, 151 MHz), Figure S8: HMBC spectral
of 1-(2’-hydroxyphenyl)-3-(2”-methoxyphenyl)-2-propan-1-one (9) (CDCl;, 151 MHz), Figure S9: 'H NMR
spectral of 1-(2’-hydroxyphenyl)-3-(3”-methoxyphenyl)-2-propan-1-one (10) (CDCl3, 600 MHz), Figure S10:
Part of the '3C NMR spectral of 1-(2’-hydroxyphenyl)-3-(3”-methoxyphenyl)-2-propan-1-one (10) (CDCl3,
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600 MHz), Figure S11: 3C NMR spectral of 1-(2’-hydroxyphenyl)-3-(3”’-methoxyphenyl)-2-propan-1-one
(10) (CDCl3, 151 MHz), Figure S12: Part of the 3C NMR spectral of 1-(2’-hydroxyphenyl)-
3-(3”-methoxyphenyl)-2-propan-1-one (10) (CDCl;, 151 MHz), Figure S13: COSY spectral of
1-(2’-hydroxyphenyl)-3-(3"’-methoxyphenyl)-2-propan-1-one (10) (CDCl3, 151 MHz), Figure S14: Part of the
COSY spectral of 1-(2’-hydroxyphenyl)-3-(3”-methoxyphenyl)-2-propan-1-one (10) (CDCl3, 151 MHz), Figure 515:
HSQC spectral of 1-(2’-hydroxyphenyl)-3-(3”’-methoxyphenyl)-2-propan-1-one (10) (CDCls, 151 MHz), Figure
S16: HMBC spectral of 1-(2’-hydroxyphenyl)-3-(3”'-methoxyphenyl)-2-propan-1-one (10) (CDCls, 151 MHz),
Figure S17: 'H NMR spectral of 1-(2’-hydroxyphenyl)-3-(4’-methoxyphenyl)-2-propan-1-one (11) (CDCls, 600
MHz), Figure S18: Part of the 1>*C NMR spectral of 1-(2-hydroxyphenyl)-3-(4”-methoxyphenyl)-2-propan-1-one (11)
(CDCl3, 600 MHz), Figure S19: 1*C NMR spectral of 1-(2’-hydroxyphenyl)-3-(4”/-methoxyphenyl)-2-propan-1-one
(11) (CDCl3, 151 MHz), Figure S20: Part of the 1BC NMR spectral of 1-(2’-hydroxyphenyl)-
3-(4”-methoxyphenyl)-2-propan-1-one (11) (CDCl;, 151 MHz), Figure S21: COSY spectral of
1-(2’-hydroxyphenyl)-3-(4"’-methoxyphenyl)-2-propan-1-one (10) (CDCl3, 151 MHz), Figure S22: Part of
the COSY spectral of 1-(2’-hydroxyphenyl)-3-(4"’-methoxyphenyl)-2-propan-1-one (11) (CDCl3, 151 MHz),
Figure S23. HSQC spectral of 1-(2’-hydroxyphenyl)-3-(4"'-methoxyphenyl)-2-propan-1-one (11) (CDCl3, 151 MHz),
Figure S24. HMBC spectral of 1-(2’-hydroxyphenyl)-3-(4”-methoxyphenyl)-2-propan-1-one (11) (CDCls,
151 MHz), Figure S25. "H NMR spectral of 1-(2’-hydroxyphenyl)-3-(2”,5” -dimethoxyphenyl)-2-propan-1-one
(12) (CDCl3, 600 MHz), Figure S26. Part of the '*C NMR spectral of 1-(2’-hydroxyphenyl)-3-(2”,5"-
dimethoxyphenyl)-2-propan-1-one (12) (CDCl3, 600 MHz), Figure S27. 13C NMR spectral of 1-(2’-hydroxyphenyl)-
3-(2”,5”-dimethoxyphenyl)-2-propan-1-one (12) (CDCl;, 151 MHz), Figure S28. Part of the 13C
NMR spectral of 1-(2’-hydroxyphenyl)-3-(2”,5” -dimethoxyphenyl)-2-propan-1-one (12) (CDCl3, 151 MHz),
Figure S29. COSY spectral of 1-(2’-hydroxyphenyl)-3-(2”,5”"-dimethoxyphenyl)-2-propan-1-one (12) (CDCl3,
151 MHz), Figure S30. Part of the COSY spectral of 1-(2’-hydroxyphenyl)-3-(2”,5"”-dimethoxyphenyl)-
2-propan-l-one (12) (CDCl3, 151 MHz), Figure S31. HSQC spectral of 1-(2’-hydroxyphenyl)-3-(2”,5"-
dimethoxyphenyl)-2-propan-1-one (12) (CDCl3, 151 MHz), Figure S32. HMBC spectral of 1-(2’-hydroxyphenyl)-
3-(2”,5""-dimethoxyphenyl)-2-propan-1-one (12) (CDCl;, 151 MHz), Figure S33. 'H NMR spectral of
1-(2’-hydroxyphenyl)-3-(3” ,4” 5" -trimethoxyphenyl)-2-propan-1-one (13) (CDClz, 600 MHz), Figure S34. Part
of the 'H NMR spectral of 1-(2’-hydroxyphenyl)-3-(3”,4",5” -trimethoxyphenyl)-2-propan-1-one (13) (CDCl3,
600 MHz), Figure S35. Part of the 'H NMR spectral of 1-(2’-hydroxyphenyl)-3-(3" 4" 5" -trimethoxyphenyl)-
2-propan- 1-one (13) (CDCl3, 600 MHz), Figure S36. 1>*C NMR spectral of 1-(2’-hydroxyphenyl)-3-(3" 4" 5" -
trimethoxyphenyl)-2-propan-1-one (13) (CDCl3, 151 MHz), Figure S37. Part of the 13C NMR spectral of
1-(2’-hydroxyphenyl)-3-(3" 4" ,5” -trimethoxyphenyl)-2-propan-1-one (13) (CDCls, 600 MHz), Figure S38. HMBC
spectral of 1-(2’-hydroxyphenyl)-3-(3”,4”,5" -trimethoxyphenyl)-2-propan-1-one (13) (CDCl3, 151 MHz).
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Abstract: The synthesis and biotransformation of five flavones containing methoxy substituents in
the B ring: 2’-, 3’-, 4’-methoxyflavones, 2’,5 -dimethoxyflavone and 3’,4’,5'-trimethoxyflavone are
described. Strains of entomopathogenic filamentous fungi were used as biocatalysts. Five strains of
the species Beauveria bassiana (KCh J1.5,]2.1, J3.2, J1, BBT), two of the species Beauveria caledonica (KCh
J3.3,]3.4), one of Isaria fumosorosea (KCh J2) and one of Isaria farinosa (KCh KW 1.1) were investigated.
Both the number and the place of attachment of the methoxy groups in the flavonoid structure
influenced the biotransformation rate and the amount of nascent products. Based on the structures
of products and semi-products, it can be concluded that their formation is the result of a cascading
process. As a result of enzymes produced in the cells of the tested strains, the test compounds undergo
progressive demethylation and/or hydroxylation and 4-O-methylglucosylation. Thirteen novel
flavonoid 4-O-methylglucosides and five hydroxy flavones were isolated and identified.

Keywords: biotransformation; entomopathogenic fungi; methoxyflavones; 4-O-methyloglycosylation

1. Introduction

Flavonoids are common in the world of plants as their secondary metabolites, mainly in citrus fruits,
olive oil, seeds [1] and vegetables [2]. They function as pigments in coloration of plants [3,4], root growth
regulators, and plant defense reaction agents, and are involved in the transport of auxins between
plant cells [5]. Flavonoids are present in our diet and have desired pro-health activities, including
antioxidant, anti-inflammatory, anti-cancer [3,6,7], antibacterial, antifungal and antiviral activities [6,8].
Some methoxyflavones (e.g., 3’-methoxyflavone) have the ability to prevent parthanatos [9]. It is
estimated that we consume a maximum of about 1 g of flavonoids a day, depending on the type and
amount of meals consumed [10].

Methoxyflavones have well-described anti-cancer properties and are often more active than
flavones without any functional groups [11]. Due to the presence of methoxyl groups, these compounds
show stronger lipophilic properties than flavonoids with hydroxyl groups, which directly affects
their bioavailability [12]. The best natural source of methoxyflavones described so far is cowslip
(Primula veris L.), which contains these compounds in the rhizomes, roots, flowers and leaves, and from
which mainly expectorants are prepared [13]. The therapeutic potential of flavonoids is often limited
by their low solubility and bioavailability.

Aglycons are characterized by very low solubility in water [14]; however, addition of a polar
moiety such as sugars may increase their activity, bioavailability [15] and stability [10]. For example,
the water solubility of «-glucosyl-isoquercitrin increases more than 80,000-fold compared to its parent
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compound, quercetin [16,17]. Isoquercitrin glycoside shows 18 times higher bioavailability than
quercetin after oral administration to rats [18], and much higher bioavailability compared to quercetin
and isoquercitrin in human studies [19]. These results indicate that glycosyl flavones exhibit better
health-promoting effects than their aglycones due to their higher bioavailability [20].

Flavonoids are not the only group of compounds in which the positive effect of the presence of a
sugar moiety on the activity of the compound has been proven. The best examples are antibiotics, such as
erythromycin or vancomycin, in which the presence of a sugar group is crucial for their high activity [10].
The presence and number of glycosyl substituents in the flavonoid molecule, depending on their
position, should exhibit different, although not necessarily positive, properties. Naturally glycosylated
derivatives of flavonoids occur widely in the world of plants, but their concentration in cells very often
is relatively low [21], which makes their extraction difficult. New methods of obtaining glycosylated
compounds on a larger scale are still necessary.

Carrying out the biotransformation of flavonoids to their glycosylated derivatives is less
complicated and more effective than their de novo chemical synthesis [14], which makes
biotransformation a better and cheaper alternative.

The biotransformation of five methoxyflavones with substituents on the B ring is described:
2'-(1), 3’-(2), 4'-(3)-methoxyflavones, 2’,5'-dimethoxyflavone(4) and 3’,4’,5'-trimethoxyflavone(5).
Listed compounds were biotransformed by the strains of entomopathogenic filamentous fungi
belonging to the species Beauveria bassiana KCh J1.5, J2.1, ]3.2, J1, BBT, Beauveria caledonica KCh ]3.3,
J3.4 [21], Isaria fumosorosea KCh ]2 [22] and Isaria farinosa KCh KW 1.1 [21]. Fungi of these species are
among the most used for biotransformation, along with Aspergillus niger.

Previous studies have shown the capacity for unique 4’/-O-methylglycosylation of hydroxyflavones
observed in entomopathogenic filamentous fungal culture [15,23]. The strain Beauveria bassiana AM
278 catalyzed the methylglucose attachment to the hydroxyl group of a flavonoid molecule at the
C-7 and C-3’ positions. Similarly, the application of Absidia coerulea as the biocatalyst resulted in the
formation of glucosides with a glucose present at the C-7 and C-3’ positions of the same flavonoid
compounds [24-26]. An analogous preference to the selective 4-O-methylglycosylation of the hydroxyl
group located at the C-7 carbon was observed during the biotransformation of unique prenylated
flavonoids obtained from the hop plant (Humulus lupulus) in cultures of Beauveria bassiana AM 446 and
AM 278 [27-30]. Beauveria bassiana ATCC 13144 is capable of simultaneous 4-O-methylglycosylation
of the hydroxyl group located at the C-3 and hydroxylation of the C-4" carbon [31]. Furthermore,
other entomopathogenic strains are capable of simultaneous hydroxylation and glycosylation of
flavonoids. This functionalization takes place mainly at the C-4-OH position of the sugar moiety.
Effective 4-O-methylglycosylation of 3-hydroxyflavone, 6-hydroxyflavone, 7-hydroxyflavone, baicalein,
quercetin, naringenin, luteolin, diosmetin, and daidzein in entomopathogenic filamentous fungal
culture of the genus Isaria has been reported [10,14,22]. Moreover, the formation of appropriate
glycosides in the cultures of Isaria fumosorosea KCh ]2, I. farinosa KCh J1.4, 1. farinosa KCh J1.6 and
I. farinosa KCh KW1.2 cultures was preceded by hydroxylation of the C-4’ carbon. Subsequent
C-4’ hydroxylation and 4-O-methylglycosylation was observed during the incubation of flavone,
3-methoxyflavone, 5-hydroxyflavone, 6-methoxyflavone, 6-methoxyflavanone and 6-methylflavone
in the cultures of the genus Isaria [14,22,32]. The capacity of the I. fumosorosea KCh ]2 strain for
simultaneous O-demethylation and glycosylation of 2’-, 3’- and 4’-methoxyflavanone was also
described [32]. Based on this phenomenon, in this study, we biotransformed flavones with methoxyl
groups (in different positions) located in the B ring obtained by chemical synthesis. Entomopathogenic
fungal strains with confirmed ability of simultaneous hydroxylation/demethylation and glycosylation
of flavonoid compounds were used as biocatalysts. The aim of this research was to investigate
the microbial modification of the flavones with methoxyl-blocked carbons preferred for subsequent
hydroxylation and glycosylation by the studied strains and to compare it to transformations of
substrates without such an obstacle.



Int. ]. Mol. Sci. 2020, 21, 6121 30f22

2. Results and Discussion

Based on the previously described results concerning the biotransformation of flavonoids in the
cultures of entomopathogenic strains, we decided to use five Beauveria bassiana strains (KCh J1.5,]2.1,
J3.2,J1, BBT), two Beauveria caledonica strains (KCh ]3.3 and J3.4), and two Isaria strains (I. fumosorosea
KCh ]2 and I. farinosa KCh KW 1.1) as biocatalysts. B. bassiana species are the most common among the
entomopathogenic filamentous fungi used in biotransformations, including in the case of flavonoid
compounds [25-27]. In our previous studies concerning the biotransformation of steroids we have
observed significant differences in the modification of dehydroepiandrosterone (DHEA) in the cultures
of five different strains of this species [21]. Therefore, in this study, we decided to determine whether
flavonoid compounds will also undergo diverse changes in the cultures of different strains of B. bassiana.
For the first time in flavonoid biotransformations, we also tested two strains of Beauveria caledonica
species. The Isaria fumosorosea KCh J2 strain has already been described in our previous study as an
effective biocatalyst of flavanones and flavones as substrates [14,22,32,33]. Comparing those previously
described results for I. fumosorosea KCh ]2 to the results obtained from the transformations by the
B. bassiana strains, we noted the similarity in the biotransformations of flavonoid compounds. In both
cases, the main products are 4’-O-3-D-(4""-O-methyl)-glucopyranosides. We have also observed this
ability for strains of I. farinosa [14,33]. In this study, we used the I. farinosa KCh KW 1.1 strain as a
biocatalyst as well.

All used substrates, containing in their structure from one to three methoxyl groups in the B ring,
were obtained by a two-step chemical synthesis. In the first stage, five chalcones were synthesized
from 2’-hydroxyacetophenone and the appropriate methoxybenzaldehyde in a basic medium. Then,
they were transformed into the appropriate methoxyflavones, by reaction with J, in DMSO. As a result
of these reactions 2’-, 3’-, 4-methoxyflavone, 2’ ,5’-dimethoxyflavone and 3’ ,4’,5 -trimethoxyflavone
were obtained.

2.1. 2’-Methoxyflavone (1) Biotransformation

Biotransformation of 2’-methoxyflavone (1) in the cultures of most of the tested strains resulted in
one major product (6), with a retention time of 11.4 min according to HPLC (Table 1). Furthermore,
TLC analysis confirmed that most of the biocatalysts converted 2’-methoxyflavone (1) to the same
product. This product was identified as 2’-O--p-(4/-O-methylglucopyranosyl)-flavone (6), obtained in
all tested strains except Beauveria bassiana KCh J1. This compound was formed as a result of
subsequent demethylation and 4-O-methylglycosylation. However, only in the culture of the
B. bassiana KCh J1 strain, 2’-hydroxyflavone, was an intermediate product in the biosynthesis of
2'-O-B-D-(4"'-O-methylglucopyranosyl)-flavone observed. This may be evidence that the substrate
demethylation process is crucial for the rate of 2’-O-3-D-(4"'-O-methylglucopyranosyl)-flavone
formation. Among the strains used, only the B. bassiana KCh J1 strain does not have the
ability of 4-O-methylglycosylation; thus only the 2’-hydroxy flavone (10) was formed during the
biotransformation. The highest concentrations of 2’-O-3-D-(4'-O-methylglucopyranosyl)-flavone
were identified in the cultures of Beauveria bassiana strains: KCh J3.2 (70%); KCh J2.1 (76%); KCh BBT
(87%) after 10 days of biotransformation.

The exceptions during the biotransformation of 2’-methoxyflavone (1) turned out to be the
I. fumosorosea KCh ]2 strain, where two additional products were also observed (it was not possible to
separate compounds 7 and 8 with the selected HPLC program, so in this case UHPLC was performed)
(Table 2) and the B. bassiana KCh J1 strain, where only one product (10) with a retention time of 14.8 min
was observed. For this reason, a scale-up biotransformation of these two strains was performed to isolate
and characterize the structure of the resulting products. As a result of the scale-up biotransformation
of the 2’-methoxyflavone in the culture of the I. fumosorosea KCh J2, a total of four products were
isolated (Figure 1). Based on NMR analyses, 2’-O-3-D-(4"-O-methylglucopyranosyl)-flavone is the
major product (6). The formation of this compound is possible by successive demethylation and
4-O-methylglycosylation. The 'H NMR spectrum shows signals confirming that the structure of the
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flavone skeleton has not been changed. The presence, chemical shifts and multiplicities of the signals
indicate that the only substituent is on the C-2’ carbon (as in a substrate). The structure of the flavone
is confirmed by the COSY, HMQC and HMBC correlation spectra. However, instead of the signal
from the protons of the CHj; group (visible in the 'H NMR substrate spectrum), signals from the sugar
unit are visible. The multiplicities and positions of these signals in both the 'H and '*C NMR spectra
indicate that a glucose molecule was introduced in place of the CHs group. The HMBC spectrum
shows the coupling of the signal from the H-1"" sugar unit proton with the signal from the C-2" carbon
of the flavone skeleton. This coupling indicates the exact place of attachment of the sugar substituent.
Additionally, the 'H NMR spectrum shows a singlet derived from three protons (3.46 ppm). In the
HMBC spectrum, this signal is coupled to the C-4’’ carbon (sugar substituent), which indicates that the
substituent is 4"/-O-methylglucopyranoside.

Table 1. Microbial transformation of 2’-methoxyflavone, HPLC conversion.

Retention Time Conversion after 1, 3, 7 and 10 Days [%]
Strain No. Substance .

[min] 1 3 7 10

KChJ1.5 6 11.4 1 5 33 52
1 18.2 99 95 67 48

KChJ2.1 6 114 0 3 43 76
1 18.2 100 97 57 24
KCh KW 1.1. 6 114 0 41 99 100

1 18.2 100 59 1 0

KChJ1 10 14.8 0 5 4 8
1 18.2 100 95 97 92

KCh]J2 7,8 10.7 0 5 24 13
6 11.4 4 19 45 63

1 18.2 96 76 31 24

KCh]3.4 6 11.4 0 0 2 4
1 18.2 100 100 98 93

KCh]3.2 6 11.4 0 13 28 70
1 18.2 100 87 72 30

KCh]3.3 6 11.4 0 1 47 48
1 18.2 100 99 53 52
KCh BBT 6 11.4 0 4 36 87
1 18.2 100 96 64 13

OH
o HO, WO
OH
Isaria fumosorosea O | o o +
KChJ2 o O
6 HO
OH o
O
OH

Figure 1. Biotransformation of 2’-methoxyflavone (1) by I. fumosorosea KCh J2.

In the 'H NMR spectrum of the next product (8) (isolated with a yield of 20%), obtained by
scale-up biotransformation of 2’-methoxyflavone in the culture of I. fumosorosea KCh ]2, there are
signals indicating that the product is 4-O-methylglycoside. However, the presence of a singlet
derived from three protons at 3.90 ppm and its coupling to the C-2’ carbon of the flavone skeleton,
visible in the HMBC spectrum, prove that the methoxy group has been preserved. Based on the
position and multiplicities of the signals visible in the 'H NMR spectrum and the couplings visible
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in the correlation spectra, it can be concluded that an additional substituent was attached at the
C-5" carbon. Additionally, in the HMBC spectrum, the signal from this carbon is coupled with a
doublet from the H-1"" proton of the sugar unit. Based on these data, this compound was identified as
5-O-B-D-(4""-O-methylglucopyranosyl)-2’-methoxyflavone (8).

Table 2. Isaria fumosorosea KCh ]2 transformation of 2’-methoxyflavone (glycosylated derivatives),

UHPLC conversion.
. . . Conversion after 1, 3, 7 and 10 Days [%]
Substance Retention Time [min] 1D 3D 7D 10D
6 13.6 1.5 14.5 409 22.7
7 11.9 0.7 3.5 12.2 7.4
8 12.2 0.1 3.2 13.6 8.7
1 16.9 97.7 76 26.9 7.8

Based on NMR data, another product was also identified as a glycoside derivative of
2’-methoxyflavone. Based on the chemical shifts of the signals visible in the 'H NMR spectrum of this
compound and the couplings visible in the correlation spectra, it can be concluded that the substituent is
4""-O-methylglycoside, bound to carbon C-8. This compound was isolated in a yield of 4% and identified
as 8-O-p3-D-(4/-O-methylglucopyranosyl)-2’-methoxyflavone (7). Another product, identified as
3-O-p-D-(4""-O-methylglucopyranosyl)-2’-methoxyflavone (9), was isolated, but with a very low yield
(<1%). From the 'H NMR spectrum it was found that the structure of 2’-methoxyflavone was retained.
At the same time, as in the case of previously described products, signals from 4’’-O-methylglycoside
are visible. The lack of a signal of the H-3 proton indicates that the sugar substituent was introduced at
the C-3 carbon by O-glycosylation reaction. Due to the low concentration of this compound, it was not
possible to perform 13C NMR analysis and correlation spectra confirming its structure. Compounds 6,
7,8 and 9 are the result of successive hydroxylation and 4-O-methylglycosylation.

