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Abstrakt

Flavonolignany jsou pfirodni latky, které maji mj. chemoprotektivni,
hepatoprotektivni, antioxida¢ni, dermatoprotektivni ucinky. Tyto pfirodni latky se
metabolizuji zejména ve Il. fazi biotransformace, pficemz jednou z dominantnich
metabolickych drah je sulfatace. Detailni struktura vétsiny takto vzniklych metabolit(
viak neni dosud zndma a jejich standardy nejsou komercné dostupné. Cilem této
studie bylo pfipravit sulfatované derivaty flavonolignand silymarinu - silybinu, 2,3
dehydrosilybinu, isosilybinu, silychristinu a silydianinu a rdaznych flavonoidld -
kvercetinu, isokvercitrinu, taxifolinu a rutinu, a tyto potencialni sav¢i metabolity plné
charakterizovat. Pro tento Ucel byly pouzity dvé rekombinantni aryl sulfotransferasy:
1. z Desulfitobacterium hafniense, 2. z potkanich jater.

Sulfaty byly ziskany ve vysokych vytéZcich za pouziti p-nitrofenyl sulfatu jako
donoru SOs” skupiny a PAPS (3'-fosfoadenosin-5'-fosfosulfat)-independentni
bakteridlni aryl sulfotransferasy z D. hafniense. Flavonolignany tvofily zcela vylu¢né
monosulfatované derivaty, kde pozice sulfatu byla uréena na pozici C-20 (nebo C-19
v pripadé silychristinu). Pouze 2,3-dehydrosilybin podléhal dalsi sulfataci a bylo
mozné isolovat také jeho 7,20-O-disulfatovany derivdt. Isokvercitrin a rutin byly
selektivné sulfatované v poloze C-4' katecholové skupiny. Také taxifolin byl
preferencné sulfatovan v této poloze (C-4'), ale bylo také zjisténo mensi mnoZstvi
C-3’isomeru. Naopak sulfatace kvercetinu probihala pfednostné na C-3' poloze, ale
opét byla prokazana pritomnost C-4' isomeru.

Naopak rekombinantni savéi aryl sulfotransferasa, ktera je PAPS-
dependentnim enzymem, byla méné katalyticky uéinna s uzsi substratovou
specificitou; byly izolovany pouze sulfaty silybinu B (C-20), kvercetinu a taxifolinu
(C-3"). Bylo prokazano, Ze silybin A a glykosidy kvercetinu (rutin a isokvercitrin) nejsou
timto enzymem preménovany.

Sulfatované produkty studovanych latek pripravené pomoci obou aryl

sulfotransferas byly plné charakterizovany pomoci HRMS a NMR. Tyto sulfatované



metabolity mohou byt nasledné pouZity pro in vitro studie biologické aktivity a dale

jako autentické standardy pfi metabolickych studiich in vivo.



Abstract

Natural flavonoids and flavonolignans feature beneficial properties for living
organisms such as antioxidant and hepatoprotective effects, anticancer,
chemoprotective, dermatoprotective and hypocholesterolemic activities. Their
metabolism in mammals is complex, the exact structure of their metabolites still
remains partly unclear and the standards are usually not commercially available.
Hence, this project focused on the preparation of potential and defined
biotransformation Phase Il sulfated metabolites of silymarin flavonolignans: silybin,
2,3-dehydrosilybin, isosilybin, silychristin, silydianin and flavonoids quercetin,
taxifolin, rutin and isoquercitrin. Pure sulfated derivatives were prepared using aryl
sulfotransferase from Desulfitobacterium hafniense and aryl sulfotransferase from
rat liver.

Using  heterologously expressed PAPS (3'-phosphoadenosine-5'-
phosophosulfate) - independent arylsulfotransferase from D. hafniense and cheap p-
nitrophenyl sulfate as sulfate donor, sulfated flavonolignans and flavonoids were
obtained in high yields. Silymarin flavonolignans afforded exclusively monosulfates
at the position C-20 (C-19 in the case of silychristin), except 2,3-dehydrosilybin that
yielded also the 7,20-O-disulfated derivative. Isoquercitrin and rutin were selectively
sulfated at C-4’ position of the catechol moiety. Taxifolin was sulfated at the C-4’
position as well, however, a minor amount of the C-3' isomer was also formed.
Sulfation of quercetin proceeded preferentially at the C-3’ position, but a lower
proportion of the C-4' isomer was isolated as well.

On the contrary, recombinant mammalian PAPS-dependent aryl
sulfotransferase was less efficient and had a narrower substrate specificity. The
enzyme from rat liver catalyzed only sulfation of silybin B (at C-20), quercetin and
taxifolin (at C-3’) as evidenced from isolated products. Silybin A and the quercetin

glycosides (rutin and isoquercitrin) remained intact.



The sulfated products prepared by both aryl sulfotransferases were fully
characterized by HRMS and NMR methods. The sulfated metabolites can be used for
in vitro evaluation of biological activities and as authentic standards for metabolic

studies in vivo.



1 Uvod

Flavonoidy jsou prirodni latky patfici do skupiny polyfenold, které se bézné
vyskytuji v potravinach, napojich a jsou nedilnou soucasti doplnkd stravy a
vitaminovych doplfik(?.