As a result of up-scale biotransformation of the 2’-methoxyflavone in the culture of the Beauveria
bassiana KCh J1 strain, one product was isolated with 43.5% yield. On the basis of NMR analyses it
was identified as 2’-hydroxyflavone (10) (Figure 2). This compound was formed as a result of the
O-demethylation of 2’-methoxyflavone. The 'H NMR spectrum shows signals confirming that the
structure of the flavone skeleton has remained unchanged. The presence and chemical shifts of the
signals indicate that the hydroxyl group is on the C-2’ carbon. The structure of the flavone is confirmed
by the COSY, HMQC and HMBC correlation spectra. However, instead of the signal from the three
protons of the CH3 group (visible in the 'H NMR substrate spectrum) at 10.03 ppm, the signal from the
proton of the hydroxyl group located at C-2’ is visible.

Beauveria bassiana O | OH
_—
KChJ1
o
10

Figure 2. Biotransformation of 2’-methoxyflavone (1) by B. bassiana KCh J1.

2.2. 3'-Methoxyflavone (2) Biotransformation

The next substrate, 3’-methoxyflavone (2), was converted much faster by all tested biocatalysts.
It is most likely related to easier access of the enzymes responsible for the demethylation process to the
methoxy group situated meta in relation to the chromene substituent (1-benzopyran or chromene).
Conversion of 3’-methoxyflavone in the cultures of four out of nine biocatalysts (I. fumosorosea KCh
J2, I farinosa KCh KW1.1, B. bassiana KCh J1.5 and KCh ]3.2) was close to 100% after three days of
incubation (Table 3).
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Table 3. Microbial transformation of 3’-methoxyflavone, HPLC conversion.

Conversion after 1, 3, 7 and 10 Days [%]

Strain No. Substance Retention Time [min]
1 3 7 10
KChJ1.5 12 10.8 58 99 100 100
2 185 42 1 0 0
KChJ2.1 12 10.8 14 8 92 100
2 18.5 86 92 8 0
KCh KW 1.1. 12 10.8 38 99 100 100
2 18.5 62 1 0 0
KChJ1 11 13.9 12 79 98 100
2 18.5 88 21 2 0
KCh]2 12 10.8 18 100 100 100
2 18.5 82 0 0 0
KCh]J3.4 12 10.8 0 96 100 100
2 18.5 82 4 0
KCh]J3.2 12 10.8 9 100 100 100
2 18.5 91 0 0 0
KCh]3.3 12 10.8 7 11 78 99
2 18.5 93 89 22 1
KCh BBT 12 10.8 6 37 100 100
11 13.9 0 3 0 0
2 18.5 94 60 0 0

Similar to the biotransformation of 2’-methoxyflavone (1), during the transformation of
3’-methoxyflavone (2) in the culture of the B. bassiana KCh J1 strain, one of the main products
was an effect of demethylation and was identified as 3’-hydroxyflavone (11) (Figure 3). All NMR data
(Supplementary materials, Figures 535-539) confirm the structure of this product. This compound was
also identified in trace amounts in the culture of the B. bassiana KCh BBT strain.

Beauveria bassiana
KChJ1

Figure 3. Biotransformation of 3’-methoxyflavone (2) by B. bassiana KCh J1.

The major product of the transformation of 3’-methoxyflavone in most of the studied
strains was the product of progressive demethylation and 4-O-methylglycosylation, that is
3’-0-p-D-(4"’-O-methylglucopyranosyl)-flavone (12) (Figure 4). The chemical shifts and multiplicities
of the signals visible in the 'H NMR spectrum confirm that the structure of the flavone skeleton has
been preserved; the only substituent is on the C-3’ carbon (as in the substrate). The structure of the
flavone is also confirmed by the '3C NMR spectra and the correlation with COSY, HMQC and HMBC
spectra. The HMBC spectrum shows the coupling of the signal from the H-1"’ proton of the sugar unit
with the signal from the C-3’ carbon of the flavone skeleton. The 'H NMR spectrum shows a singlet
from the three protons (3.47 ppm). In the HMBC spectrum, this signal is coupled to the C-4"" carbon
(sugar substituent), which proves that the substituent is 4’’-O-methylglucopyranoside.

(0]

(0]
O | Isaria farinosa O |
o O, O
o O ~ KCh KW1.1 o O . \OH
2 12
HO” > Yo~
HO

Figure 4. Biotransformation of 3’-methoxyflavone (2) by I. farinosa KCh KW 1.1.
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2.3. 4’-methoxyflavone (3) Biotransformation

High conversions of 4’-methoxyflavone (3) in the cultures of the tested strains were comparable
to those obtained for 3’-methoxyflavone (2) at the seven days of biotransformation. Nearly 100%
conversion was observed in the culture of Isaria farinosa KCh KW 1.1 and four strains of Beauveria
bassiana (KCh J1.5,]2.1,]3.2, BBT) (Table 4.). Similar to the results of the two abovedescribed compounds
(1 and 2), the exception is the Beauveria bassiana KCh J1 strain, from the culture of which only the
demethylation product 4’-hydroxyflavone was isolated (13) (Figure 5). Spectral data for this product
are provided in supplementary materials (Figures 547-S52). In the culture of the Beauveria bassiana KCh
J1 strain, the formation of several other products was observed after the seventh day of transformation,
but they were formed concentrations that were too low to determine their structure.

Table 4. Microbial transformation of 4’-methoxyflavone (3), HPLC conversion.

Conversion after 1, 3, 7 and 10 Days [%]

Strain No. Substance Retention Time [min]

1 3 7 10

KCh]J1.5 14 10.6 26 100 100 100
3 17.8 75 0 0 0

KChJ2.1 14 10.6 9 12 97 97
3 17.8 91 88 3 3

KCh KW 1.1. 14 10.6 8 17 100 100
3 17.8 92 83 0 0

KChJ1 13 13.3 1 8 23 83
3 17.8 99 92 73 17

KCh]J2 14 10.6 1 8 19 94
3 17.8 99 92 81 6

KCh]J3.4 14 10.6 0 9 29 59
3 17.8 82 91 71 41

KCh]J3.2 14 10.6 10 98 100 100
3 17.8 90 2 0 0

KCh]3.3 14 10.6 0 2 27 47
3 17.8 100 98 73 53

KCh BBT 14 10.6 6 16 100 100
3 17.8 94 84 0 0

(o} (o}
O | Beauveria bassiana O ‘
o O KChJ1 0 O
3 13
o~ OH

Figure 5. Biotransformation of 4’-methoxyflavone (3) by B. bassiana KCh J1.

As a result of scale-up biotransformation with 100 mg of 4’-methoxyflavone (3) in the culture
of the Beauveria bassiana KCh J1.5 strain, 36.5 mg of 4’-O-f3-D- (4'’-O-methylglucopyranosyl)-flavone
(14) was isolated (Figure 6). Its structure was confirmed based on spectroscopic data (Supplementary
materials Figures S53-560).

(0]

O | Isaria farinosa
—_——
KCh KW1.1
. O
3 -
(o}

Figure 6. Biotransformation of 4’-methoxyflavone (3) by B. bassiana KCh J1.5.

Comparing the biotransformation rate of substrates having a single-methoxy group, it is seen
that 3’-methoxyflavone undergoes the fastest demethylation. In the literature to date, in the processes
of hydroxylation and 4’’-O-methylglucosylation observed in cultures of entomopathogenic strains,
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in most cases, functionalization took place at the C-4’ carbon of the flavonoid skeleton [14,22,32,33].
Based on the experiments carried out here, the demethylation and 4’’-O-methylglucosylation processes
are the fastest when the methoxy group is located on the C-3’ carbon (Scheme 1)

Scheme 1. Substrate preferences of methoxyflavones affecting the high rate of O-methylglucosylation
by tested entomopathogenic strains.

2.4. 2’,5'-Dimethoxyflavone (4) Biotransformation

In the cultures of most of the tested strains the major product of biotransformation of
2’ 5’-dimethoxyflavone (4) was the 4-O-methylglucosylated derivative (the same trend as was observed
in case monomethoxy flavone biotransformations). As a result of up-scaled biotransformation of
this substrate in the culture of B. bassiana KCh J1.5, three products were isolated: 8, 15 and 16.
These compounds were also observed during biotransformation in other cultures (B. bassiana KCh
J2.1 and BBT, B. caledonica KCh ]3.2, and I. fumosorosea KCh ]2). Compound 8, with a retention time of
10.7 min (HPLC), was isolated in the highest yield (Table 5).

The 'H NMR spectrum shows signals from the 4-O-methylglucopyranosyl substituent.
The HMBC spectrum shows the coupling of the signal from the H-1"" proton of the sugar
unit with the signal from the C-5’ carbon of the flavone skeleton. The chemical shifts
as well as the coupling of signals observed in the correlation spectra confirm that this
product is 5’-O-3-D-(4"/-O-methylglucopyranosyl)-2’-methoxyflavone (8). The next product is
2'-0-3-D-(4""-O-methylglucopyranosyl)-5'-methoxyflavone (15), the signal of which is observed on the
HPLC chromatogram with a retention time of 11.6 min. NMR spectra indicate that it is also a product
of demethylation and 4-O-methylglucosylation. The HMBC spectrum shows the coupling of the signal
from the H-1’" proton of the sugar unit with the signal from the C-2" carbon of the flavone skeleton,
which indicates that this product is 2’-O-3-D-(4"’-O-methylglucopyranosyl)-5'-methoxyflavone (15).
The third product with the lowest yield in the culture of B. bassiana KCh J1.5 has also been identified
as 4-O-methylglucopyranoside. The 'H NMR spectrum shows three singlets from the protons of
the -OCHj3 groups. One methoxy group is bonded to the C-4’’ carbon of the sugar unit, the other
two to the C-2" and C-5’ carbons of the flavone skeleton. The B-ring protons of this product give
only two singlets at 7.00 and 7.56 ppm. Based on the chemical shifts, multiplicities and couplings
observed in the correlation spectra, they were assigned to the protons H-3" and H-6’, respectively.
The NMR spectra (Supplementary materials Figures S70-576) made for this product indicate that it is
4’-O-B-D-(4""-O-methylglucopyranosyl)-2’,5’-dimethoxyflavone (16) (Figure 7).

Based on the NMR analyses of the obtained products, it can be seen that
demethylation or hydroxylation and 4-O-methylglucosylation of 2’,5'-dimethoxyflavone (4)
take place in the cultures of the strains tested. The highest concentration (over 70%) of
5-O-B-D-(4""-O-methylglucopyranosyl)-2’-methoxyflavone (8) in the reaction mixture was observed
in the culture of L. fumosorosea KCh J2. In the cultures of B. bassiana KCh ]J1.5, KCh ]J2.1, KCh J3.2 and L.
farinosa KCh KW1.1 the concentration of 5'-O-3-D-(4""-O-methylglucopyranosyl)-2’-methoxyflavone (8)
is almost twice as high as 2’-O-3-D-(4"’-O-methylglucopyranosyl)-5’-methoxyflavone (15). However,
in the cultures of B. bassiana KCh BBT and B. caledonica KCh ]J3.3 strains, the concentration of these
products was comparable. In the culture of the B. caledonica KCh ]J3.4 strain, several products were
observed, but they were formed at low concentrations that prevented their isolation.
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Table 5. Microbial transformation of 2’5’-dimethoxyflavone (4), HPLC conversion.

Conversion after 1, 3, 7 and 10 Days [%]

Strain No. Substance Retention Time [min]
1 3 7 10
KChJ1.5 8 10.7 47 49 57 52
16 10.9 4 6 4 9
15 11.6 24 28 26 31
4 18.3 25 17 12 8
KCh]J2.1 8 10.7 20 55 54 67
16 10.9 0 0 1 0
15 11.6 8 20 26 25
4 18.3 73 25 19 8
KCh KW 1.1 8 10.7 13 47 49 49
15 11.6 7 24 30 30
4 18.3 80 29 21 21
KChJ1 17 13.4 25 68 31 20
18 13.9 5 8 6 3
4 18.3 69 25 23 41
KCh]2 8 10.7 9 62 66 74
16 10.9 0 0 3 2
15 11.6 0 12 13 13
4 18.3 91 26 17 10
KCh]3.4 15 11.6 10 11 8 8
17 13.4 46 51 54 54
4 18.3 54 49 46 46
KCh]J3.2 8 10.7 43 50 53 59
16 10.9 4 5 9 5
15 11.6 20 24 27 28
4 18.3 32 21 11 9
KCh]3.3 8 10.7 5 36 38 39
15 11.6 8 46 49 51
4 18.3 87 18 13 10
KCh BBT 8 10.7 37 42 43 43
16 10.9 1 4 5 9
15 11.6 38 42 44 44
4 18.3 23 12 4 4

KChJL5

Beauveria bassiana

9 of 22

Figure 7. Biotransformation of 2’5’-dimethoxyflavone (4) by L. farinosa KCh KW1.1 and B. bassiana KCh

J1.5 cultures.

Two 2’,5’-dimethoxyflavone (4) products were observed in the culture of the B. bassiana KCh
J1 strain. The main product was identified as 5'-hydroxy-2’-methoxyflavone (17). Compared to the
spectrum of the substrate, instead of two, only one singlet from the three protons (3.84 ppm) is visible
in the '"H NMR spectrum of this product. At the same time, at 9.41 ppm, a singlet derived from
the hydroxyl group is observed. The HMBC spectrum shows connections of this signal with signals
from carbons C-4’, C-5" and C-6’, which proves that the methoxyl group situated at the C-5" carbon

was demethylated.

The second product (18) is produced in a much smaller amount in the culture of the B. bassiana
KCh J1 strain. The 'H NMR spectrum shows two signals from protons of -CHj groups in positions 3.84
and 3.85 ppm, respectively, and a singlet derived from one proton, in the field characteristic for signals
from Ar-OH protons. These data prove the preservation of both methoxy groups and the introduction
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of an additional hydroxyl group to the substrate molecule. The chemical shifts and multiplicities
of the signals from the protons in the A ring are almost identical to those observed in the 'H NMR
of the substrate spectrum. However, the B-ring protons of this product only give two singlets at
6.70 and 7.53 ppm. Based on the shapes and couplings observed in the correlation spectra, H-3" and
H-6" were assigned, respectively. Additionally, in the HMBC spectrum, the signal from the proton of
the hydroxyl group is coupled with the signals from carbons C-3’, C-4” and C-5’. This information
indicates that this compound is 4’-hydroxy-2’,5’-dimethoxyflavone (18) (Figure 8). In the culture of
this strain, other products of hydroxylation were also formed in the seven-day biotransformation.
However, it was not possible to isolate them and determine their structures.

Beauveria bassiana

KChJ1

Figure 8. Biotransformation of 2’,5’-dimethoxyflavone (4) in Beauveria bassiana KCh J1 culture.

2.5. 3,4’ ,5'-Trimethoxyflavone (5) Biotransformation

The highest conversion (over 90% after the seventh day of the biotransformation process)
of 3’4’5’ -trimethoxyflavone was observed in the culture of B. bassiana KCh J1.5 and two strains
of B. caledonica (KCh J3.3 and KCh J3.4). As a result of the scaled-up biotransformation in the
culture of B. bassiana KCh J1.5, selected based on the results from HPLC (Table 6) and TLC,
four products were isolated (19-22) (Figure 9). The main product is the effect of progressive
demethylation and 4’’-O-methylglucosylation. The 'H NMR spectrum shows all signals from
the A-ring protons of the flavonoid skeleton with multiplicity and positions similar to the substrate
spectrum (3’,4’,5'-trimethoxyflavone (5)). However, instead of two singlets, one for six protons,
the other for three protons from the protons of the methoxy groups, three singlets from the protons of
the -OCHj; groups are visible (two groups bound to the B ring of the flavone, one to the C-4"" carbon
of the sugar unit). In addition, the signals from the H-2’and H-6" protons in the substrate spectrum
generated a singlet at 7.15 ppm due to the same chemical environment. The spectrum of this product
shows two doublets at 7.41 ppm from H-6" and 7.49 ppm from H-2’. Such differentiation of these
signals proves that the substitution took place within the B ring. Based on the correlation spectra, it can
be stated that the 4-O-methyl glucose substituent is bound to the C-3’ carbon (visible in the HMBC
spectrum coupling of the signal from the H-1"" proton with the signal from carbon C-3’). The most
common product of biotransformation of 3’,4’,5’'-trimethoxyflavone (5) by B. bassiana KCh J1 was
identified as 3’-O-3-D-(4’’-O-methylglucopyranosyl)-4’,5’-dimethoxyflavone (19).

Furthermore, the second product is a 4-O-methylglucoside (20). However, the 'H NMR spectrum
of 19 shows all signals from the flavonoid skeleton protons with multiplicity and positions similar
to the 3’ ,4’,5'-trimethoxyflavone (5) spectrum. A singlet at 3.90 ppm derived from the six protons of
methoxy groups (C-3'-OCHj3 and C-5’-OCHj3) is visible. The HMBC spectrum shows the coupling of
the signal from the H-1"" proton with the signal from the C-4’ carbon, which proves that this product
is 4’-0O-p-D-(4""-O-methylglucopyranosyl)-3’,5’-dimethoxyflavone (20), which was identified in the
cultures of most biocatalysts used. The main compound (19) was yielded in 80% of the reaction mixture
in the culture of the B. bassiana KCh J1.5 strain and two B. caledonica strains (KCh ]J3.3 and KCh J3.4).
In the cultures of these strains and the B. bassiana KCh ]J3.2 strain, the concentration of 19 was about
five times higher than 4’-O-f3-D-(4"’-O-methylglucopyranosyl)-3’,5’-dimethoxyflavone (20). In the
culture of B. bassiana KCh BBT, compounds 19 and 20 were formed in the ratio of 3:1, in the culture of
I farinosa KCh KW 1.1 in the ratio 10:1, and in the culture of I. fumosorosea KCh J2 in the ratio of 48:1.
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In the culture of the B. bassiana KCh J1 strain, even after ten days of 3’,4’,5’'-trimethoxyflavone (5)
incubation, nearly 60% unreacted substrate was observed. The resulting products were formed in very
low concentrations, which made them impossible to isolate. Instead, scaled-up biotransformation in the
B. bassiana KCh J1.5 culture gave two additional products which are formed at very low concentrations
in the cultures of most of the tested biocatalysts. The compound with a retention time of 10.3 min was
identified as 6-O-p3-D-(4""-O-methylglucopyranosyl)-3’,4’,5 -trimethoxyflavone (21).

Based on the correlation spectra recorded for compound 21, it was found that the
sugar unit is bound to carbon C-6. This compound is an effect of hydroxylation and
glycosylation. Table 7 shows the positions of the signals visible in the 13C NMR spectrum of
6-O-p-D-(4""-O-methylglucopyranosyl)-flavone (21) and the flavone previously described, which were
used as a calculation standard [14]. Additionally, the calculated chemical shifts caused by the
introduction of the O-3-D-(4-O-methyl)-glucopyranosyl substituent on the C-6 carbon with respect to the
position of analogous signals visible on the flavan spectrum are given. Table 7 shows the signal positions
that are visible on the 1>*C NMR spectrum made for 3’,4’ 5 -trimethoxyflavone (5) and the calculated
signal positions for 6-O-B-D-(4"'-O-methylglucopyranosyl)-3’ 4’ 5 -trimethoxyflavone (21). The 13C
NMR data obtained for compound 21 are compatible with the calculated data (Table 7). Additionally,
the structure of this product was confirmed by MS analysis (Supplementary materials Figure 596).

Analogous calculations were made for product 22. The chemical shifts of the carbon
signals caused by the introduction of the hydroxyl group at C-6 were calculated. In this
case, the positions of the signals on the 3C NMR spectrum of 6-hydroxy-flavone and
flavone without any substituents, previously described [14], were compared and then the
shift values were added to the values of the positions of the carbon signals from the
3’-O-B-D-(4"'-O-methylglucopyranosyl)-4’,5’-dimethoxyflavone. Very high compatibility of the
calculated and measured values of the signal positions in the 3C NMR spectrum for
3’-O-B-D-(4"'-O-methylglucopyranosyl)-6-hydroxy-4’,5’-dimethoxyflavone (22) was obtained. The
NMR and MS spectra confirm the correct determination of the product structure (Supplementary
materials Figures 5S103-5109).

O | Beauveria bassiana
.
KChJL5
(o}

Figure 9. Biotransformation of 3’ 4’,5'-trimethoxyflavone (5) by B. bassiana KCh J1.5 strain.
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Table 6. Microbial transformation of 3’,4’,5’-trimethoxyflavone (5), HPLC conversion.

Conversion after 1, 3, 7 and 10 Days [%]

Strain No. Substance Retention Time [min]
3 7 10
KCh]J1.5 21 10.3 0 1 4 3
20 10.6 1 6 16 17
19 10.9 4 32 79 80
5 16.8 95 61 1 0
KCh]J2.1 21 10.3 0 1 1 2
20 10.6 1 2 7 10
19 10.9 8 19 53 67
5 16.8 92 79 38 21
KChKW 1.1 21 10.3 0 0 0 0.2
20 10.6 0 0 1 2
19 10.9 1 4 11 16
5 16.8 99 95 88 82
KChT1 21 10.3 7 16 20 20
22 13.7 0 0 1 2
5 16.8 91 84 68 59
KCh]2 20 10.6 0 0 1 1
19 10.9 2 13 44 48
5 16.8 98 86 54 50
KCh]3.4 20 10.6 0 5 19 17
19 10.9 5 45 77 81
5 16.8 95 50 3 2
KCh]J3.2 21 10.3 0 1 4 4
20 10.6 1 3 11 10
19 10.9 4 17 46 50
22 13.7 0 1 3 3
5 16.8 95 77 36 33
KCh]J3.3 20 10.6 0 4 14 16
19 10.9 2 22 73 83
5 16.8 98 74 13 1
KCh BBT 21 10.3 0 0 1 0
20 10.6 0 2 11 11
19 10.9 0 4 29 38
22 13.7 0 1 3 6
5 16.8 100 94 56 45

Flavonoid glycosylation in recent times has been increasingly described, which does not necessarily
mean that we fully understood all the processes and enzymes responsible for these reactions.
Nine strains of entomopathogenic filamentous fungi—B. bassiana KCh J1.5, J2.1, J3.2, J1, BBT,
B. caledonica KCh J3.3, J3.4, 1. fumosorosea KCh ]2 and I. farinosa KCh KW 1.1—used in these experiments
were capable to transforming substrates containing a methoxy group(s) on ring B. Often the process
of adding a sugar moiety to flavonoids is described as a one-step reaction, in which the end product
is formed without the presence of intermediates [24-30]. Based on the structure of the products
isolated here, it can be concluded that glycosylated derivatives of flavonoids are the result of cascade
changes. During incubation in the studied strains, there takes place the processes of demethylation
and/or hydroxylation and 4-O-methylglucosylation, in which several enzymes and coenzymes of the
biocatalyst are involved. In addition, the position of the substituent within the B ring had a significant
impact on the speed and number of products formed. The demethylation and 4-O-methylglucosylation
processes are fastest when the methoxy group is placed on the C-3’ carbon and slowest when on the
C-2’ carbon. However, the largest number of products were formed when the methoxy substituent
was in the 2'—position, where the 4-O-methylglycose molecule was attached not only within the ring
where it was present, but also outside it. The same was true in the case of the flavonoid containing 3
methoxy groups, where attachment of 4-O-methylglycose within another ring was also observed.
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Table 7. Calculated and measured positions of signals visible in the 13C NMR spectrum.
h | Calculat(;dh A Chemical Calculatt;dh
a A Chemica Positions of the e . Positions of the
F 6GF®  ghifts (6GE-F) ¢ > Signals21 6+ 21 C6OHF ” gg‘lff;) ; 9 Signals22 (19 + 22
(6GF-F) ¢ (60HF-F)) 8
2 163.9 163.8 -0.1 162.44 162.34 162.29 163.6 -0.3 162.32 162.02 161.88
3 108.0 107.2 -0.8 106.87 106.07 106.12 107.0 -1.0 106.78 105.78 105.76
4 178.0 177.7 -0.3 177.17 176.87 176.88 177.9 -0.1 177.22 177.12 177.07
4a 124.8 125.5 0.7 123.29 123.99 124.00 125.7 0.9 123.29 124.19 124.18
5 126.0 111.1 -14.9 124.74 109.84 109.22 108.9 -17.1 124.74 107.64 107.42
6 126.2 156.0 29.8 125.52 155.32 154.59 155.9 29.7 125.53 155.23 154.88
7 134.9 124.9 -10.0 134.20 124.20 124.00 123.7 -11.2 134.25 123.05 122.99
8 119.3 120.6 1.3 118.70 120.00 120.18 120.6 1.3 118.73 120.03 120.02
8a 1571 152.5 -4.6 155.68 151.08 150.99 151.1 -6.0 155.70 149.70 149.36
1 132.8 132.8 0.0 126.46 126.46 126.50 133.0 0.2 126.27 126.47 126.51
2 127.2 127.2 0.0 104.14 104.14 104.09 127.1 -0.1 107.69 107.59 107.52
3 130.0 130.0 0.0 153.29 153.29 153.29 130.0 0.0 151.25 151.25 151.21
4 132.5 132.5 0.0 140.63 140.63 140.56 132.3 -0.2 141.31 141.11 141.10
5 130.0 130.0 0.0 153.29 153.29 153.29 130.0 0.0 153.42 153.42 153.37
6 127.2 127.2 0.0 104.14 104.14 104.09 127.1 -0.1 104.81 104.71 104.66
17 101.90 100.73 100.62
2" 74.40 73.59 73.55
37 76.42 76.55 76.50
4" 79.18 79.37 79.32
5”7 76.08 75.94 75.88
6"’ 60.34 60.50 60.49
C-3’-OCH3 56.76
C-4’-OCH3; 60.58 60.53
C-5'-OCH3; 56.76 56.35 56.30
C-4""-OCHj3 59.66 59.75 59.71

2 Flavone (F); ® 6-O-B-D-(4"’-O-methylglucopyranosyl)-3’,4’,5 -trimethoxyflavone (6GF); © shifts in signals coming from flavone carbons due to the entry of the
O-B-D-(4-O-methyl)-glucopyranosyl substituent; ¢ the calculated positions of the signals from compound 21 (chemical shifts induced by O-B-D-(4-O-methyl)-glucopyranosyl
substituent at carbon C-6 were added to the positions of the signals from the 3’,4’,5'-trimethoxyflavone carbons (5)); ¢ 6-hydroxyflavone (60OHF); f shifts of carbon signals caused by
insertion of the hydroxyl group on C-6 flavone carbon; & calculated positions of the signals from compound 22 (chemical shifts caused by the hydroxyl group at carbon C-6 were added to
the positions of signals from the 3’-O-3-D-(4"’-O-methylglucopyranosyl)-4’,5’-dimethoxyflavone carbons (19)).
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3. Materials and Methods

3.1. Substrates

The substrates 2-hydroxyacetophenone, 2-methoxybenzaldehyde, 3-methoxybenzaldehyde,
4-methoxybenzaldehyde, 2,5-dimethoxybenzaldehyde and 3,4,5-trimethoxybenzaldehyde were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Flavones used in biotransformations were
synthesized from those substrates (the reactions are described below). The resulting chalcones were
used as substrates for the flavone synthesis and their NMR spectral data are identical to those previously
published [34-36].

3.2. Synthesis

All used substrates were synthesized in the laboratory by carrying out two kinds of reactions.
Firstly five different methoxychalcones were synthesized in the Claisen-Schmidt reaction of
2-hydroxyacetophenone with suitable methoxybenzaldehyde in reaction, described earlier and shown
in Scheme 2 [34-38]. The resulting flavones (1-5) were used as substrates for the biotransformation
and their NMR spectral data are identical to those previously published [32,39].

o) CH
o o0 +NaOH 0 o~ ®

MeOH

CHs H  HO Z
+ —
OH on

Scheme 2. Chalcone synthesis by Claisen-Schmidt condensation reaction.

After 2 h of reflux, the product of the Claisen-Schmidt reaction was transferred into an acid
environment and filtered using a Buchner funnel. The obtained product (appropriate methoxychalcone)
was confirmed by NMR analysis. All other methoxychalcones were synthesized analogously.
Methoxyflavones were synthesized from methoxychalcones by reaction with iodine in DMSO with
2-3 hincubation (until the substrate has reacted completely) at 130 °C [40], as presented in the example
below (Schemes 3 and 4).

All substrates for biotransformations were synthesized in the same way. The obtained compounds
were confirmed by NMR (*HNMR, 13C NMR, COSY, HMBC and HSQC) analysis.

3.3. Microorganisms

The microorganisms Beauveria bassiana KCh J1.5, KCh J2.1, KCh J1, KCh J3.2 and KCh BBT,
B. caledonica KCh ]3.3 and KCh ]J3.4, Isaria farinosa KCh KW 1.1 and I. fumosorosea KCh J2. were obtained
from the collection of the Department of Chemistry, Wroctaw University of Environmental and Life
Sciences (Wroctaw, Poland). Isolation and identification procedures were described in our previous
paper [21,22].

7 l,, DMSO
—_— >
126*C, 2 hours
OH

Scheme 3. Flavone synthesis. 2’-hydroxy-2-methoxychalcone is converted into 2’-methoxyflavone (1).
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Ru R Rs R4

(1) OCH: H H H 2'-methoxyflavone
(2) H  OCH: H H 3'-methoxyflavone
(3) H H  OCH: H 4'-methoxyflavone

(4) OCH; H H OCH: | 2',5-dimethoxyflavone

(5) H  OCH:  OCHs OCHs | 345 -trimethoxyflavone

Scheme 4. Methoxyflavones obtained and used in the experiment (1-5).
3.4. Screening Procedure

Erlenmeyer flasks (300 mL), each containing 100 mL of the sterile cultivation medium (3% glucose,
1% aminobac), were inoculated with a suspension of each entomopathogenic strain and then incubated
for 3 days at 24 °C on a rotary shaker. After this time, 10 mg of a substrate was dissolved in 1 mL of
dimethyl sulfoxide (DMSO) and added to the interior. Samples were collected on the 1st, 3rd, 7th and
10th day of the process. Then, all products were extracted using ethyl acetate, and extracts were dried
using MgSQy, concentrated in vacuo and analyzed using TLC and HPLC methods.

Scale-up Biotransformation

For the scale-up process we used Erlenmeyer flasks (2000 mL), each containing 500 mL of the same
cultivation medium (3% glucose, 1% aminobac), which were inoculated in the same way as described
above. Three days after inoculation, 100 mg of a substrate was dissolved in 2 mL of DMSO and added
to the interior. Samples were collected on the 14th day of the process. Products were extracted three
times using ethyl acetate and then analyzed using TLC, HPLC and NMR spectroscopy (\H NMR,
13C NMR, COSY, HMBC and HSQC) analysis.

3.5. Analysis

Initial tests were carried out using TLC plates (S5iO,, DC Alufolien Kieselgel 60 Fps4 (0.2 mm thick),
Merck, Darmstadt, Germany). The mobile phase contained a mixture of chloroform and methanol in
9:1 (v/v) relation. The plates were observed using a UV lamp (254 and 365 nm).

The scale-up biotransformation products were separated using 1000 um preparative TLC silica
gel plates (Anatech, Gehrden, Germany). The mobile phase contained a mixture of chloroform
and methanol in a 9:1 (v/v) ratio. Separation products were scraped out and extracted twice using
ethyl acetate.

3.5.1. HPLC

A Waters 2690 instrument equipped with a Waters 996 photodiode array detector, using an
ODS 2 column (4.6 x 250 mm, Waters, Milford, MA, USA) and a Guard-Pak Inserts uBondapak
C18 pre-column was used to perform HPLC analyses. The mobile phase consisted of eluent A
(80% acetonitrile in 4.5% acetic acid solution) and eluent B (4.5% acetic acid) with gradient elution:
0-7 min, 10% A/90% B; 7-10 min, 50% A/50% B; 10-13 min. 60% A/40% B; 15-20 min 80% A/20% B;
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20-30 min, 90% A/10% B; 30-40 min, 100% A. The flow rate was 1.0 mL/min, injection volume was
10 pL, detection wavelength 280 nm.

UHPLC

A Thermo Scientific Dionex Ultimate 3000 UHPLC+ instrument (Thermo Scientific, Waltham, MA,
USA) with a photodiode array detector (detection in wavelength: 210-450 nm) with a C-18 analytical
column ZORBAX Eclipse XDB (5 um, 4.6 x 250 mm, Agilent, Santa Clara, CA, USA) was used to
performed UHPLC analyses. Chromatographic separation was achieved using an isocratic elution of
50% A (0.05% formic acid water solution) and 50% B (methanol containing 0.05% of formic acid) for
2 min, then a linear gradient of B from 50% to 95% for 10 min and isocratic elution of 95% B for 5 min.
The flow rate was 1.0 mL/min.

3.5.2. NMR Spectroscopy

The NMR analysis was performed with a DRX 600 MHz Bruker spectrometer (Bruker, Billerica,
MA, USA) with an UltraShield Plus magnet and measured in DMSO-dg or Acetone-dg.

2’-O-B-D-(4"’-O-Methylglucopyranosyl)-Flavone (6)

1H NMR (600 MHz) (DMSO) & (ppm): 3.07 (dd, 1H, ] = 9.5,9.1 Hz, H-4""), 3.29-3.35 (m, 1H, H-2""),
3.41-3.54 (m, 3H, H-3"", H-5"and one of H-6'"), 3.46 (s, 3H, C-4""-OCH3), 3.64 (ddd, 1H, ] = 11.6, 4.9, 1.6
Hz, one of H-6"), 4.72 (dd, 1H, ] = 6.2, 5.0 Hz, C-6""-OH), 5.16 (d, 1H, ] = 7.8 Hz, H-1""), 5.27 (d, 1H,
J = 5.8 Hz, 3""-OH), 5.39 (d, 1H, ] = 5.5 Hz, C-2"-OH), 7.08 (s, 1H, H-3), 7.22 (ddd, 1H, ] = 7.3, 6.9, 1.0
Hz, H-5'), 7.35 (dd, 1H, ] = 8.6, 0.8 Hz, H-3'), 7.50 (ddd, 1H, ] = 8.1, 7.1, 1.1 Hz, H-6), 7.50 (ddd, 1H,
J=8.1,7.1,1.1 Hz, H-4'),7.74 (dd, 1H, ] = 8.5, 0.7 Hz, H-8), 7.83 (ddd, 1H, ] = 8.7, 7.1, 1.7 Hz, H-7), 7.93
(dd, 1H, J = 7.9, 1.7 Hz, H-6'), 8.06 (ddd, 1H, ] = 7.9, 1.6, 0.4 Hz, H-5). 13C NMR (151 MHz, DMSO)
§ = 59.74 (C-4""-OCHj), 60.15 (C-6'"), 73.50 (C-2""), 75.70 (C-5"), 76.55 (C-3'"), 78.89 (C-4""), 99.73 (C-1""),
112.17 (C-3), 115.37 (C-3'), 118.58 (C-8), 120.72 (C-1), 122.00 (C-5"), 123.20 (C-4a), 124.75 (C-5), 125.37
(C-6), 129.26 (C-6"), 132.70 (C-4"), 134.22 (C-7), 155.30 (C-2"), 156.01 (C-8a), 160.37 (C-2), 177.27 (C-4).

8-0--D-(4""-O-Methylglucopyranosyl)-2’-Methoxyflavone (7)

'H NMR (600 MHz) (Acetone-dg) & (ppm): 3.27 (dd, 1H, ] =9.7, 8.9 Hz, H-4"’), 3.53 (ddd, 1H,
J=9.7,47,2.1 Hz, H-5”), 3.61 (dd, 1H, ] = 12.5, 4.4 Hz, H-2"’), 3.64-3.74 (m, 2H, H-3"" and one of
H-6""),3.85 (ddd, 1H, ] = 10.9, 4.8, 2.0 Hz, one of H-6"’), 4.03 (s, 3H, C-4’’-OCH3),5.18 (d, 1H, ] = 7.5
Hz, H-1""),7.10 (s, 1H, H-3), 7.16 (ddd, 1H, ] = 7.9, 7.4, 1.1 Hz, H-5"), 7.25 (dd, 1H, ] = 8.4, 0.9 Hz, H-3'),
7.35 (t, 1H, ] = 8.0 Hz, H-6), 7.56 (ddd, 1H, ] = 8.4,7.4,1.8 Hz, H-4’), 7.61 (dd, 1H, ] = 8.1, 1.5 Hz, H-7),
7.74 (dd, 1H, ] = 8.0, 1.5 Hz, H-5), 8.22 (dd, 1H, ] = 7.9, 1.7 Hz, H-6"). 13C NMR (151 MHz, Acetone-d6)
5 =56.36 (C-4’’-OCHj3), 60.58 (C-4’"-OCH3), 61.99 (C-6"'), 75.02 (C-2""), 77.21 (C-5"), 78.13 (C-3"), 80.01
(C-4'7),102.24 (C-1""), 112.68 (C-3), 113.06 (C-3'), 118.59 (C-5), 120.84 (C-7), 121.26 (C-1’), 121.83 (C-5'),
125.43 (C-6), 125.76 (C-4a), 130.59 (C-6"), 133.51 (C-4"), 147.70 (C-8a), 148.02 (C-8), 159.23 (C-2’), 160.88
(C-2), 178.08 (C-4).

5’-O-B-D-(4"’-O-Methylglucopyranosyl)-2’-Methoxyflavone (8)

TH NMR (600 MHz) (DMSO) & (ppm): 3.02 (t, 1H, ] = 9.4 Hz, H-4"), 3.26 (td, 1H, | = 9.0, 4.0 Hz,
H-2""), 3.40-3.45 (m, 2H, H-3"", H-5"), 3.46 (s, 3H, C-4’"-OCHj3), 3.53 (ddd, 1H, ] = 11.6, 6.2, 5.8 Hz,
one of H-6"), 3.67 (ddd, 1H, ] = 11.4, 4.7, 1.4 Hz, one of H-6""), 3.90 (s, 3H, C-2""-OCH3), 4.77 (t, 1H,
J = 5.7 Hz, C-6'"-OH), 4.87 (d, 1H, ] = 7.8 Hz, H-1""), 5.29 (d, 1H, ] = 5.4 Hz, C-3"’-OH), 5.43 (d, 1H,
J = 4.5 Hz, C-2""-OH), 6.99 (s, 1H, H-3), 7.20 (d, 1H, ] = 9.2 Hz, H-3"), 7.27 (dd, 1H, ] = 9.1, 3.1 Hz,
H-4"), 7.50 (ddd, 1H, ] = 8.0, 7.0, 1.0 Hz, H-6), 7.63 (dd, 1H, ] = 3.0, Hz, H-6'), 7.76 (dd, 1H, ] = 7.9, 0.6
Hz, H-8), 7.83 (ddd, 1H, ] = 8.6, 7.0, 1.6 Hz, H-7), 8.05 (dd, 1H, ] = 7.9, 1.6 Hz, H-5). 13C NMR (151
MHz, DMSO) § = 56.39 (C-2’-OCHj), 59.71 (C-4""-OCHj3), 60.39 (C-6""), 73.48 (C-2"), 75.73 (C-5"), 76.28
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(C-3""),79.20 (C-4’"), 101.11 (C-1"), 111.71 (C-3), 113.68 (C-3"), 116.93 (C-6'), 118.61 (C-8), 120.14 (C-1"),
120.88 (C-47), 123.10 (C-4a), 124.71 (C-5), 125.45 (C-6), 134.33 (C-7), 151.17 (C-5’), 152.88 (C-2"), 155.91
(C-8a), 160.05 (C-2), 177.18 (C-4).

3-0--D-(4""-O-Methylglucopyranosyl)-2’-Methoxyflavone (9)

'H NMR (600 MHz) (DMSO) & (ppm): 3.07 (t, 1H, ] = 9.3 Hz, H-4'"), 3.27-3.37 (m, 2H, H-2"" and
H-5"), 3.40 (s, 3H, C-4"’-OCH3), 3.41-3.55 (m, 2H, H-6""), 3.79 (s, 3H, C-3-OCH3), 4.45 (t, 1H, ] = 5.3 Hz,
C-6"’-OH), 5.14 (d, 1H, | = 5.5 Hz, 3'’-OH), 5.27 (d, 1H, | = 7.8 Hz, H-1""), 5.31 (d, 1H, | = 4.7 Hz,
C-2""-OH), 7.06 (td, 1H, ] = 7.4, 0.8 Hz, H-5’), 7.16 (d, 1H, ] = 8.3 Hz, H-3'), 7.50-7.55 (m, 2H, H-4’ and
H-6),7.66 (dd, 1H, ] = 8.4,0.4 Hz, H-8),7.73 (dd, 1H, ] = 7.6, 1.7 Hz, H-6'), 7.82 (ddd, 1H, ] = 8.6, 7.1,
1.7 Hz, H-7), 8.14 (dd, 1H, ] = 8.0, 1.4 Hz, H-5).

2’-Hydroxyflavone (10)

TH NMR (600 MHz) (Acetone-dg) 5 (ppm): 7.07 (ddd, 1H, ] = 8.0, 7.3, 1.1 Hz, H-5"), 7.13 (dd, 1H, ]
=82,1.0 Hz, H-3'), 7.19 (s, 1H, H-3), 7.42 (ddd, 1H, ] = 8.2, 7.3, 1.7 Hz, H-4’), 7.48 (ddd, 1H, ] = 8.1, 7.1,
1.1 Hz, H-6), 7.70 (ddd, 1H, ] = 8.4, 1.1, 0.5 Hz, H-8), 7.80 (dd, 1H, ] = 8.8, 6.9, 1.6 Hz, H-7), 7.99 (dd, 1H,
] =7.9,1.7 Hz, H-5), 10.03 (s, C-2’-OH). 13C NMR (151 MHz, Acetone-dg) & = 112.54 (C-3), 117.93 (C-3'),
119.18 (C-8), 119.58 (C-17), 120.91 (C-5’), 124.71 (C-4a), 125.85 (C-6), 125.89 (C-5), 129.73 (C-6’), 133.25
(C-4'),134.62 (C-7), 157.16 (C-2’), 157.32 (C-8a), 161.76 (C-2), 178.25 (C-4).

3’-Hydroxyflavone (11)

TH NMR (600 MHz) (DMSO) & (ppm): 6.94 (s, 1H, H-3), 7.01 (ddd, 1H, ] = 8.1, 2.5, 0.9 Hz, H-4'),
7.38 (t, 1H, ] = 7.9 Hz, H-5'), 7.4 (t, 1H, ] = 1.9 Hz, H-2’), 7.51 (ddd, 1H, ] = 8.0, 6.9, 1.1 Hz, H-6), 7.53
(ddd, 1H, ] = 7.8, 1.8, 1.0 Hz, H-6), 7.77 (ddd, 1H, ] = 8.4, 1.2, 0.5 Hz, H-8), 7.86 (ddd, 1H, ] = 8.5, 6.9,
1.6 Hz, H-7), 8.06 (ddd, 1H, | = 7.9, 1.7, 0.5 Hz, H-5), 9.90 (s, C-3’-OH). 13C NMR (151 MHz, DMSO)
5 =106.93 (C-3), 112.85 (C-2’), 117.23 (C-6'), 118.53 (C-8), 118.88 (C-4’), 123.36 (C-4a), 124.82 (C-5), 125.57
(C-6), 130.29 (C-5), 132.45 (C-1'), 134.38 (C-7), 155.68 (C-8a), 157.92 (C-3") 162.73 (C-2), 177.10 (C-4).

3’-0-B-D-(4"’-O-Methylglucopyranosyl)-Flavone (12)

1H NMR (600 MHz) (DMSO) 5 (ppm): 3.05 (t, 1H, ] = 9.2 Hz, H-4""), 3.25-3.34 (m, 1H, H-2"),
3.42-3.57 (m, 3H, H-3"", H-5”and one of H-6""), 3.47 (s, 3H, C-4""-OCHj3), 3.68 (dd, 1H, ] = 10.0, 4.9 Hz,
one of H-6"), 4.80 (t, 1H, ] = 5.2 Hz, C-6"-OH), 5.07 (d, 1H, ] = 7.8 Hz, H-1""), 5.31 (d, 1H, ] = 5.5 Hz,
C-3""-OH), 5.46 (d, 1H, ] = 5.2 Hz, C-2"-OH), 7.07 (s, 1H, H-3), 7.26 (dd, 1H, | = 8.2, 2.4 Hz, H-4"),
7.47-7.55 (m, 2H, H-5 and H-6), 7.73 (d, 1H, ] = 2.0 Hz, H-2"), 7.76 (d, 1H, ] = 7.8 Hz, H-8), 7.79-7.87 (m,
2H, H-6' and H-7), 8.06 (d, 1H, ] = 7.9 Hz, H-5). 13C NMR (151 MHz, DMSO) & = 59.76 (C-4’’-OCH3),
60.35 (C-6'"), 73.48 (C-2"), 75.75 (C-5"), 76.34 (C-3'"), 79.19 (C-4’"), 100.02 (C-1'"), 107.24 (C-3), 113.84
(C-2"), 118.69 (C-6"), 119.79 (C-4’), 120.00 (C-8), 123.36 (C-4a), 124.81 (C-5), 125.63 (C-6), 130.31 (C-5'),
132.52 (C-1"), 134.43 (C-7), 155.72 (C-8a), 157.81 (C-3'), 162.25 (C-2), 177.23 (C-4).

4’-Hydroxyflavone (13)

TH NMR (600 MHz) (DMSO) 5 (ppm): 6.88 (s, 1H, H-3), 6.92-6.96 (m, 2H, H-3/, H-5'), 7.48 (ddd,
1H, ] = 8.0, 7.0, 1.2 Hz, 1H, H-6), 7.75 (ddd, 1H, ] = 8.4, 1.2, 0.4 Hz, H-8), 7.81 (ddd, 1H, ] = 8.5, 6.9,
1.7 Hz, H-7), 7.95-7.99 (m, 2H, H-2’, H-6'), 8.03 (dd, 1H, ] = 7.9, 1.7, 0.4 Hz, H-5), 10.32 (s, C-4’-OH).
13C NMR (151 MHz, DMSO) 5 = 104.83 (C-3), 115.97 (C-3" and C-5'), 118.39 (C-8), 121.60 (C-1’), 123.34
(C-4a), 124.75 (C-5), 125.35 (C-6), 128.39 (C-2’ and C-6'), 134.06 (C-7), 155.61 (C-8a), 161.00 (C-4"), 163.09
(C-2), 176.91 (C-4).
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4’-O-B-D- (4”7-O-Methylglucopyranosyl)-Flavone (14)

TH NMR (600 MHz) (DMSO) 6 (ppm): 3.06 (t, 1H, ] = 9.3 Hz, H-4""), 3.29 (ddd, 1H, ] = 9.1, 7.8,
5.2 Hz, H-2""), 3.42-3.49 (m, 2H, H-3", H-5"), 3.47 (s, 3H, C-4""-OCH3), 3.52 (ddd, 1H, ] = 11.5, 6.4, 5.1
Hz, one of H-6""), 3.65 (ddd, ] = 114, 5.0, 1.5 Hz, one of H-6""), 4.74 (dd, 1H, ] = 6.2, 5.1 Hz, C-6""-OH),
5.07 (d, 1H, | = 7.8 Hz, H-1""), 5.30 (d, 1H, ] = 5.5 Hz, C-3""-OH), 5.48 (d, 1H, | = 5.2 Hz, C-2"’-OH),
6.99 (s, 1H, H-3), 7.18-7.22 (m, 2H, H-3’, H-5"), 7.50 (ddd, 1H, ] = 8.1, 6.8, 1.3 Hz, H-6), 7.78 (ddd, 1H,
J=85,1.3,0.4 Hz, H-8),7.83 (ddd, 1H, ] = 8.5, 6.8, 1.7 Hz, H-7), 8.04 (ddd, 1H, ] = 7.9, 1.6, 0.5 Hz, H-5),
8.06-8.10 (m, 2H, H-2/, H-6'). 13C NMR (151 MHz, DMSO) & = 59.74 (C-4"’-OCHj3), 60.18 (C-6"), 73.37
(C-2""), 75.69 (C-5), 76.25 (C-3'"), 78.94 (C-4""), 99.50 (C-1'"), 105.76 (C-3), 116.54 (C-3’ and C-5’), 118.50
(C-8), 123.33 (C-4a), 124.41 (C-5), 124.78 (C-6), 125.46 (C-1’), 128.11 (C-2’ and C-6"), 134.20 (C-7), 155.65
(C-8a), 160.05 (C-4"), 162.46 (C-2), 177.02 (C-4).

2’-O-p-D-(4"’-O-Methylglucopyranosyl)-5'-Methoxyflavone (15)

TH NMR (600 MHz) (DMSO) & (ppm): 3.05 (t, 1H, | = 9.4 Hz, H-4""), 3.25-3.29 (m, 1H, H-2""),
3.40-3.45 (m, 2H, H-3", H-5"), 3.45 (s, 3H, C-4’"-OCH3), 3.51-3.55 (m, 1H, one of H-6""), 3.63 (ddd, 1H,
J=12.1,4.8, 1.7 Hz, one of H-6""), 3.81 (s, 3H, C-6'"-OCH3), 4.69 (d, 1H, ] = 5.5 Hz, C-6'"-OH), 5.03 (d,
1H, ] = 7.8 Hz, H-1""), 5.24 (d, 1H, ] = 5.8 Hz, C-3""-OH), 5.34 (d, ] = 5.6 Hz, C-2""-OH), 7.13 (dd, 1H,
J=9.2,32Hz H-4'),7.30 (d, 1H, ] = 9.2 Hz, H-3), 7.44 (d, 1H, ] = 3.1 Hz, H-6'), 7.50 (ddd, 1H, ] = 8.1,
7.0,1.1 Hz, H-6), 7.77 (dd, 1H, ] = 8.3, 0.7 Hz, H-8), 7.83 (ddd, 1H, ] = 8.6, 7.1, 1.8 Hz, H-7), 8.05 (dd, 1H,
] =7.9,1.8 Hz, H-5). 13C NMR (151 MHz, DMSO) § = 55.73 (C-2’-OCH3), 59.72 (C-4""-OCHj3), 60.21
(C-6'"), 73.55 (C-2'"), 75.70 (C-5"), 76.56 (C-3'"), 78.96 (C-4""), 100.56 (C-1""), 112.36 (C-3), 113.87 (C-6'),
117.13 (C-3), 117.99 (C-4"), 118.71 (C-8), 121.58 (C-1"), 123.20 (C-4a), 124.71 (C-5), 125.37 (C-6), 134.18
(C-7), 149.34 (C-5), 153.94 (C-2), 155.99 (C-8a), 160.14 (C-2), 177.27 (C-4).

4’-O-B-D-(4'-O-Methylglucopyranosyl)-2’,5’-Dimethoxyflavone (16)

TH NMR (600 MHz) (DMSO) & (ppm): 3.00 (t, 1H, ] = 9.2 Hz, H-4""), 3.32-3.37 (m, 1H, H-2"),
3.39-3.43 (m, 1H, H-5"), 3.46 (s, 3H, C-4’"-OCH3), 3.47-3.54 (m, 2H, H-3"" and one of H-6""), 3.64-3.69 (m,
1H, one of H-6""), 3.84 (s, 3H, C-5”-OCHj3), 3.90 (s, 3H, C-2""-OCHj3), 4.79 (t, 1H, ] = 5.1 Hz, C-6"-OH),
5.14 (d, 1H, ] = 7.9 Hz, H-1""),5.32 (d, 1H, ] = 5.6 Hz, C-3""-OH), 5.49 (d, 1H, | = 5.6 Hz, C-2""-OH), 6.98
(s, 1H, H-3), 7.00 (s, 1H, H-3"), 7.48 (ddd, 1H, ] = 8.0, 7.1, 1.3 Hz, H-6), 7.56 (s, 1H, H-6'), 7.79 (dd, 1H,
] =8.4,1.3 Hz, H-8), 7.81 (ddd, 1H, ] = 8.5, 7.1, 1.5 Hz, H-7), 8.03 (dd, 1H, ] = 7.9, 1.5 Hz, H-5). 13C
NMR (151 MHz, DMSO) § = 56.41 (C-2’-OCHj3), 56.69 (C-6'-OCHj3), 59.75 (C-4'"-OCH3), 60.39 (C-6""),
73.27 (C-2"), 75.96 (C-5"), 76.67 (C-3""), 79.36 (C-4’"), 99.48 (C-1'"), 101.40 (C-3"), 110.56 (C-3), 111.82
(C-17), 113.06 (C-6'), 119.60 (C-8), 123.11 (C-4a), 124.66 (C-5), 125.29 (C-6), 134.33 (C-7), 142.81 (C-4"),
150.23 (C-5), 153.23 (C-2"), 155.78 (C-8a), 160.31 (C-2), 177.12 (C-4).

5’-Hydroxy-2’-Methoxyflavone (17)

TH NMR (600 MHz) (DMSO) & (ppm): 3.84 (s, 3H, C-2/-OCHj), 6.94 (s, 1H, H-3), 6.97 (dd, 1H,
J=8.9,3.0 Hz, H-4'),7.09 (d, 1H, ] = 9.0 Hz, H-3'), 7.32 (d, 1H, ] = 3.0 Hz, H-6"), 7.50 (ddd, ] = 8.0, 7.1,
0.8 Hz, H-6), 7.71 (d, 1H, ] = 8.2 Hz, H-8), 7.83 (ddd, 1H, ] = 8.6, 7.2, 1.7 Hz, H-7), 8.05 (dd, 1H, ] = 7.9,
1.4 Hz, H-5), 9.41 (s, C-5-OH). 13C NMR (151 MHz, DMSO) § = 56.33 (C-2’-OCHjs), 111.57 (C-3), 114.07
(C-3'), 115.01 (C-6"), 118.43 (C-8), 119.36 (C-4’), 120.29 (C-1’), 123.13 (C-4a), 124.77 (C-5), 125.42 (C-6),
134.33 (C-7), 150.80 (C-2’), 151.12 (C-5'), 155.89 (C-8a), 160.53 (C-2), 177.16 (C-4).

4’-Hydroxy-2’,5’-Dimethoxyflavone (18)

'H NMR (600 MHz) (DMSO) & (ppm): 3.84 (s, 3H, C-5’-OCH3), 3.85 (s, 3H, C-2’-OCHj3), 6.70
(s, 1H, H-3'), 6.95 (s, 1H, H-3), 7.47 (ddd, 1H, | = 8.1, 6.4, 1.9 Hz, H-6), 7.53 (s, 1H, H-6"), 7.78 (ddd,
1H,] =8.6,7.2,1.7 Hz, H-7),7.81 (d, 1H, ] = 8.2 Hz, H-8), 8.02 (dd, 1H, ] = 7.9, 1.5 Hz, H-5), 10.07 (s,
C-4’-OH). 13C NMR (151 MHz, DMSO) § = 56.17 (C-5’-OCHj3), 56.64 (C-2’-OCH3), 101.11 (C-3’), 109.36



Int. J. Mol. Sci. 2020, 21, 6121 19 of 22

(C-17), 109.90 (C-3), 112.87 (C-6'), 118.51 (C-8), 123.11 (C-4a), 124.63 (C-5), 125.16 (C-6), 133.89 (C-7),
141.87 (C-4'), 151.41 (C-5'), 153.86 (C-2’), 155.74 (C-8a), 160.67 (C-2), 177.08 (C-4).

3’-0-B-D-(4"’-O-Methylglucopyranosyl)-4’,5'-Dimethoxyflavone (19)

3.04 (t, 1H, ] = 9.1 Hz, H4""), 3.31-3.36 (m, 1H, H-2""), 3.48 (s, 3H, C-4’"-OCH3), 3.46-3.58 (m,
3H, H-3"/, H-5” and one of H-6"’), 3.70 (dd, 1H, ] = 9.9, 5.0 Hz, one of H-6"’), 3.81 (s, 3H, C-4’-OCH3),
3.91 (s, 3H, C-5’-OCH3), 4.84 (t, 1H, ] = 5.5 Hz, C-6’"-OH), 5.07 (d, 1H, ] = 7.8 Hz, H-1"), 5.32 (d, 1H,
J =5.6 Hz, C-3’"-OH), 5.46 (d, 1H, | = 5.7 Hz, C-2"’-OH), 7.11 (s, 1H, H-3), 7.41 (d, 1H, ] = 2.0 Hz, H-¢'),
7.49 (ddd, 1H, ] = 8.1,5.3,2.9 Hz, H-6), 7.54 (d, 1H, ] = 2.0 Hz, H-2’), 7.81-7.84 (m, 2H, H-7 and H-8),
8.04 (ddd, 1H, | = 8.0, 1.5, 0.6 Hz, H-5). 13C NMR (151 MHz, DMSO) is presented in Table 7.

4’-O-B-D-(4''-O-Methylglucopyranosyl)-3’,5’-Dimethoxyflavone (20)

3.03 (t, 1H, ] = 9.1 Hz, H-4""), 3.31-3.36 (m, 1H, H-2""), 3.4 (s, 3H, C-4’"-OCH3), 3.46-3.58 (m,
3H, H-3"’, H-5” and one of H-6""), 3.69 (dd, 1H, ] = 9.9, 5.0 Hz, one of H-6"’), 3.90 (s, 6H, C-3’-OCHj
and C-5'-OCHj3), 4.52 (dd, 1H, ] = 5.9, 4.9 Hz, C-6’’-OH), 5.14 (d, 1H, ] = 7.6 Hz, H-1""), 5.19 (d, 1H,
J =5.5Hz, C-3""-OH), 5.23 (d, 1H, | = 4.9 Hz, C-2"’-OH), 7.14 (s, 1H, H-3), 7.39 (s, 2H, H-2’ and H-¢'),
7.49 (m, 1H, H-6), 7.81-7.84 (m, 2H, H-7 and H-8), 8.04 (ddd, 1H, ] = 8.0, 1.5, 0.6 Hz, H-5). 13C NMR (151
MHz, DMSO) é = 56.76 (C-3’-OCH3 and C-5’-OCH3), 59.66 (C-4’"-OCH3), 60.34 (C-6"), 74.40 (C-2""),
76.08 (C-5"), 76.42 (C-3’"), 79.18 (C-4""), 101.90 (C-1""), 104.89 (C-2’, and C-6"), 106.78 (C-3), 118.73 (C-8),
123.33 (C-4a), 124.77 (C-5), 125.53 (C-6), 126.27 (C-1’), 134.21 (C-7), 137.35 (C-4’), 152.93 (C-3’ and C-5'),
155.71 (C-8a), 162.44 (C-2), 177.22 (C-4).

6-O-B-D-(4""-O-Methylglucopyranosyl)-3’,4’,5’-Trimethoxyflavone (21)

'H NMR (600 MHz) (DMSO) & (ppm): 3.08 (t, 1H, ] = 9.3 Hz, H-4""), 3.28 (ddd, 1H, ] =9.1,7.3,4.7
Hz, H-2''), 3.36-3.39 (m, 1H, H-5"), 3.41-3.46 (m, 2H, H-3"" and one of H-6""), 3.47 (s, 3H, C-4"’-OCH3),
3.62-3.67 (m, 1H, one of H-6""), 3.75 (s, 3H, C-4'-OCH3), 3.91 (s, 6H, C-3-OCH3 and C-5'-OCH3), 4.74
(dd, 1H, ] = 6.4, 5.0 Hz, C-6"’-OH), 5.01 (d, 1H, ] = 7.8 Hz, H-1"’), 5.28 (d, 1H, | = 5.5 Hz, C-3"’-OH),
5.46 (d, 1H, ] = 5.2 Hz, C-2""-OH), 7.14 (s, 1H, H-3), 7.39 (s, 2H, H-2" and H-6¢’), 7.51 (dd, 1H,] = 9.1, 3.1
Hz, H-7),7.58 (d, 1H, ] = 3.1 Hz, H-5), 7.83 (d, 1H, ] = 9.2 Hz, H-8). '3C NMR (151 MHz, DMSO) is
presented in Table 7.

3’-0O-B-D-(4""-O-Methylglucopyranosyl)-6-Hydroxy-4’,5’-Dimethoxyflavone (22)

TH NMR (600 MHz) (DMSO) & (ppm): 3.03 (t, 1H, ] = 9.1 Hz, H-4""), 3.30-3.35 (m, 1H, H-2""), 3.47
(s, 3H, C-4"’-OCH3), 3.43-3.57 (m, 3H, H-3’’, H-5” and one of H-6"’), 3.68-372 (m, 1H, one of H-6""), 3.80
(s, 3H, C-4’-OCH3), 3.90 (s, 3H, C-5-OCH3), 4.81 (t, 1H, | = 5.4 Hz, C-6"-OH), 5.05 (d, 1H, ] = 7.9 Hz,
H-1""),5.29 (d, 1H, | = 5.7 Hz, C-3"’-OH), 5.43 (d, 1H, ] = 5.7 Hz, C-2"’-OH), 7.02 (s, 1H, H-3), 7.25
(dd, 1H, ] = 9.0, 3.0 Hz, H-6), 7.31 (d, 1H, ] = 3.0 Hz, H-8), 7.38 (d, 1H, ] = 2.0 Hz, H-6’), 7.50 (d, 1H,
J =2.0 Hz, H-2), 7.68 (d, 1H, ] = 9.0 Hz, H-5), 10.02 (s, 1H, -OH). 13C NMR (151 MHz, DMSO) is
presented in Table 7.

3.5.3. LC-MS

Molecular formulas of products were confirmed by LC-MS 8045 SHIMADZU analysis. The mobile
phase was a mixture of 0.1% aqueous formic acid v/v (A) and acetonitrile (B). The program was as
follows: 80% B and 20% A in 5 min. The flow rate was 0.3 mL/min and the injection volume was
2 ul. The column (Kinetex 2.6 um C18 100 A, 100 mm x 3 mm, Phenomenex, Torrance, CA, USA) was
operated at 30 °C. The major operating parameters were as follows: nebulizing gas flow: 3 L/min,
heating gas flow: 10 L/min, interface temperature: 300°C, drying gas flow: 10 L/min, data acquisition
range m/z 100-1000 Da; ionization mode—positive. Data were collected with LabSolutions (Shimadzu,
Kyoto, Japan) software.
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4. Conclusions

To sum up, obtaining 18 novel flavonoids via whole-cell fungal biotransformations was described,
13 of them being 4-O-methylglucosides and 5 hydroxy flavones. To the best of our knowledge,
these flavone glucosides have never been reported before.

Our previous studies have shown that the ability of 4-O-methylglycosyl attachment to the
hydroxyl group in the flavonoid molecule is unique for entomopathogenic filamentous fungi. In this
publication, we have demonstrated the capacity of these strains to produce 4-O-methylglucoside
flavonoids, the formation of which is preceded by the effective O-demethylation and/or hydroxylation
of the methoxyflavones obtained by chemical synthesis.

The performed biotransformations resulted in products that may indicate that glycosylation is
not a one-step process, but is likely the result of an enzyme cascade as intermediates also appear.
Obtaining these products is, therefore, possible due to the use of whole cells cultures of biocatalysts
containing many interacting enzymes.

Some of the entomopathogenic fungi used (e.g., B. bassiana KCh J1.5 or I. fumosorosea KCh ]2) were
able to introduce a sugar group into the flavone ring by hydroxylation and then 4-O-methylglycosylation.
This sequence resulted in four different glycosylated products in a one-pot reaction. The demethylation
and 4-O-methylglucosylation processes are fastest when the methoxy group is on the C-3’ carbon and
slowest when the methoxy substituent is on the C-2’ carbon. However, placing the substituent at the
C-2’ position results in the highest number of end products. We have obtained 13 new glycosylated
flavones (4-O-methylglucopyranosides) and five hydroxy derivatives. Each of the obtained products
was determined by means of HPLC, LC-MS and NMR (Supplementary materials Figures S1-5109).

Additionally, research on the properties of flavonoids, including their glycoside derivatives, is still
ongoing, and efficient methods for obtaining such compounds are sought continuously. The methods
presented in this publication allow significant amounts of glycoside derivatives to be obtained in an
efficient and relatively cheap way while following the principles of “green chemistry”.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/17/
6121/s1.
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glucopyranoside (19) and 3°,5’-dimethoxyflavone 4’-O-3-D-(4”-O-methyl)-glucopyranoside (20)
(DMSO-ds, 600 MHZz)

Fig.S92. Glucopyranoside part of the *"H NMR spectral 4°,5’-dimethoxyflavone 5’-O-B-D-(4"-O-
methyl)-glucopyranoside (19) and 3°,5’-dimethoxyflavone 4’-O-3-D-(4”-O-methyl)-
glucopyranoside (20) (DMSO-ds, 600 MHz)



Fig.S93. **C NMR spectral of 4°,5’-dimethoxyflavone 5°-O-B-D-(4”-O-methyl)-glucopyranoside (19)
and 3’,5’-dimethoxyflavone 4’-O-B-D-(4"-O-methyl)-glucopyranoside (20) (DMSO-dg, 151 MHz)

Fig.S94. HMQC spectral of 4°,5’-dimethoxyflavone 5°-O-p-D-(4"-O-methyl)-glucopyranoside (19)
and 3’,5’-dimethoxyflavone 4’-O-p-D-(4”-O-methyl)-glucopyranoside (20) (DMSO-ds, 151 MHz)

Fig.S95. HMBC spectral of 4°,5’-dimethoxyflavone 5’-O-B-D-(4”-O-methyl)-glucopyranoside (19)
and 3’,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (20) (DMSO-dg, 151 MHz)

Fig.S96. MS analysis 3°,4’,5’-trimethoxyflavone 6-O-p-D-(4"-O-methyl)-glucopyranoside (21)

Fig.S97. *H NMR spectral of 3°,4°,5’-trimethoxyflavone 6-O-p-D-(4”-O-methyl)-glucopyranoside (21)
(DMSO-ds, 600 MHz)

Fig.S98. Flavone part of the *H NMR spectral 3°,4’,5’-trimethoxyflavone 6-O-B-D-(4”-O-methyl)-
glucopyranoside (21) (DMSO-ds, 600 MHz)

Fig.S99. Glucopyranoside part of the *H NMR spectral 3’,4°,5’-trimethoxyflavone 6-O-B-D-(4”-O-methyl)-
glucopyranoside (21) (DMSO-ds, 600 MHz)

Fig.S100. *C NMR spectral of 3°,4’,5’-trimethoxyflavone 6-O-B-D-(4”-O-methyl)-glucopyranoside (21)
(DMSO-ds, 151 MHz)

Fig.S101. HMQC spectral of 3°,4°,5-trimethoxyflavone 6-O-B-D-(4”-O-methyl)-glucopyranoside (21)
(DMSO-ds, 151 MHz)

Fig.S102. HMBC spectral of 3°,4’,5’-trimethoxyflavone 6-O-p-D-(4"-O-methyl)-glucopyranoside (21)
(DMSO-ds, 151 MHz)

Fig.S103. MS analysis 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-f-D-(4”-O-methyl)-glucopyranoside

(22)

Fig.S104. *H NMR spectral of 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-p-D-(4”-O-methyl)-glucopyranoside
(22) (DMSO-ds, 600 MHz)

Fig.S105. Flavone part of the *H NMR spectral 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-p-D-(4”-O-methyl)-
glucopyranoside (22) (DMSO-ds, 600 MHz)

Fig.S106. Glucopyranoside part of the *H NMR spectral 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-B-D-(4"-O-
methyl)-glucopyranoside (22) (DMSO-ds, 600 MHz)

Fig.5107. 3C NMR spectral of 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-B-D-(4-O-methyl)-glucopyranoside
(22) (DMSO-ds, 151 MHz)

Fig.S108. HMQC spectral of 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-B-D-(4"-O-methyl)-glucopyranoside
(22) (DMSO-dg, 151 MHz)

Fig.S109. HMBC spectral of 6-hydroxy-4’,5’-dimethoxyflavone 3°-O-p-D-(4”-O-methyl)-glucopyranoside
(22) (DMSO-ds, 151 MHz)



Fig.S1. MS analysis flavone 2°-O-p-D-(4”-O-methyl)-glucopyranoside (6)
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Fig.S2. 'H NMR spectral of flavone 2’-O-B-D-(4”-O-methyl)-glucopyranoside (6) (DMSO-ds, 600 MHz)

1
(@]
2
~ ()
g 8 8 & g g
s S8 o <9 —~ =}
Il Il Il Il 6 Il
N
2 2
el
~ 3
= 804
< —
Ly o5
= o
w = 0z'L
(= 9 REVAY
o W wL—
M YL
. = voi !/
Fg [e3)
£
<
Re) be'L
o o YA
F< ,M.\ om.mw
— @ ! 854
[ v D_ 8b'L
SR
- [« 0 05'2
_ CPN (WA
_ <« (0] YA WIENY
- [ “E m €S°L-7
s = €8/
¥z S5,
w = 55,
rs "o S5,
° w 95°L
Fo S (S'L
o~
re 4 €L
- . X €0\
Fre = Sl
Z 54
N
¢ I 184\
o 8L~
L2 o
= mw.m\
e = €8
ot 6L
~ +—
[~ ] YA
N o vm.hw
N2 W v6'L
le O
NS 2
. 8o 08
s Lo 9%
: @S 8
Fa s W
Ly 2 P e
0 _|_| w

8.05 800 795 790 7.8 780 775 7.70 7.65 7.60f (7.55) 750 745 740 735 730 725 720 7.15 7.10
1 (ppm

8.10




Fig.S4. Glucopyranoside part of the *H NMR spectral flavone 2’°-O-B-D-(4”-O-methyl)-glucopyranoside (6)
(DMSO-ds, 600 MHz)
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Fig.S6. COSY spectral of flavone 2’-O-B-D-(4”-O-methyl)-glucopyranoside (6) (DMSO-dg, 151 MHz)
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Fig.S7. HMQC spectral of flavone 2’-O-p-D-(4”-O-methyl)-glucopyranoside (6) (DMSO-ds, 151 MHZz)
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Fig.S8. HMBC spectral of flavone 2’-O-p-D-(4”-O-methyl)-glucopyranoside (6) (DMSO-dg, 151 MHZz)
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Fig.S9. MS analysis 2’-methoxyflavone 5°-0-B-D-(4”-O-methyl)-glucopyranoside (8)

Molecular Formula = Cp3H2409
Formula Weight =444.43126
Precursor =445.4000
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Fig.S510. *H NMR spectral of 2’-methoxyflavone 5’-O-B-D-(4”-O-methyl)-glucopyranoside (8)
(Acetone-ds, 600 MH2z)
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Fig.S11. Flavone part of the *H NMR spectral 2’-methoxyflavone 5’-O-B-D-(4”-O-methyl)-glucopyranoside
(8) (Acetone-dgs, 600 MHZz)
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Fig.S12. Glucopyranoside part of the *H NMR spectral 2°-methoxyflavone
5’-0-B-D-(4”-O-methyl)-glucopyranoside (8) (Acetone-ds, 600 MHZ)
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Fig.S13. *C NMR spectral of 2°-methoxyflavone 5’-O-B-D-(4”-O-methyl)-glucopyranoside (8)
(Acetone-ds, 151 MHz)
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Fig.S14. COSY spectral of 2’-methoxyflavone 5°-0-B-D-(4”-O-methyl)-glucopyranoside (8)
(Acetone-ds, 151 MHz)

I8

TJ-1.5-2A
r3.0

,i

v F3.5

¥ F4.0
4.5

F5.0

F5.5

6.0

6.5

F7.0

F7.5

8.0

T T
8.0 7.5 7.0 6.5 6.0

5.5 5.0 4.5 4.0 3.5 3.0
f2 (ppm)

Fig.S15. HMQC spectral of 2’-methoxyflavone 5°-O-p-D-(4"-O-methyl)-glucopyranoside (8)
(Acetone-ds, 151 MHz)
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Fig.S16. HMBC spectral of 2’-methoxyflavone 5°-0-B-D-(4”-O-methyl)-glucopyranoside flavone (8)

(Acetone-ds, 151 MHz)
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Eventtt: 3 Product lon Scan(E+] Precursor: 4454000 CE:-15.0 Ret. Time : [1.757-51.777H{1.607¢->2.027] Scandt : [228->234][183¢->309]
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Fig.S17. MS analysis 2’-methoxyflavone 8-O-p-D-(4"-O-metyloglukopiranozylo)-2’-metoksyflawon (7)
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Fig.S18. *H NMR spectral of 2’-methoxyflavone 8-O-B-D-(4"-O-methyl)-glucopyranoside (7)
(Acetone-ds, 600 MHz)
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Fig.S19. Flavone part of the *H NMR spectral 2’-methoxyflavone 8-O--D-(4-O-methyl)-glucopyranoside
(7) (Acetone-ds, 600 MHZz)
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Fig.S20. *C NMR spectral of 2°-methoxyflavone 8-O-p-D-(4”-O-methyl)-glucopyranoside (7)
(Acetone-ds, 151 MHz)

THVL-0i2-VII 2N

[aN=) - O <
) > N AN h i NYoN®Dn S© N oMy el R
sifgle pulse decoupled@afed NOE R & R R A R RIS AR R S S 6K — ¢ [0.0018
— — — o o o o o o o — O MNIMNMN O O N
| \ 1/ N [ N N e NAA Y ¢ N Loooty
r0.0016
r0.0015
r0.0014
r0.0013
r0.0012
r0.0011
r0.0010
~0.0009
0.0008
r0.0007
0.0006
~0.0005
0.0004
0.0003
0.0002
~0.0001
If
‘ | ‘ F0.0000
\‘hu‘l IV S HHRRLER i I (LAt | i (A T L I Lttt [ I | -0.0001
-0.0002
T T T T T T T T T T T T T T T T T T T T T T T T T
180 175 170 165 160 155 150 145 140 135 130 125 %12(2 1)15 110 105 100 95 90 85 80 75 70 65 60
ppm
Fig.S21. COSY spectral of 2’-methoxyflavone 8-O-B-D-(4”-O-methyl)-glucopyranoside (1)
(Acetone-ds, 151 MHz)
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Fig.S22. HMQC spectral of 2’-methoxyflavone 8-0-B-D-(4”-O-methyl)-glucopyranoside (7)
(Acetone-ds, 151 MHz)
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Fig.S23. HMBC spectral of 2’-methoxyflavone 8-O-B-D-(4-O-methyl)-glucopyranoside flavone (7)

(Acetone-ds, 151 MHz)
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Fig.S24. MS analysis 3-O-B-D-(4”-O-metyloglukopiranozylo)-2’-metoksyflawon (9)
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Fig.S525. *H NMR spectral of 2’-methoxyflavone 3-O-B-D-(4”-O-methyl)-glucopyranoside (9)
(DMSO-ds, 600 MHz)
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Fig.S26. Flavone part of the *H NMR spectral 2’-methoxyflavone 3-O--D-(4-O-methyl)-glucopyranoside
(9) (DMSO-ds, 600 MHz)
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Fig.S27. Glucopyranoside part of the *H NMR spectral 2’-methoxyflavone
3-0-B-D-(4”-0-methyl)-glucopyranoside (9) (DMSO-ds, 600 MHZz)
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Fig.S28. MS analysis 2’-hydroxyflavone (10)
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Fig.S529. 'H NMR spectral of 2’-hydroxyflavone (10) (Acetone-ds, 60
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Fig.S30. *C NMR spectral of 2’-hydroxyflavone (10) (Acetone-ds, 151 MHz)

TI-MIDI1-IIT R
singleulse decoupled gated NOE a
= =

O A

,157.32

\157.16

o~

73

—134.6
—133.25
129.

125.89
125.85
N 12471
_120.91

- 119.58
~-119.18
™117.93

112.54

U

r0.09
r0.08
r0.07
r0.06
r0.05
r0.04
r0.03
r0.02

r0.01

L"*l"’O.OO

0.00023
0.00022
0.00021
0.00020
r0.00019
r0.00018
r0.00017
0.00016
r0.00015
r0.00014
0.00013
0.00012
0.00011
r0.00010
0.00009
0.00008
0.00007
0.00006
0.00005
0.00004
0.00003
0.00002
0.00001
0.00000
-0.00001

180 175 170 165 160

T T T T T T T
155 150 145 140 135 130 125
f1 (ppm)

120

115

-0.00002



Fig.S31. COSY spectral of 2’-hydroxyflavone (10) (Acetone-dg, 151 MHz)
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Fig.S32. HMQC spectral of 2’-hydroxyflavone (10) (Acetone-ds, 151 MHz)
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Fig.S33. HMBC spectral of 2’-hydroxyflavone (10) (Acetone-dg, 151 MHZz)
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Fig.S34. MS analysis 3’-hydroxyflavone (11)
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Fig.S37. COSY spectral of 3’-hydroxyflavone (11) (DMSO-dg, 151 MHZz)
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Fig.S38. HMQC spectral of 3’-hydroxyflavone (11) (DMSO-ds, 151 MHZz)
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Fig.S39. HMBC spectral of 3’-hydroxyflavone (11) (DMSO-dg, 151 MHz)
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Fig.S40. MS analysis flavone 3°-0-B-D-(4”-O-methyl)-glucopyranoside (12)
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Fig.S42. Flavone part of the *H NMR spectral flavone 3’-O-B-D-(4”-O-methyl)-glucopyranoside (12)
(DMSO-ds, 600 MHz)
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Fig.S43. Glucopyranoside part of the 'H NMR spectral flavone 3’-O-B-D-(4”-O-methyl)-glucopyranoside
(12) (DMSO-ds, 600 MHz)
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Fig.S45. HMQC spectral of flavone 3’-O-B-D-(4”-O-methyl)-glucopyranoside (12) (DMSO-ds, 151 MHz)
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Fig.S46. HMBC spectral of flavone 3’-O-p-D-(4"-O-methyl)-glucopyranoside (12) (DMSO-dg, 151 MHZz)
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Fig.S47. MS analysis 4’-hydroxyflavone (13)
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Fig.S48. 'H NMR spectral of 4’-hydroxyflavone (13) (DMSO-ds, 600 MHz)
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Fig.S49. *C NMR spectral of 4’-hydroxyflavone (13) (DMSO-ds, 151 MHz)
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Fig.S50. COSY spectral of 4’-hydroxyflavone (13) (DMSO-dg, 151 MHz)
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Fig.S51. HMQC spectral of 4’-hydroxyflavone (13) (DMSO-ds, 151 MHz)
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Fig.S52.

HMBC spectral of 4’-hydroxyflavone (13) (DMSO-ds, 151 MHZz)

|

TJ-ML-Ppil-II
gradient enhanced HMBC

@ i

— B
— @ @ o
@
] ® B
@ <3

lS=1
=
(&)

() ]

ri10

r120

r130

140

150

160

r170

T T T T T T T T T T T T T T
10.6 10.2 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66
f2 (ppm)

180

f1 (ppm)



Ewentd: 8 Product lon Scan(E+]  Precursor: 4152000 CE:15.0 Ret Time: [2213] Scan# : [BES]

2.0

Inten.(x10,000) Base Peak: 115/ 66,625

Fig.S53. MS analysis flavone 4’-0-B-D-(4”-O-methyl)-glucopyranoside (14)
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Fig.S55. Flavone part of the *H NMR spectral flavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (14)

(DMSO-ds, 600 MHz)
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Fig.S56. Glucopyranoside part of the 'H NMR spectral flavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside
(14) (DMSO-ds, 600 MHz)
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Fig.S58. COSY spectral of flavone 4’-O-p-D-(4"-O-methyl)-glucopyranoside (14) (DMSO-dg, 151 MHz)
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Fig.S59. HMQC spectral of flavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (14) (DMSO-ds, 151 MHz)
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Fig.S60. HMBC spectral of flavone 4’-O-p-D-(4"-O-methyl)-glucopyranoside (14) (DMSO-dg, 151 MHZz)
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H3C

Fig.S61. MS analysis 5°-methoxyflavone 2’-O-B-D-(4”-O-methyl)-glucopyranoside (15) HO OH
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Fig.562. *H NMR spectral of 5’-methoxyflavone 2’-O-p-D-(4”-O-methyl)-glucopyranoside (15) (DMSO-ds,
600 MHz)
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Fig.S63. Flavone part of the *H NMR spectral 5’-methoxyflavone 2’-O-B-D-(4”-O-methyl)-glucopyranoside
(15) (DMSO-ds, 600 MHz)
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Fig.S64. Glucopyranoside part of the *H NMR spectral 5°-methoxyflavone 2’-O-B-D-(4"-O-methyl)-
glucopyranoside (15) (DMSO-ds, 600 MHz)
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Fig.S65. *C NMR spectral of 5’-methoxyflavone 2’-O-B-D-(4”-O-methyl)-glucopyranoside (15) (DMSO-ds,
151 MH2)
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Fig.S66. COSY spectral of 5’-methoxyflavone 2°-0-B-D-(4”-O-methyl)-glucopyranoside (15) (DMSO-dg,

151 MHz)
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Fig.S67. HMQC spectral of 5’-methoxyflavone 2’-O-B-D-(4"-O-methyl)-glucopyranoside (15) (DMSO-ds,

151 MHz)
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Fig.S68. HMBC spectral of 5’-methoxyflavone 2°-O-B-D-(4”-O-methyl)-glucopyranoside (15) (DMSO-ds,
151 MHz)
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Fig.S69. MS analysis 2°,5’-dimethoxyflavone 4’-O-f-D-(4”-O-methyl)-glucopyranoside (16)
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Fig.S70. *H NMR spectral of 2°,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (16)
(DMSO-ds, 600 MHz)
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Fig.S71. Flavone part of the *H NMR spectral 2’°,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-
glucopyranoside (16) (DMSO-ds, 600 MHz)
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Fig.S72. Glucopyranoside part of the *H NMR spectral 2°,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-
glucopyranoside (16) (DMSO-ds, 600 MHz)
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Fig.S73. *C NMR spectral of 2°,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (16)
(DMSO-ds, 151 MHz)
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Fig.S74. COSY spectral of 2”,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (16)
(DMSO-dg, 151 MHz)

TI-1.5-1A [*°
r3.0
<)
2 F3.5
o

4.0

r4.5

r5.0

r5.5

6.0

6.5

r7.0

r7.5

r8.0

T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0

5.5
f2 (ppm)
Fig.S75. HMQC spectral of 2°,5’-dimethoxyflavone 4’-O-p-D-(4"-O-methyl)-glucopyranoside (16)
(DMSO-dg, 151 MHz)

e L,

TJ-1.5-1A

50

r70

90
° 100

F11
8 0
F120

r130

-140

8.0 7.5 7.0 6.5 6.0 5.5
f2 (ppm)

f1 (ppm)

f1 (ppm)



Fig.S76. HMBC spectral of 2”,5’-dimethoxyflavone 4’-O-f-D-(4”-O-methyl)-glucopyranoside (16)
(DMSO-dg, 151 MHz)
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Fig.S77. MS analysis 5’-hydroxy-2’-methoxyflavone (17)
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Fig.S78. 'H NMR spectral of 5’-hydroxy-2’-methoxyflavone (17) (DMSO-ds, 600 MHz)
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Fig.S79. *C NMR spectral of 5° hydroxy -2’-methoxyflavone (17) (DMSO-ds, 151 MH2z)

Ti91-25-2 e
suigle pulse decouple@gat

5 I0.0065

125.42
124.77
—123.13
-~120.29
-119.36
118.43
115.01
114.07

—155.89
\
)
A\

o
INGE §
<

X 150.80
134
111

—56.33

/

0.0060
0.0055
0.0050
0.0045
0.0040
0.0035
0.0030
0.0025
0.0020
0.0015
0.0010
0.0005

NN MO W*O.oooo

-0.0005

T T T T T T T T T T T T T T T T T T T T T T T T T
175 170 165 160 155 150 145 140 135 130 125 12'9 ( 115) 110 105 100 95 90 85 80 75 70 65 60 55
1 (ppm




Fig.S80. COSY spectral of 5’-hydroxy-2’-methoxyflavone (17) (DMSO-dg, 151 MHz)
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Fig.S81. HMQC spectral of 5’-hydroxy-2’-methoxyflavone (17) (DMSO-ds, 151 MHZz)
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Fig.S82. HMBC spectral of 5’-hydroxy-2’-methoxyflavone (17) (DMSO-dg, 151 MHZz)
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Fig.S83. MS analysis 4’-hydroxy-2’,5’-dimethoxyflavone (18)
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Fig.S84. *H NMR spectral of 5’-hydroxy-2’-methoxyflavone (17) and 4’-hydroxy-2’,5’-dimethoxyflavone
(18) (DMSO-ds, 600 MHz)
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Fig.S85. Part of the "H NMR spectral 5’-hydroxy-2’-methoxyflavone (17) and 4’-hydroxy-2’,5’-
dimethoxyflavone (18) (DMSO-ds, 600 MHz)
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Fig.S86. *C NMR spectral of 5’-hydroxy-2’-methoxyflavone (18) and 4’-hydroxy-2’,5’-dimethoxyflavone
(18) (DMSO-ds, 151 MHz)
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Fig.S87. HMQC spectral of 5’-hydroxy-2’-methoxyflavone (17) and 4’-hydroxy-2’,5’-dimethoxyflavone (18)
(DMSO-ds, 151 MHz)
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Fig.S88. HMBC spectral of 5’-hydroxy-2’-methoxyflavone (17) and 4’-hydroxy-2’,5’-dimethoxyflavone (18)
(DMSO-dg, 151 MHz)
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Fig.S89. MS analysis 4°,5’-dimethoxyflavone 5°-O-B-D-(47-O-methyl)-glucopyranoside (19) and
3’,5’-dimethoxyflavone 4’-O-B-D-(4"-O-methyl)-glucopyranoside (20)
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Fig.S590. *H NMR spectral of 4°,5’-dimethoxyflavone 5’-O-p-D-(4”-O-methyl)-glucopyranoside (19)
and 3’,5’-dimethoxyflavone 4’-O-B-D-(4"-O-methyl)-glucopyranoside (20) (DMSO-de, 600 MHz)
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Fig.S91. Flavone part of the *H NMR spectral 4°,5’-dimethoxyflavone 5’-O-B-D-(4”-O-methyl)-
glucopyranoside (19) and 3°,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (20)
(DMSO-ds, 600 MHz)
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Fig.S92. Glycoside part of the *H NMR spectral 4°,5’-dimethoxyflavone 5’-O-B-D-(4"-O-methyl)-
glucopyranoside (19) and 3°,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (20)
(DMSO-ds, 600 MHz)
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Fig.S93. *C NMR spectral of 4°,5’-dimethoxyflavone 5°-O-B-D-(4”-O-methyl)-glucopyranoside (19)
and 3’,5’-dimethoxyflavone 4’-O-f-D-(4”-O-methyl)-glucopyranoside (20) (DMSO-dg, 151 MHz)
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Fig.S94. HMQC spectral of 4°,5’-dimethoxyflavone 5’-O-p-D-(4"-O-methyl)-glucopyranoside (19)

and 3°,5’-dimethoxyflavone 4’-O-B-D-(4"-O-methyl)-glucopyranoside (20) (DMSO-dg, 151 MHz)

T

TI-ML-345p-f-I11
gradient enhanced HMQC with X-decoupling @
2 @)o (@ 0
[EE— ©
—_— @
[ 8]
— O 4
—— @
—
— ] @
— 0
-
T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 5.0 4.5 4.0 3.5 3.0 2.5

5.5
f2 (ppm)

Fig.S95. HMBC spectral of 4°,5’-dimethoxyflavone 5°-O-f-D-(4”-O-methyl)-glucopyranoside (19)
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and 3’,5’-dimethoxyflavone 4’-O-B-D-(4”-O-methyl)-glucopyranoside (20) (DMSO-dg, 151 MHz)
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Fig.S96. MS analysis 3°,4’,5’-trimethoxyflavone 6-O-p-D-(4"-O-methyl)-glucopyranoside (21)
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Fig.S97. *H NMR spectral of 3°,4°,5’-trimethoxyflavone 6-O-B-D-(4"-O-methyl)-glucopyranoside (21)
(DMSO-ds, 600 MHz)
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Fig.S98. Flavone part of the *H NMR spectral 3°,4°,5’-trimethoxyflavone 6-O-B-D-(4”-O-methyl)-
glucopyranoside (21) (DMSO-ds, 600 MHz)
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Fig.S99. Glucopyranoside part of the *H NMR spectral 3°,4°,5’-trimethoxyflavone 6-O-p-D-(4”-O-methyl)-
glucopyranoside (21) (DMSO-ds, 600 MHz)
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Fig.S5100. *C NMR spectral of 3°,4’,5’-trimethoxyflavone 6-O-B-D-(4”-O-methyl)-glucopyranoside (21)
(DMSO-ds, 151 MHz)
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Fig.S101. HMQC spectral of 3°,4°,5-trimethoxyflavone 6-O-B-D-(4”-O-methyl)-glucopyranoside (21)

(DMSO-ds, 151 MHz)
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Fig.S102. HMBC spectral of 3°,4°,5
(DMSO-ds, 151 MHz)
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Fig.S103. MS analysis 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-B-D-(4"-O-methyl)-glucopyranoside
(22)
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Fig.5104. *H NMR spectral of 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-B-D-(4”-O-methyl)-glucopyranoside
(22) (DMSO-ds, 600 MHz)
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Fig.S105. Flavone part of the *H NMR spectral 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-p-D-(4”-O-methyl)-
glucopyranoside (22) (DMSO-ds, 600 MHz)
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Fig.5106. Glucopyranoside part of the *H NMR spectral 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-B-D-(4”-O-
methyl)-glucopyranoside (22) (DMSO-ds, 600 MHz)
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Fig.5107. °C NMR spectral of 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-B-D-(4”-O-methyl)-glucopyranoside
(22) (DMSO-ds, 151 MHz)
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Fig.S108. HMQC spectral of 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-B-D-(4"-O-methyl)-glucopyranoside
(22) (DMSO-ds, 151 MHz)
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Fig.S109. HMBC spectral of 6-hydroxy-4’,5’-dimethoxyflavone 3’-O-p-D-(4”-O-methyl)-glucopyranoside
(22) (DMSO-ds, 151 MHz)
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ABSTRACT: 5,7-Dimethoxyflavone, a chrysin derivative, occurs in many plants and shows very low toxicity, even at high doses. On
the basis of this phenomenon, we biotransformed a series of methoxy-derivatives of chrysin, apigenin, and tricetin obtained by
chemical synthesis. We used entomopathogenic fungal strains with the confirmed ability of simultaneous hydroxylation/
demethylation and glycosylation of flavonoid compounds. Both the amount and the place of attachment of the methoxy group
influenced the biotransformation rate and the product’s amount nascent. Based on product and semi-product structures, it can be
concluded that they are the result of cascading transformations. Only in the case of 5,7,3’,4',5'-pentamethoxyflavone, the strains were
able to attach a sugar molecule in place of the methoxy substituent to give 3'-O-f-p-(4”-O-methylglucopyranosyl)-5,7,4',5'-
tetramethoxyflavone. However, we observed the tested strains’ ability to selectively demethylate/hydroxylate the carbon C-3’ and C-
4’ of ring B of the substrates used. The structures of four hydroxyl-derivatives were determined: 4’'-hydroxy-5,7-dimethoxyflavone,
3’-hydroxy-5,7-dimethoxyflavone, 3’-hydroxy-S,7,4’,5'-tetramethoxyflavone, and S,7-dimethoxy-3’,4'-dihydroxyflavone (S,7-dime-
thoxy-luteolin).

KEYWORDS: biotransformation, Beauveria sp., Isaria sp., methoxyflavones, S,7-dimethoxyflavone, 4-O-methyloglycosylation

1. INTRODUCTION development of cognitive functions, reduces brain damage, and
has antianxiety and antiestrogenic activities.” Chrysin can be
extracted, among other sources, from Passiflora caerulea L.
(blue passion flower) or bee honey,'® while for laboratory and
industrial use, it is synthesized from intermediate compounds""
and now more and more often from other flavonoids.”
Flavonoids with hydroxyl groups are usually characterized by
much higher biological activities than counterparts with other
substituents (e.g, methoxy).'> However, the substitution of the

Nowadays, it is estimated that there are over 9000 flavonoid
compounds present in the plant world." These secondary
metabolites fulfill a number of functions, including regulating
the overall development of plants, pigmentation, or protecting
against ultraviolet (UV) radiation.” In addition, new biological
properties of flavonoids, such as a positive effect on model
organisms (including the human body) after their con-

sumption, are constantly investigated. Studies show that hvdroxy eroun. for example. with a methvl or methoxy erou
flavonoid compounds can have a wide range of applications yaroxy group, P& 4 Xy group,

. L . . h their biological activi hile i ing th
from frequently described antioxidant, anticancer, anti- can ¢ ang’e e 1o'o.g1ca activity W ue 1ncrea§1ng ,,e
. 23" . . . . 3,4 compound’s absorbability due to their better lipophilic
inflammatory,” antifungal, antibacterial, or antiviral ones es.1> What i ] ) ; .
up to the use in the treatment of Alzheimer’s disease’ or propertles. at Is more, 1ntr9duc1ng a sugar molety into
reduction of blood glucose levels (tested on rat mo dels)'ﬁ It is the flavonoid structure increases its water solubility and, thus,

highly likely that we do not know all their properties, and often its biological bioavailability.” The lower biologic:'il
discovering new possibilities of using these substances will take response of such comp f)unds may be compen§ated l.3y their
a long time. ability to penetrate blOlOglC?ll membranes, 1nclud1n.g t}}e

Flavonoids show positive effects when tested on cell lines, blood—brain barrier, and a higher level of accumulation in

. the body, compared to the starting substances."*
but usually at a concentration that, when scaled up to the The methoxy derivative of chrysin is 5,7-dimethoxyflavone
human body, may exceed the maximum daily dose of the 7 oA ’

drug.” It is mainly related to the poor bioavailability and low (5,7-DMEF), a njatural comp ound that can be f.ound, among
. . other sources, in the rhizome of Boesenbergia pandurata
absorption of these compounds due to their low water

solubility.” So far, the most frequently described flavonoids .(ROXb'){ Fhat &2 plgnt Whlc.h hif be.en used for 2 ll(gng fime
have been naturally occurring derivatives containing the in traditional Thai medicine, ™ Piper caninum, ™ or in
y g g
hydroxy substituent(s) located at carbon C-S and C-7. A
model example of such a compound (besides quercetin,
apigenin, luteolin, and diosmetin) is chrysin (S$,7-dihydroxy-
flavone). It has been determined that chrysin (apart from its
antibacterial, anti-inflammatory, antiallergic, anticancer, and
antioxidative properties) has an antityrosinase-inhibiting effect
and a moderate aromatase-inhibiting effect, improves the
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Scheme 1. Example of Chalcone Synthesis by Claisen—Schmidt Condensation Reaction and Flavone Synthesis
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Kaempferia parviflora.'” 5,7-DMF showed very low toxicity,
with practically no side effects, even at doses up to 3 g/kg body
weight, tested in rats.'> The authors compared the anti-
inflammatory properties of S,7-DMF with aspirin and found
that 5,7-DMF simultaneously inhibits prostaglandin produc-
tion (anti-inflammatory effect) and lowers the rat’s temper-
ature. It was also reported that 5,7-DMF acts as an inhibitor of
sarcopenia and, at the same time, causes the development of
muscle mass and volume in a mouse model,'® whose properties
are very similar to chrysin.

It was demonstrated that the intracellular transport of 5,7-
dimethoxyflavone was approximately 10-fold higher than that
of chrysin (5,7-dihydroxyflavone).” Moreover, chrysin was
rapidly metabolized by the human liver (S9 fraction), with no
parent compound remaining after a 20 min incubation. In
contrast, 5,7-DMF was metabolically stable over the whole 60
min time-course studied.”’ Interestingly, it was found that the
concentration of 5,7-DMF after oral administration was
significantly higher in the tissues of the animal than in the
plasma, where its half-life was 3.4 + 2.8 h, and its complete
removal from the body took about 17 h.” In addition, it has
also been shown that the metabolism of 5,7-DMF in
comparison to chrysin is significantly reduced, which means
that it lasts longer in the body, making it a promising
chemopreventive substance.'*

For this reason, we decided to perform biotransformations
of three methoxyflavones obtained by chemical synthesis,
containing methoxy substituents at major positions, that is, at
the C-S and C-7 carbon: S,7-dimethoxyflavone (dimethylchry-
sin), §,7,4'-trimethoxyflavone (trimethylapigenin), and
5,7,3'4,5'-pentamethoxyflavone (pentamethyltricetin). These
compounds were previously identified in medicinal plants: S,7-
DMF, for example, in K. parviflora; 5,7,4'-trimethoxyflavone,
for example, in P. caninum;'® and 5,7,3'/4',5'-pentamethoxy-
flavone in Murraya paniculata,”" whereas the biocatalysts used
include strains of entomopathogenic filamentous fungi
belonging to the species Beauveria bassiana (KCh J1.5, KCh
J2.1, KCh J3.2, KCh J1, and KCh BBT), B. caledonica (KCh
J3.3, KCh J3.4),>* Isaria fumosorosea KCh J2,° and L farinosa
KCh KW 1.1.** Strains from these species have a unique
capacity for 4-O-methylglycosylation of flavonoids. This
reaction is most often described for flavonoid compounds
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containing a free hydroxyl group in their structure.”**~>* The
ability of entomopathogenic strains to hydroxylate and 4-O-
meth)rl%lycosylate flavonoid compounds was also de-
scribed.””*" In our previous work, we also observed that
they perform demethylation and then 4-O-methylglycosylation
of methoxyflavones.””*'

The present research aimed to evaluate the -catalytic
possibilities of entomopathogenic fungi toward flavones

containing methoxy groups located at carbon C-5 and C-7.

2. MATERIALS AND METHODS

2.1. Substrates. The substrates 2-hydroxy-4,6-dimethoxyaceto-
phenone, benzaldehyde, 4-methoxybenzaldehyde, and 3,4,5-trime-
thoxybenzaldehyde were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Flavones used in biotransformations were synthesized
from those substrates, and the reactions are described below. The
resulting chalcones were used as substrates for the flavone synthesis,
and their NMR spectral data are identical to those previously
published.>

2.2. Synthesis. All used substrates were synthesized in the
laboratory by carrying out two kinds of reactions. First, five different
methoxychalcones were synthesized in the Claisen—Schmidt reaction
of 2-hydroxy-4,6-dimethoxyacetophenone with suitable benzaldehyde.
The reaction was described previously’>** and is shown in Scheme 1.
The resulting flavones (1—3) were used as substrates for the
biotransformation. Their NMR spectral data are identical to those
previously published.*”

After 2 h of reflux, the product of the Claisen—Schmidt reaction
was transferred into an acid environment and filtered using a Buchner
funnel. The obtained product (appropriate methoxychalcone) was
confirmed by NMR analysis. All other methoxychalcones were
synthesized analogously. Methoxyflavones were synthesized from
methoxychalcones by reaction with iodine in DMSO with 2—3 h
incubation (until the substrate had reacted completely) at 130 °C,**
as presented in the example above (Scheme 1). All substrates for
biotransformations were synthesized in the same way, as described in
our recent publication.”’ Detailed information on the synthesis is
included in the Supporting Information. The course of biotransfor-
mation was monitored using thin-layer chromatography (TLC). The
composition of product mixtures was established by HPLC. The
obtained compounds were confirmed by NMR ['H NMR, *C NMR,
correlation spectroscopy (COSY), HMBC and HSQC] analysis and
their mass was checked by liquid chromatography (LC)—mass
spectrometry (MS) analysis (Supporting Information).

2.2.1. Hydrolysis of 3'-O-p-p-(4”O-Methylglucopyranosyl)-
5,7,4',5'-tetramethoxyflavone (7). The reaction for glycoside
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Figure 1. Biotransformation of $,7-dimethoxyflavone (1) by I farinosa KCh KW 1.1.

hydrolysis with sulfuric acid was carried out on the basis of the study
by Zhang et al.*® with solvent modification. In this case, the sample
was dissolved in dimethyl sulfoxide (DMSO). The reaction was
carried out in a round bottom flask on a magnetic stirrer. 15 mg of
compound (7) was dissolved in 800 uL of DMSO. 500 uL of
concentrated sulfuric acid (96% v/v) was added dropwise to the
sample; then 500 uL of water was added very carefully (Scheme 2).
The progress of the reaction was controlled by TLC plates every 30
min. After two hours of reaction, when the starting substrate was no
longer observed, S mL of H,O was added to the reaction. Then, the
reaction mixture was extracted three times with ethyl acetate. Organic
fractions were collected together, and the remains of water were
removed with anhydrous MgSO,. Then, the sample was evaporated
using a vacuum evaporator. The sample was then analyzed by NMR
and LC—MS spectroscopy to confirm the structure of the product
obtained.

2.3. Microorganisms. The microorganisms B. bassiana KCh J1.5,
KCh J2.1, KCh J1, KCh J3.2, and KCh BBT; B. caledonica KCh J3.3
and KCh J3.4; I farinosa KCh KW 1.1; and L fumosorosea KCh J2
were obtained from the public culture collection of the Department of
Chemistry, Wroclaw University of Environmental and Life Sciences
(Wroclaw, Poland). Isolation and identification procedures of all
strains were described in our previous papers.g’22

2.4. Screening Procedure. Erlenmeyer flasks (300 mL), each
containing 100 mL of the sterile cultivation medium (3% glucose, 1%
aminobac-bacteriological peptone—enzymatic hydrolysate of selected
animal tissue high in free amino acids and low molecular mass
peptides), were inoculated with a suspension of each entomopatho-
genic strain and then incubated for 3 days at 24 °C on a rotary shaker.
After this time, 10 mg of a substrate dissolved in 1 mL of dimethyl
sulfoxide (DMSO) was added. Samples were collected on the 1st, 3rd,
7th, and 10th day of the process. Then, all products were extracted
using ethyl acetate, and extracts were dried using MgSO,,
concentrated in vacuo, and analyzed using TLC and HPLC methods.

2.4.1. Scale-up Biotransformation. For the scale-up process,
Erlenmeyer flasks (2000 mL) were used, each containing 500 mL of
the same cultivation medium (3% glucose, 1% aminobac), which was
inoculated in the same way as described above. Three days after
inoculation, 100 mg of a substrate dissolved in 2 mL of DMSO was
added. Processes of substrate conversion were performed individually
depending on substrates and previously obtained HPLC results.
Products were extracted three times using ethyl acetate and then
analyzed using TLC, HPLC, and NMR spectroscopy ('"H NMR, *C
NMR, COSY, HMBC, and HSQC) analysis.

2.5. Analysis. Basic analyses were carried out using TLC plates
(Si0,, DC Alufolien Kieselgel 60 F,5, (0.2 mm thick), Merck,
Darmstadt, Germany). The mobile phase contained a mixture of
chloroform and methanol in a 9:1 (v/v) ratio. The plates were
observed using a UV lamp (254 and 365 nm). The scale-up
biotransformation products were separated using 1000 ym preparative
TLC silica gel plates (Anatech, Gehrden, Germany). The mobile
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phase contained a mixture of chloroform and methanol in a 9:1 (v/v)
ratio. The products were isolated by scraping out successive bands
and extracted twice with ethyl acetate.

2.5.1. HPLC. A Waters 2690 instrument equipped with a Waters
996 photodiode array detector, using an ODS 2 column (4.6 X 250
mm, Waters, Milford, MA, USA) and a Guard-Pak Inserts yBondapak
C18 pre-column, was used to perform HPLC analyses. The mobile
phase consisted of eluent A (80% acetonitrile in 4.5% acetic acid
solution) and eluent B (4.5% acetic acid) with gradient elution: 0—7
min, 10% A/90% B; 7—10 min, 50% A/50% B; 10—13 min. 60% A/
40% B; 15—20 min 80% A/20% B; 20—30 min, 90% A/10% B; 30—40
min, 100% A. The flow rate was 1.0 mL/min, injection volume was 10
uL, and detection wavelength was 323 nm.

2.5.2. NMR Spectroscopy. The NMR analysis was performed with
a DRX 600 MHz Bruker spectrometer (Bruker, Billerica, MA, USA)
with an UltraShield Plus magnet and measured in DMSO-ds or
CDCl; All NMR data is available in the Supporting Information.

2.5.3. LC=MS. Molecular formulas of products were confirmed by
LC—MS 8045 SHIMADZU analysis. The mobile phase was a mixture
of 0.1% aqueous formic acid v/v (A) and acetonitrile (B). The
program was as follows: 80% B and 20% A in S min. The flow rate was
0.3 mL/min, and the injection volume was 2 uL. The column
(Kinetex 2.6 ym C18 100 A, 100 mm X 3 mm, Phenomenex,
Torrance, CA, USA) was operated at 30 °C. The major operating
parameters were as follows: nebulizing gas flow: 3 L/min, heating gas
flow: 10 L/min, interface temperature: 300 °C, drying gas flow: 10 L/
min, data acquisition range m/z 100—1000 Da; and ionization mode-
positive. Data were collected with LabSolutions (Shimadzu, Kyoto,

Japan) software.

3. RESULTS AND DISCUSSION

The §,7-methoxyflavones obtained by chemical synthesis were
biotransformed in the cultures of nine entomopathogenic
filamentous fungal strains. The cultures of five B. bassiana
strains (KCh J1.5, KCh J2.1, KCh J3.2, KCh J1, and KCh
BBT), two B. caledonica strains (KCh J3.3 and KCh J3.4), and
two Isaria strains (I. fumosorosea KCh J2 and I farinosa KCh
KW 1.1.) were used as biocatalysts. All mentioned strains were
used in our recent work,”" in which we described the catalytic
abilities of these fungi toward flavones containing a methoxy
group/groups within the B ring.

All the used substrates, containing one to three methoxy
groups in the structure, were obtained by a two-step chemical
synthesis. Three chalcones were synthesized from 2'-hydroxy-
4,6-dimethoxyacetophenone and the appropriate benzaldehyde
in a basic medium in the first stage. Then, they were
transformed into the appropriate methoxyflavones by reaction
with I, in DMSO. As a result of these reactions, §,7-
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dimethoxyflavone, §,7,4'-trimethoxyflavone, and 5,7,3',4',5'-
pentamethoxyflavone were obtained.

3.1. Biotransformation of 5,7-Dimethoxyflavone (1).
Biotransformation of S,7-dimethoxyflavone (1) in the cultures
of most of the tested strains resulted in three products (4—6)
(Figure 1). None of the isolated products contained a sugar
molecule in its structure. Such a result of the biotransformation
of this substrate is surprising because, in our previous research,
we mainly observed 4-O-methylglycosylation products pre-
ceded by hydroxylation/demethylation.’”*"  After 7-day
incubation of S,7-dimethoxyflavone (1) in the culture of the
B. bassiana KCh J1.5 strain, the main product constituted
almost 80% of the reaction mixture, with a retention time of
11.4 min according to HPLC (Table S1—Supporting
Information.), and was identified as S,7-dimethoxy-3',4’-
dihydroxyflavone (4).

The 'H NMR spectrum of this product shows signals
confirming that the structure of the flavone A and C rings has
been preserved. The presence and multiplicity of the signals
indicate that the modification has been made in the B ring of
the flavone skeleton. The presence and chemical shifts of
signals in both the 'H and *C NMR spectra and the
correlation spectra (COSY, HMQC, and HMBC) indicate that
5,7-dimethoxyflavone (1) underwent hydroxylation at the
carbon C-3’ and C-4' (shifted signals visible in the '*C NMR
spectrum from these carbons are in the field of 145.70 and
148.96 ppm, respectively).

The NMR spectra characterized the other two products (5
and 6) (Figure 1.) as S,7-dimethoxy-4'-hydroxyflavone (5) and
5,7-dimethoxy-3'-hydroxyflavone (6) (Supporting Informa-
tion). The molecular mass of these compounds was confirmed
by LC—MS analysis. As a result of three-day preparative
biotransformation of S,7-dimethoxyflavone (1) in the culture
of the B. bassiana KCh J1.5 strain, §,7-dimethoxy-4'-
hydroxyflavone (5) was isolated with 10% vyield. The
multiplicities and positions of the signals visible in both the
'H and "*C NMR spectra and the correlation spectra (COSY,
HMQC, and HMBC) indicate that this product has one
hydroxyl group in its structure. The 'H NMR spectrum shows
two multiplets (each derived from two protons) characteristic
for a para-substituted aromatic ring. In the HMBC spectrum,
the signal from the hydrogen of the hydroxyl group (& = 10.22
ppm) is coupled with the signal from the C-3' and C-5’
carbon, which confirms the structure of the isolated product $.

The main product of this three-day biotransformation by B.
bassiana KCh J1.5 was S,7-dimethoxy-3’-hydroxyflavone (6),
which was isolated with a yield of 40%. The NMR and MS
analysis indicated that this compound is a product of
hydroxylation. The shape and positions of the signals present
in both the 'H and *C NMR spectra and the correlation
spectra (COSY, HMQC, and HMBC) indicate that the 5,7-
dimethoxyflavone skeleton was preserved, and the B ring was
hydroxylated. In the HMBC spectrum, the signal from the
hydroxyl group (6 = 9.87 ppm) is coupled with the signals
from the C-2', C-3’, and C-4' carbon, which confirms the
structure of 5,7-dimethoxy-3'-hydroxyflavone (6). This com-
pound was the main product (observed between 1 and 3 days
of the substrate incubation process) in the tested strains’
cultures. The concentration of compound 6 was significantly
higher than that of S,7-dimethoxy-4'-hydroxyflavone (5)
(Tables 1 and S1—Supporting Information). The difference
in the amounts of obtained compounds 5 and 6 proves the
preference of enzymes in the cells of the tested entomopatho-
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Table 1. Product Yields at 7th Day of Biotransformation of
5,7-Dimethoxyflavone (1) and $,7,4’-Trimethoxyflavone
(2), According to HPLC

composition of products [%]

strain no. substrate (6) (5) (4)
B. bassiana KCh J1.5 1 17.0 2.5 79.5
2 0 64.5 0.4
B. bassiana KCh J2.1 1 1.5 0 1.7
2 0 62.6 0.3
I farinosa KCh KW L.1. 1 1 0 12
2 0 17.2 0.4
B. bassiana KCh J1 1 214 1.7 9.8
2 0 46.1 24
I fumosorosea KCh J2 1 444 0.4 54.8
2 0 8.6 0.4
B. caledonica KCh ]34 1 18.8 1.7 6.4
2 0 7.7 0
B. bassiana KCh J3.2 1 30.7 3 4.5
2 0 34.8 1.9
B. caledonica KCh ]3.3 1 10.2 0.7 4
2 0 6.8 0
B. bassiana KCh BBT 1 30.9 3.9 7.5
2 0 60.2 3.6

genic strains to put the hydroxyl group in $,7-dimethoxy-
flavone (1) at carbon C-3’. Previous studies described the
entomopathogenic strains’ preference for the hydroxylation of
flavonoid substrates into the C-4’ position. This tendency was
observed during the biotransformation of flavone, S-hydroxy-
flavone, 6-methylflavone, and 7-aminoflavone in I fumosorosea
KCh J2 culture.*** 6-Methoxyflavanone in the culture of L
fumosorosea KCh J2 was hydroxylated to 4'-hydroxy and 3',4'-
dihydroxy derivatives, while 6-methoxyflavone was hydroxy-
lated to 3'-hydroxy, 4'-hydroxy, and 3',4’-dihydroxy deriva-
tives.”” All products isolated in the mentioned studies were
corresponding -p-(4-O-methyl)-glucopyranosides.®**

3.2. Biotransformation of 5,7,4'-Trimethoxyflavone
(2). Two products were isolated (4 and 5) (Figure 2) after
incubation of §,7,4’-trimethoxyflavone (2) in the cultures of
the tested entomopathogenic strains. These compounds were
also observed in the biotransformation of $,7-dimethoxy-
flavone (1). In this case, the main product was 5,7-dimethoxy-
4'-hydroxyflavone (5), which is the result of the O-
demethylation of the substrate used. An analogous effective
regioselective demethylation of $5,7,4'-trimethoxyisoflavone
and sinensetin was previously described using a strain of the
species Aspergillus niger.>’

Product 5 was produced by the enzymes of all the
microorganisms used in the studies. In the cultures of three
of them (B. bassiana KCh J1.5, KCh J2.1, and KCh BBT), this
product was observed with over 60% conversion (after seven
days of substrate incubation according to HPLC (Table 1).
Extending the biotransformation process to 10 days resulted in
increased production of S,7-dimethoxy-4'-hydroxyflavone (5)
up to 60 and 75% for two other strains, I. fumosorosea KCh J2
and I. farinosa KCh KW 1.1., respectively (Scheme 3). Of equal
importance, the concentration of S,7-dimethoxy-3',4'-dihy-
droxyflavone (4) in the reaction mixture increased after a
prolonged time. In the cultures of B. bassiana KCh J2.1 and
KCh BBT and I farinosa KCh KW 1.1. strains, a concentration
exceeding 10% was reached, while in the B. bassiana KCh J1
strain culture, the concentration of this product was recorded

https://doi.org/10.1021/acs jafc.1c00136
J. Agric. Food Chem. 2021, 69, 3879-3886


http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00136/suppl_file/jf1c00136_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00136/suppl_file/jf1c00136_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00136/suppl_file/jf1c00136_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00136/suppl_file/jf1c00136_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00136/suppl_file/jf1c00136_si_001.pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00136?rel=cite-as&ref=PDF&jav=VoR

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

Figure 2. Biotransformation of $,7,4'-trimethoxyflavone (2) by L farinosa KCh KW 1.1.

Scheme 3. Microbial Transformation of 5,7,4’-Trimethoxyflavone (2) in I. fumosorosea KCh J2 and I. farinosa KCh KW 1.1 in

Time
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at the level of 26% after ten days of transformation (Tables 1
and S2—Supporting Information). Hydroxylation of C-3'
carbon and 4’-hydroxyl flavonoids is often observed and well-
characterized in plant cells.”®*” The hydroxylation pattern of
the B ring of flavonoids is determined by the flavonoid 3'-
hydroxylase (F3'H). The phylogenetic tree results showed that
F3'H belongs to CYP75B.%**

The application of the Bacillus megaterium cytochrome P450
BM3 (CYP450 BM3) and its mutants for the hydroxylation of
naringenin to eriodictyol was described by Chu et al.*' As a
result of conducting in vitro experiments with human liver
microsomes and recombinant enzymes, aromatic hydroxylation
was also observed at position 3’ of the B ring of naringenin and
sakuranetin.*” The dominant enzyme responsible for this
hydroxylation is CYP1A2, whereas other human liver
cytochromes P450 are CYP2C19, CYP2D6, CYP2EI, and
CYP3A4."

3.3. Biotransformation of 5,7,3’,4’,5'-Pentamethoxy-
flavone (PMF) (3). The main transformation product of
5,7,3',4,5'-pentamethoxyflavone (3) in the culture of the B.
bassiana KCh J1.5 strain nascent with a conversion of >99%
after just three days was 3'-O-f-p-(4”-O-methylglucopyrano-
syl)-5,7,4',5'-tetramethoxyflavone (7). This product was also
observed in the other tested strains’ cultures but with much
lower efficiency (max 20—24% conversion after 7 days) (Table
2). Moreover, the B. bassiana KCh J1 strain was the only one
of the tested strains unable to attach the sugar molecule into
the flavonoid. In this culture, the highest concentration of the
regioselective O-demethylation product of the methoxy group
bound to the C-3’ carbon was observed. The product of this
process was S,7,4',5'-tetramethoxy-3’-hydroxyflavone (8)
(Figure 3). Such regioselective demethylation is consistent
with the observations previously presented by Nielsen et al.*”’
In vitro biotransformation of tangeretin and nobiletin (the
typical polymethoxy flavonoids in plants****) by rat liver
microsomes indicated that the demethylation only occurs at
the C-3’ and C-4’ of the B ring.43 On the other hand,
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successive O-demethylation and 4-O-methylglucosylation were
previously described during the biotransformation of methoxy-
flavones and flavanones in cultures of entomopathogenic
filamentous fungi of the genera Beauveria and Isaria.”””'

Structure (8) was characterized on the basis of data obtained
by NMR analyses, and its molecular mass was confirmed by
LC—MS analysis. Demethylation of only one group is
confirmed by the presence on the '"H NMR spectrum in the
position 3.79—3.90 ppm, where only 3 singlets originate from
the protons of four methoxyl groups. Additionally, different
chemical shifts of signals coming from H-2’ and H-6" protons
(7.48 and 7.34 ppm, respectively) inform that the symmetrical
structure of the substrate B ring has changed. On the '"H NMR
spectrum, signals coming from the sugar substituent are visible.
On the basis of the analysis of multiplicity and chemical shifts
of signals coming from this substituent, it was identified as
glucose and was visible in the HMBC spectrum of the coupling
between the signal coming from the protons of the group
—OCHj; visible in the position 3.47 ppm with C-4 carbon of
the sugar unit clearly indicating that this substituent is 4-O-
glucopyranoside. In comparison, on the HMBC spectrum of
compound 7, there is also visible coupling of the doublet
coming from the hemiacetal proton H-1" with the signal from
C-3' carbon which unambiguously confirms the structure of 3'-
O-f-p-(4"-O-methylglucopyranosyl)-5,7,4’,5 -tetramthoxyfla-
vone (7).

The second product observed during the biotransformation
of compound 3 in the studied strains’ cultures was a result of
regioselective demethylation—3’-hydroxy-5,7,4',5'-tetrame-
thoxyflavone (8), an intermediate product, essential to
obtaining compound 7. The structure of 3'-hydroxy-5,7,4",5'-
tetramethoxyflavone (8) was confirmed by comparing its
experimental data with the standard obtained as a result of acid
deglucosylation of compound 7. The molecular mass of
product 8 was confirmed by LC—MS analysis, and the
structure was confirmed by NMR analysis. The shape and
position of the signals visible in both the 'H and *C NMR
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Table 2. Microbial Transformation of 5,7,3',4',5’-
Pentamethoxyflavone (3), According to HPLC

composition of products
[%] after 1, 3, and 7 days

number of retention
strain no. compound time [min] 1 3 7
B. bassiana KCh 7 10.7 27.9 99.5 99.9
JLS
8 13.0 11.9 0.5 0.1
3 15.1 60.2 0.0 0.0
B. bassiana KCh 7 10.7 0.0 0.6 5.3
J2.1
8 13.0 1.8 6.2 12.0
3 15.1 98.2 93.2 82.8
I farinosa KCh 7 10.7 0.7 4.1 15.4
KW 1.1.
8 13.0 8.5 22.7 29.0
3 15.1 90.8 73.2 55.6
B. bassiana KCh 7 10.7 0.0 0.0 0.0
J1
8 13.0 2.7 38.7 56.9
3 15.1 974 613 431
I fumosorosea 7 10.7 0.0 3.0 3.9
KCh J2
8 13.0 0.0 0.0 0.0
3 15.1 100.0 97.0 96.1
B. caledonica 7 10.7 1.2 18.6 19.8
KCh J34
8 13.0 0.4 1.9 3.5
3 15.1 98.4 79.6 76.7
B. bassiana KCH 7 10.7 0.0 3.1 24.0
J32
8 13.0 0.3 3.9 16.7
3 15.1 99.7 93.0 59.2
B. caledonica 7 10.7 0.9 4.8 7.0
KCh J3.3
8 13.0 14 0.2 0.4
15.1 97.7 95.1 92.6
B. bassiana KCh 7 10.7 1.0 2.1 5.5
BBT
8 13.0 2.7 7.3 17.2
3 15.1 96.3 90.6 77.3

spectra and correlation spectra (COSY, HMQC, HMBC)
indicate that this product has one hydroxyl group in its
structure (singlet in position 9.55 ppm). The 'H NMR
spectrum of this product shows four singlets derived from the
protons of the methoxy groups. In the HMBC spectrum, the
signal from the hydroxyl group (6 = 9.55 ppm) is coupled with
the signals from the C-2/, C-3’, and C-4’ carbon, which
confirms the isolated product’s structure.

The hydroxyl analogues of the $,7-dimethoxyflavone
substrates described in this work (dihydroxyflavone with
substituents in the S and 7 positions) have already been
transformed by the filamentous fungi (including strains of the
B. bassiana species) to appropriate glycosidic derivatives, where
the2 sugar molecule was mainly attached to carbon C-7" and C-
3.

In our study, none of the tested microorganisms were able to
O-demethylate the methoxy groups present in the A ring
Demethylation was observed only in the B ring of the tested
substrates. Surprisingly, in the light of the previously described
effective 4-O-methylglucosylation of hydroxy flavonoids in the
cultures of entomopathogenic fungi,”*****® only one
glucopyranoside was isolated during the biotransformation of
5,7-dimethoxyflavones—3’-0-f-p-(4"-O-methylglucopyrano-
syl)-5,7,4',5 -tetramethoxyflavone (7). Two other substrates
described in this work underwent ortho-hydroxylation leading
to S,7-dimethoxy-3',4'-dihydroxyflavone (4) (dimethoxy-lu-
teolin). Flavonoid compounds containing hydroxyl groups in
the 3’ and 4’ positions in their structure show the desired
positive effect on the human body.” Luteolin is highly
pharmacologically eftective in inflammatory and neurodege-
nerative diseases.*® In addition, luteolin has been reported as a
potential anticancer agent that could inhibit a wide range of
human cancers.””***°

The entomopathogenic fungal strains used in the study
showed the capacity for selective demethylation/hydroxylation
in the B ring of the substrates used at C-3’ and C-4’ carbon.
Three monohydroxy products were obtained: 4’-hydroxy-S,7-
dimethoxyflavone (5), 3’-hydroxy-5,7-dimethoxyflavone (6),
and 3’-hydroxy-5,7,4',5’-tetramethoxyflavone (8). It was also
demonstrated that the tested strains have produced enzymes
capable of orthohydroxylation, resulting in S,7-dimethoxy-
3',4'-dihydroxyflavone (4) (dimethoxy-luteolin). In our
previous study, 4-O-methylglucosides were the major bio-
transformation products of methoxyflavones. In this case,
where the A ring is substituted in two positions (5,7), the
tested microorganisms mainly performed the demethylation
and hydroxylation reaction. The location of the methoxy-
flavones in the A ring—characteristic of many natural
flavones—makes them modify only in the B ring.’'

In summary, the manuscript describes a biotransformation
study of S,7-methoxyflavones by selected entomopathogenic
filamentous fungi. Moreover, efficient methods of obtaining
bioactive flavonoids are sought continuously. So far, the best
and most frequently described flavonoids are naturally
occurring derivatives containing the hydroxy or methoxy
substituents located at carbon C-S and C-7. A model example
of such a compound (besides quercetin, apigenin, luteolin, and
diosmetin) is chrysin (S,7-dihydroxyflavone). The methoxy

Figure 3. Biotransformation of 5,7,3,4,5'-pentamethoxyflavone (3) by B. bassiana KCh J1.5 and B. bassiana KCh J1.
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derivative of chrysin is 5,7-dimethoxyflavone, which also occurs
in many plants and shows very low toxicity, with practically no
side effects, even at high doses (even up to 3 g/kg body weight,
tested in rats).'” Based on this phenomenon, in this study, we
biotransformed a series of methoxy derivatives of chrysin,
apigenin, and tricetin obtained by chemical synthesis. We used
entomopathogenic fungal strains with the confirmed ability of
simultaneous hydroxylation/demethylation and glycosylation
of flavonoid compounds, like B. bassiana, B. caledonica, L
fumosorosea, and L farinosa, as biocatalysts. Both the amount
and the place of attachment of the methoxy group influenced
the biotransformation rate and the product’s amount nascent.
All obtained products were characterized by spectroscopic
methods. On the basis of products and semi-products
structures, it can be concluded that they are the result of
cascading transformations. Five compounds were obtained;
among them, four are hydroxyl derivatives of substrates and
one 4-O-methylglucoside. Each of the obtained products was
determined by HPLC, LC—MS, and NMR analysis (Support-
ing Information). The only glycosylation product was
identified as 3’-O-f-p-(4”-O-methylglucopyranosyl)-S,7,4",5'-
tetramethoxyflavone (7), which was obtained during the
5,7,3',4',5'-pentamethoxyflavone biotransformation. These re-
sults clearly indicate that entomopathogenic filamentous fungi
produce numerous active enzymes capable of effectively
converting flavonoid compounds of varying structures. High
yield and short time of conversion of substrates are crucial for
increasing the described process into an industrial scale.
Moreover, the structure of the obtained products promotes
their usage in the food and pharmaceutical industries as active
substances in health-promoting preparations.
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NMR data of all compounds described in the publication:

5,7-dimethoxyflavone (1)

'H NMR (600 MHz) (DMSO-dy) & (ppm): 3.83 (s, 3H, C-5-OCHs), 3.90 (s, 3H, C-7-OCHj),
6.51 (d, 1H, J = 2.3 Hz, H-6), 6.77 (s, 1H, H-3), 6.86 (d, 1H, J = 2.3 Hz, H-8), 7.52-7.58 (m,
3H, H-3’, H-4’, H-5"), 8.02-8.06 (m, 2H, H-2’, H-6").

BCNMR (151 MHz, DMSO-d;) 6 = 56.01 (C-7-OCH35), 56.12 (C-5-OCH3), 93.40 (C-8), 96.33
(C-6), 108.40 (C-3), 108.39 (C-4a), 125.94 (C-2’, C-6"), 129.07 (C-3°, C-5), 130.90 (C-4’),
131.44 (C-17), 159.24 (C-8a), 159.59 (C-2), 160.31 (C-5), 163.83 (C-7), 175.72 (C=0).

5,7,4'-trimethoxyflavone (2)

"H NMR (600 MHz) (CDCl5) & (ppm): 3.87 (s, 3H, C-4’-OCHs), 3.90 (s, 3H, C-7-OCH5), 3.94
(s, 3H, C-5-OCH,;), 6.36 (d, 1H, J = 2.3 Hz, H-6), 6.55 (d, 1H, J = 2.3 Hz, H-8), 6.61 (s, 1H,
H-3), 6.97-7.00 (m, 2H, H-3’, H-5"), 7.80-7.83 (m, 2H, H-2’, H-6").

3C NMR (151 MHz, DMSO-ds) 8 = 55.60 (C-4’-OCH3;), 55.88 (C-7-OCHj3;), 56.55 (C-5-
OCHj;), 92.93 (C-8), 96.23 (C-6), 107.64 (C-3), 109.20 (C-4a), 114.48 (C-3°, C-5"), 123.87 (C-
1), 127.76 (C-2°, C-6), 159.96 (C-8a), 160.95 (C-2), 160.99 (C-5), 162.21 (C-4"), 164.10 (C-
7), 177.80 (C=0).

5,7,3',4",5"-pentamethoxyflavone (3)

'H NMR (600 MHz) (CDCl3) 8 (ppm): 'H NMR (600 MHz) (DMSO) & (ppm): 3.92 (s, 3H, C-
4’-0CHs), 3.93 (s, 3H, C-7-OCHs), 3.95 (s, 6H, C-3’-OCH; and C-5’-OCHs), 3.96 (s, 3H, C-
5-OCHs3), 6.39 (d, 1H, J = 2.2 Hz, H-8), 6.57 (d, 1H, J= 2.2 Hz, H-6), 6.69 (s, 1H, H-3), 7.08
(s, 2H, H-2’, H-6").

BC NMR (151 MHz, DMSO-dj) 8 = 55.99 (C-7-OCHj3), 56.51 (C-3’-OCHj; and C-5’-OCH3),
56.61 (C-5-OCHs;), 61.17 (C-4’-OCHs;), 93.04 (C-6), 96.42 (C-8), 103.56 (C-2°, C-6"), 108.75
(C-3), 109.16 (C-4a), 126.79 (C-1"), 141.05 (C-4’), 153.66 (C-3°, C-5"), 160.02 (C-8a), 160.87
(C-2), 161.06 (C-5), 164.36 (C-7), 177.74 (C=0).

3'.4'-dihydroxy-5,7-dimethoxyflavone (4)

'"H NMR (600 MHz) (DMSO-d;) 6 (ppm): 3.82 (s, 3H, C-5-OCHs), 3.89 (s, 3H, C-7-OCH5),
6.46 (s, 1H, H-3), 6.49 (d, 1H, J=2.3 Hz, H-6), 6.88 (d, 1H, J= 2.3 Hz, H-8), 6.87 (d, 1H, J =
8.9 Hz, H-5"), 7.34-7.37 (m, 2H, H-2’, H-6").

BCNMR (151 MHz, DMSO-dy) 6 = 55.94 (C-7-OCH3), 56.08 (C-5-OCHj;), 93.21 (C-8), 96.17
(C-6), 106.18 (C-3), 108.26 (C-4a), 113.05 (C-27), 115.92 (C-57), 118.22 (C-6"), 121.74 (C-1"),
145.70 (C-3’), 148.96 (C-4’), 159.11 (C-8a), 160.26 (C-2 and C-5), 163.58 (C-7), 175.60 (C-
4).

4'-hydroxy-5,7-dimethoxyflavone (5)

'H NMR (600 MHz) (DMSO-dy) 8 (ppm): 3.82 (s, 3H, C-5-OCHj), 3.89 (s, 3H, C-7-OCH3),
6.49 (d, 1H, J = 2.3 Hz, H-6), 6.59 (s, 1H, H-3), 6.83 (d, 1H, J = 2.3 Hz, H-8), 6.89-6.92 (m,
2H, H-3’, H-5"), 7.87-7.90 (m, 2H, H-2’, H-6’), 10.22 (s, 1H, C-4’-OH).

BCNMR (151 MHz, DMSO-dy) & = 55.94 (C-7-OCHj3;), 56.06 (C-5-OCH3;), 93.32 (C-8), 96.16
(C-6), 106.13 (C-3), 108.25 (C-4a), 115.83 (C-3’, C-5°), 121.37 (C-1"), 127.84 (C-2°, C-6’),
159.12 (C-8a), 160.06 (C-2), 160.24 (C-5), 160.51 (C-4"), 163.58 (C-7), 175.65 (C-4).

3'-hydroxy-5,7-dimethoxyflavone (6)
'H NMR (600 MHz) (DMSO-dy) 3 (ppm): 3.83 (s, 3H, C-5-OCHj), 3.90 (s, 3H, C-7-OCH3),
6.51 (d, 1H, J = 2.3 Hz, H-6), 6.64 (s, 1H, H-3), 6.82 (d, 1H, J= 2.3 Hz, H-8), 6.96 (ddd, 1H,



J=8.1,2.4,0.5 Hz, H-4"), 7.33 (t, 1H, J = 7.9 Hz, H-5"), 7.37 (t, 1H, J = 2.2 Hz, H-2"), 7.45
(brd, 1H, J = 7.8 Hz, H-6), 9.87 (s, C-3’-OH).

13C NMR (151 MHz, DMSO-d,) § = 56.06 (C-7-OCH3), 56.17 (C-5-OCHj), 93.36 (C-8), 96.38
(C-6), 108.25 (C-3), 108.42 (C-4a), 112.51 (C-2), 116.83 (C-6), 118.49 (C-4"), 130.26 (C-5"),
132.23 (C-1), 157.91 (C-3"), 159.26 (C-8a), 159.79 (C-2), 160.35 (C-5), 160.35 (C-7), 175.77
(C-4).

3'-0-B-D-(4"-O-methyloglucopiranozylo)- 5,7,4',5'-tetramethoxyflavone (7)

'"H NMR (600 MHz) (DMSO-dy) & (ppm): 3.00 (t, 1H, J= 9.3 Hz, H-4”), 3.30-3.34 (m, 1H, H-
2),3.45(dd, 1H, J=9.0, 5.6 Hz, H-37), 3.47 (s, 3H, C-4”-OCH;), 3.48-3.56 (m, 2H, H-5" and
one of H-6"), 3.69 (dd, 1H, J=10.3, 5.1 Hz, one of H-6"), 3.79 (s, 3H, C-4’-OCH;), 3.83 (s,
3H, C-5-OCHs;), 3.90 (s, 6H, C-5’-OCHj; and C-7-OCH,), 4.84 (t, 1H, J= 5.5 Hz, C-6”-OH),
5.03 (d, IH, J=7.9 Hz, H-1"), 5.29 (d, 1H, J = 5.6 Hz, C-3"-OH), 5.42 (d, 1H, J= 5.7 Hz, C-
2”-OH), 6.51 (d, 1H, J=2.3 Hz, H-6), 6.84 (s, 1H, H-3), 6.91 (d, 1H, J= 2.3 Hz, H-8), 7.33 (d,
1H, J=2.0 Hz, H-6"), 7.48 (d, 1H, J= 2.0 Hz, H-2").

3C NMR (151 MHz, DMSO-ds) 8 = 55.84 (C-7-OCHj;), 55.97 (C-5’-OCHj3;), 56.08 (C-5-
OCHs;), 59.71 (C-4"-OCHs;), 60.51 (C-4’-OCH,;), 60.56 (C-67), 73.58 (C-27), 75.90 (C-5%),
76.49 (C-3), 79.40 (C-4”), 93.52 (C-8), 96.26 (C-6), 100.88 (C-17), 104.37 (C-6"), 107.33 (C-
2’), 108.04 (C-3), 108.29 (C-4a), 126.03 (C-1), 140.93 (C-4’), 151.26 (C-3’), 153.35 (C-5°),
159.17 (C-2), 159.26 (C-8a), 160.23 (C-5), 166.64 (C-7), 175.78 (C-4).

3'-hydroxy-5,7,4',5'-tetramethoxytlavone (8)

'"H NMR (600 MHz) (DMSO-d;) & (ppm): 3.74 (s, 3H, C-4’-OCHs), 3.83 (s, 3H, C-5-OCHs),
3.88 (s, 3H, C-5’-OCHs5), 3.91 (s, 3H, C-7-OCHs5), 6.51 (d, 1H, J = 2.3 Hz, H-6), 6.70 (s, 1H,
H-3), 6.82 (d, 1H, J=2.3 Hz, H-8), 7.12 (d, 1H, J=2.1 Hz, H-6’), 7.14 (d, 1H, J= 2.1 Hz, H-
2’); 12.84 (s, 1H, -OH).

3C NMR (151 MHz, DMSO-dy) 8 = 55.98 (C-7-OCH3;), 56.09 (C-5’-OCHj3;), 56.14 (C-5-
OCH;), 60.09 (C-4’-OCHs;), 93.29 (C-8), 96.28 (C-6), 101.63 (C-6"), 107.27 (C-27), 107.84 (C-
3), 108.29 (C-4a), 126.09 (C-17), 139.08 (C-4’), 150.53 (C-3’), 153.53 (C-57), 159.15 (C-8a),
159.60 (C-2), 160.27 (C-5), 163.72 (C-7), 175.66 (C-4).



Table S1. Efficiencies of chalcone synthesis during the Claisen-Schmidt reaction (1a, 2a and 3a)

Ketone Aldehyde NaOH MeOH Purified chalcone Chalcone

[g] [g] [g] [mL] [g] number

1.1 1.3 25 50 1.4 1la

5.0 3.5 10.0 50 8.2 2a

5.0 5.0 10.0 100 9.1 3a

H3C\O |O H3C\O o H3C\O |O

(7O L s
Mo OH Mo OH o Mg OH o "

1a 2a 3a O\CH3

Table S2. Flavone synthesis efficiencies by cyclization reactions

Chalcone Iodine DMSO Purified flavone Flavone number
[g] [g] [mL] [g]
1.4 0.14 50 0.62
3.5 0.35 100 243

4.0 0.40 100 2.98




Table S3. Microbial transformation of 5,7-dimethoxyflavone (1), HPLC conversion.

Retention Conversion after 1, 3, 7 and 10 Days [%]

Strain No. Substance _ .
Time [min] 1 3 7 10
4) 11.4 1.9 14.6 79.5 79.3
(5) 124 0.7 3.8 2.5 2.7
Beauveria bassiana KCh ]15 (6) 12.9 10.7 523 17.0 16.7
(@) 16.1 86.8 29.3 1.0 1.3
(4) 11.4 0.2 1.0 1.7 1.7
Beauveria bassiana KCh J2.1 (6) 12.9 0.6 1.2 1.5 1.5
1) 16.1 99.2 97.8 96.8 96.8
(4) 11.4 0.3 0.6 1.2 1.6
Isaria farinosa KCh KW 1.1. (6) 129 0.9 0.8 10 14
(1) 16.1 98.8 98.6 97.8 97.0
4) 11.4 0.8 5.1 9.8 9.9
(5) 124 0.0 0.6 1.7 2.0
Beauveria bassiana KCh ]1 (6) 12.9 25 12.4 214 224
1) 16.1 96.8 81.9 67.1 65.6
4) 11.4 4.0 23.7 54.8 67.8
(5) 124 0.5 2.1 0.4 0.3
Isaria fumosorosea KCh J2 (6) 12.9 16.6 71.0 44.4 315
(1) 16.1 78.9 33 03 0.4
(4) 11.4 0.0 1.7 6.4 6.9
(5) 12.4 0.0 12 1.7 1.8
Beauveria caledonica KCh J34 6) 12.9 0.1 6.0 18.8 17.9
1) 16.1 99.9 91.2 73.1 73.5
(4) 114 0.4 14 45 7.0
(5) 124 0.1 0.9 3.0 3.9
Beauveria bassiana KCH ]32 (6) 12.9 29 104 30.7 42.8
1) 16.1 96.6 87.3 61.8 46.4
4) 114 0.0 1.1 4.0 55
(5) 12.4 0.0 0.7 0.7 0.9
Beauveria caledonica KCh ]3.3 (6) 12.9 0.0 3.6 10.2 13.7
(@8] 16.1 100.0 94.7 85.2 80.0
(4) 114 0.8 33 7.5 9.7
, , (5) 124 15 24 3.9 41
Beauveria bassiana KCh BBT
(6) 12.9 3.2 124 30.9 33.5

1) l6.1 94.5 81.9 57.7 52.8




Table S4. Microbial transformation of 5,7,4’-trimethoxyflavone (2), HPLC conversion.

Retention Conversion after 1, 3, 7 and 10 Days [%]

Strain No. Substance . .
Time [min] 1 3 7 10
4) 11.4 0.7 3.9 0.4 0.3
Beauveria bassiana KCh J1.5 ®) 124 317 433 64.5 83.9
@) 162 67.5 52.8 35.2 15.8
4) 114 0.2 2.5 0.3 10.1
Beauveria bassiana KCh J2.1 ®) 124 10.7 3L.6 62.6 711
(2) 16.2 89.1 66.0 37.1 18.8
4) 11.4 0.0 0.0 0.4 10.9
Isaria farinosa KCh KW 1.1. ®) 124 23 5.3 172 754
(2) 16.2 97.7 94.7 82.5 13.7
(4) 11.4 0.0 1.1 2.4 2.2
Beauveria bassiana KCh J1 ®) 124 24 13.9 46.1 60.2
(2) 16.2 97.6 84.9 51.5 37.7
(4) 11.4 0.0 0.3 0.4 2.2
Isaria fumosorosea KCh J2 () 124 3.0 5.6 8.6 602
@) 162 97.0 94.1 91.0 37.7
4) 11.4 0.0 0.0 0.0 1.2
Beauveria caledonica KCh ]34 ®) 124 0.5 2.9 7.7 13.3
@) 162 99.5 97.1 92.3 85.6
@) 11.4 0.0 0.0 1.9 3.1
Beauveria bassiana KCH J3.2 ®) 124 24 8.7 34.8 47.3
(2) 16.2 97.6 91.3 63.4 49.6
4) 114 0.0 0.0 0.0 1.5
Beauveria caledonica KCh (5) 12.4 0.6 4.1 6.8 7.9
J3.3 (2) 16.2 99.4 95.9 93.2 90.6
(4) 11.4 0.0 1.2 3.6 10.7
Beauveria bassiana KCh BBT ®) 124 7.7 34.6 60.2 58.6

(2) 16.2 92.3 64.2 36.2 30.8




Fig.S1. MS analysis flavone 5,7-dimethoxyflavone (1) HaC
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Fig.S2. "TH NMR spectrum of 5,7-dimethoxyflavone (1) (CDCl;, 600 MHz)
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Fig.S4. 13C NMR spectrum of 5,7-dimethoxyflavone (1) (CDCl;, 151 MHz)
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Fig.S5. COSY spectrum of 5,7-dimethoxyflavone (1) (CDCl;, 151 MHz)
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Fig.S6. HMQC spectrum of 5,7-dimethoxyflavone (1) (CDCl3, 151 MHz)
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Fig.S7. MS analysis 5,7,4’-trimethoxyflavone (2) HaCo_
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Fig.S8. "H NMR spectrum of 5,7,4’-trimethoxyflavone (2) (CDCl;, 600 MHz)
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Fig.S10. 3C NMR spectrum of 5,7,4’-trimethoxyflavone (2) (CDCl;, 151 MHz)
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Fig.S11. COSY spectrum of 5,7,4’-trimethoxyflavone (2) (CDCl;, 151 MHz)
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Fig.S12. HMQC spectrum of 5,7,4’-trimethoxyflavone (2) (CDCl;, 151 MHz)
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Fig.S14. MS analysis 5,7,3’,4’,5’-pentamethoxyflavone (3)
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Fig.S15. "H NMR spectrum of 5,7,3°,4’,5’-pentamethoxyflavone (3) (CDCl;, 600 MHz)
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Fig.S16. Flavone part of the "H NMR spectrum 5,7,3”,4°,5’-pentamethoxyflavone (3) (CDCl;, 600 MHz)

TI-ML-Vietrj-v1 [0-34

single_pglse
gle_rs F0.32

r0.30

2 a0
7-06

6.69

r0.28

_6.39
~6.38

— 7.26 Chlorof
_6.58
~6.57

r0.26

r0.24

r0.22

r0.20

r0.18

r0.16

r0.14

r0.12

r0.10

! r0.08

r0.06

r0.04
L r0.02
r0.00

r-0.02

o
R

T T T T T T T
7.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95 6.90 6.8.’} ( 6.8)0 6.75 6.70 6.65 6.60 6.55 6.50 6.45 6.40 6.35
1 (ppm



Fig.S17. 3C NMR spectrum of 5,7,3’,4°,5’-pentamethoxyflavone (3) (CDCl3, 600 MHz)
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Fig.S18. COSY spectrum of 5,7,3°,4°,5’-pentamethoxyflavone (3) (CDCl;, 600 MHz)
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Fig.S19. HMQC spectrum of 5,7,3°,4°,5’-pentamethoxyflavone (3) (CDCl;, 600 MHz)
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Fig.S20. HMBC spectrum of 5,7,3°,4°,5’-pentamethoxyflavone (3) (CDCl;, 600 MHz)
19.04.18 TJ-ML-Vmetrj-v1l
o o
0]
{7.08,103.38l9
6§ of @
1] 0
-] [}
] 0
, :
(] 8 8 %
1]
7.5 7.0 6.5 6.0 5.0 4.5 4.0

r50

60

r70

80

r90

100

r110

r120

r130

140

150

160

50

60

r70

80

r90

100

r110

r120

r130

140

150

160

170

180

f1 (ppm)

f1 (ppm)



Fig.S21. MS analysis 3’,4’-dihydroxy-5,7-dimethoxyflavone (4)
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Fig.S22. '"H NMR spectrum of 3°,4’-dihydroxy-5,7-dimethoxyflavone (4) (DMSO-ds, 600 MHz)
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Fig.S23. Flavone part of the "H NMR spectrum 3’,4’-dihydroxy-5,7-dimethoxyflavone (4) (DMSO-ds, 600 MHz)

TI-MLS Bf-111 8 3 RR TR
SIngk-!'\pmse © © © © ©oPp
NT [ Y4 \
0.045
r0.040
r0.035
r0.030
r0.025
r0.020
r0.015
|
r0.010
U L 0.005
r0.000
— — 5 A
o @ o S S
— o o — —
T

7.40 7.35 7.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95f (6.90) 6.85 6.80 6.75 6.70 6.65 6.60 6.55 6.50 6.45
1 (ppm



Fig.S24. 3C NMR spectrum of 3’,4’-dihydroxy-5,7-dimethoxyflavone (4) (DMSO-ds, 151 MHz)
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Fig.S25. COSY spectrum of 3°,4’-dihydroxy-5,7-dimethoxyflavone (4) (DMSO-d;, 151 MHz)
TJ-ML-5.7p-f-III @O
gradient enhanced HMQC with X-decoupling 60
r70
80
r90
(@)
©
100
®
riio -~
© g
= 120 §
r130
140
150
160
r170
7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8

5.6
2 (ppm)



Fig.S26. HMBC spectrum of 3°,4’-dihydroxy-5,7-dimethoxyflavone (4) (DMSO-ds, 151 MHz)
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Fig.S27. MS analysis flavone 4’-hydroxy-5,7-dimethoxyflavone (5)
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Fig.S28. 'H NMR spectrum of 4’-hydroxy-5,7-dimethoxyflavone (5) (DMSO-ds, 600 MHz)
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Fig.S30. 3C NMR spectrum of 4’-hydroxy-5,7-dimethoxyflavone (5) (DMSO-dg, 151 MHz)
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Fig.S32. HMQC spectrum of 4’-hydroxy-5,7-dimethoxyflavone (5) (DMSO-ds, 151 MHz)
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Fig.S33. HMBC spectrum of 4’-hydroxy-5,7-dimethoxyflavone (5) (DMSO-dg, 151 MHz)
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Fig.S34. MS analysis 3’-hydroxy-5,7-dimethoxyflavone (6)
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Fig.S35. '"H NMR spectrum of 3’-hydroxy-5,7-dimethoxyflavone (6) (DMSO-ds, 600 MHz)
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Fig.S36. Flavone part of the '"H NMR spectrum 4’-hydroxy-5,7-dimethoxyflavone (5) (DMSO-ds, 600 MHz)
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Fig.S37. 13C NMR spectrum of 3’-hydroxy-5,7-dimethoxyflavone (6) (DMSO-dg, 151 MHz)
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Fig.S38. COSY spectrum of 3’-hydroxy-5,7-dimethoxyflavone (6) (DMSO-ds, 151 MHz)
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Fig.S39. HMQC spectrum of 3’-hydroxy-5,7-dimethoxyflavone (6) (DMSO-ds, 151 MHz)
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Fig.S40. HMBC spectrum of 3’°-hydroxy-5,7-dimethoxyflavone (6) (DMSO-dg, 151 MHz)
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Fig.S41. MS analysis flavone 3’-O-B-D-(4"-O-Methylglucopyranosyl)-5,7,4’,5’-tetramethoxyflavone (7)
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Fig.S42. '"H NMR spectrum of flavone 3°-O-B-D-(4"-O-Methylglucopyranosyl)-5,7,4°,5’-
tetramethoxyflavone (7) (DMSO-d;, 600 MHz)
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Fig.S43. Flavone part of the 'H NMR spectrum flavone 3’-O-B-D-(4"-O-Methylglucopyranosyl)-5,7,4°,5’-

tetramethoxyflavone (7) (DMSO-ds, 600 MHz)
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Fig.S44. Glucopyranoside part of the '"H NMR spectrum flavone 3°-O-f-D-(4"-O-Methylglucopyranosyl)-
5,7,4°,5’-tetramethoxyflavone (7) (DMSO-dg, 600 MHz)
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Fig.S45. 13C NMR spectrum of flavone 3’-O-B-D-(4"-O-Methylglucopyranosyl)-5,7,4,5’-
tetramethoxyflavone (7) (DMSO-dg, 151 MHz)
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Fig.S46. HMQC spectrum of flavone 3’-O-B-D-(4"-O-Methylglucopyranosyl)-5,7,4°,5’-tetramethoxyflavone
(7) (DMSO-d, 151 MHz)
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Fig.S47. HMBC spectrum of flavone 3’-O-f-D-(4"-O-Methylglucopyranosyl)-5,7,4’,5’-tetramethoxyflavone
(7) (DMSO-dg, 151 MHz)
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Fig.S48. MS analysis 3’-hydroxy-5,7,4",5’-tetramethoxyflavone (8)
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Fig.S49. '"H NMR spectrum of 3’-hydroxy-5,7,4°,5’-tetramethoxyflavone (8) (DMSO-ds, 600 MHz)
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Fig.S50. Flavone part of the "H NMR spectrum 3’-hydroxy-5,7,4’,5’-tetramethoxyflavone (8)
(DMSO-d;, 600 MHz)
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Fig.S51. *C NMR
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Fig.S52. COSY spectrum of 3’-hydroxy-5,7,4’,5’-tetramethoxyflavone (8) (DMSO-ds, 600 MHz)
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Fig.S53. HMQC spectrum of 3’-hydroxy-5,7,4’,5’-tetramethoxyflavone (8) (DMSO-ds, 600 MHz)
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Fig.S54. HMBC spectrum of 3’-hydroxy-5,7,4’,5’-tetramethoxyflavone (8) (DMSO-ds, 600 MHz)
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