Silymarin je extrakt z plodd (cypsela) ostropestfce marianského (Silybum
marianum, (L) Gaertn., Asteraceae). Jedna se o smés flavonolignant (silybin,
2,3-dehydrosilybin, isosilybin, silychristin, silydianin) a flavonoidG (taxifolin), z nichz
vétsina je smési diastereoisomer(. V silymarinu tak pfirozené nachazime silybin A a
B, 2,3-dehydrosilybin A a B, isosilybin A a B, silychristin A a B; pouze silydianin se
vyskytuje jako jediny stereomer. Tyto latky maji silné antioxidacni, protirakovinné a
hepatoprotektivni Ucinky, pouZivaji se jako chemoprotektanty, dermatoprotektanty
a vykazuji i hypocholesteromickou aktivitu?. Flavonolignany jsou $patné rozpustné ve
vodé, jejich koncentrace v plazmé je po ordlnim podani velmi nizka (ng/ml)3. Jejich
Spatna biodostupnost negativné ovliviiuje jejich aktivitu in vivo. Roli hraje také jejich
metabolismus, farmakokinetika a mozné interakce sdalSimi latkami ci Iécivy.
PfestoZze byl metabolismus téchto latek mnohokrat studovdn, nebylo prozatim
objasnéno, jaka je struktura jejich hlavnich metabolitl (s vyjimkou silybinu).

Flavonoly jsou nejpocetnéjsi skupinou flavonoidd. Tyto latky, mezi néz patfi
napf kvercetin® & glykosidy kvercetinu (rutin® & isokvercitrin®), hraji daleZitou roli
v lidské potravé. Kvali svym rozmanitym vlastnostem a ucinkim (antioxidacni,
antiradikdlové, chemoprotektivni, antialergenni, protizanétlivé, antimikrobialni i
protirakovinné)” se také pouZivaji jako dopliiky stravy. Nékterymi metabolity
kvercetinu se v minulych letech zabyvalo nékolik studii, které poskytly velmi
kontroverzni vysledky a ve kterych nebyli autofi schopni uréit jejich pfesné struktury?.
Podobné jako u flavonolignand, také biotransformace rutinu®, isoquercetinu® a
taxifolinu®® nebyla doposud detailné objasnéna.

Metabolismus téchto latek zacina v Zaludku a tenkém stfevé. Nasledné, po

jejich absorpci, dochazi v jatrech, ledvinach a dalSich organech k jejich metabolickym



pfemé&ndm?!. Je zndmo, Ze nékteré druhy flavonoid( (zvlasté jejich glykosidy) nejsou
vstfebavany a prochdzi az do tlustého stfeva, kde jsou Stépeny stfevnimi bakteriemi.
Obvykle tyto latky vstupuji pfimo do druhé faze biotransformace a jsou preferencné
sulfatovany, glukuronidovédny ¢i methylovany pomoci sulfotransferas UDP-
glukuronyltransferas, N-acetyltransferas, glutathion S-transferas, thiopurin-S-
methyltransferas a O-methyltransferas'?.

Sulfotransferasy preménuji xenobiotika i eubiotika na latky méné toxické a
vice rozpustné ve vodé. Tento proces poté umoziuje jejich snazsi vylouceni
z organismu napt. Zlu&i & mo&i®3. Tyto enzymy se vyskytuji v rozli¢nych tkanich, jako
jsou ledviny, jatra, mozek, nadledvinky, gastrointestinalni trakt &i krevni desti¢ky?'3.
Eukaryotické sulfotransferasy vyZzaduji pfitomnost kofaktoru — 3’-fosfoadenosin-5-
fosfatu (PAP). Aryl sulfotransferasy (EC 2.8.2.1) sulfatuji Sirokou 3kalu fenolovych
latek!*. Do této skupiny enzym( patfi tfi izoenzymy (I, II, IV), z nichZ izoenzym IV je
nejvyznamnéjsi. Studovana aryl sulfotransferasa IV (AST IV) je potkani jaterni enzym
s Sirokou substratovou specificitou, nachazi se v cytosolu a sulfatuje Sirokou $kalu
fenoll, aromatickych hydroxylaminG ¢i benzalkoholl. AST IV katalyzuje ,presun”
sulfatové skupiny z donoru (napt. p-nitrofenyl sulfatu) na molekulu akceptoru za
soucasné asistence kofaktoru - PAP?>,

Prokaryotické aryl sulfotransferasy jsou enzymy, které také katalyzuji prenos
sulfatové skupiny z molekuly donoru na akceptor, ale nevyZaduji pritomnost
kofaktoru (PAP). Tyto enzymy se nachazeji prevadiné v periplasmé 0o- a -
proteobakterii’®. Mykobakterie tyto enzymy vyuZivaji na tvorbu sulfatovanych
metabolitl; bakterie nachazejici se v lidském zaZivacim traktu na sulfataci fenoll i
na sulfataci antibiotik!’. Obecné Ize ale fici, Ze tato skupina enzym( ma Sirokou
substratovou specificitu a prevazna vétsina jejich substratl neni znama, a tudiz zatim
nebyla objasnéna ani jejich fyziologicka role. Nami studovana aryl sulfotransferasa

z Desulfitobacterium hafniense (AST DH; EC 2.8.2.22) je rekombinantni enzym (ca 70



kDa) s Sirokym spektrem substratové specificity, ktery s konverzi mezi 10 —90 %

pfeménuje jak aromatické, tak i alifatické substraty® 19,



2 Cile prace

e nalezeni enzymlO vhodnych pro sulfataci flavonolignanovych a

flavonoidovych substratd

e exprese aryl sulfotransferas z potkanich jater a z D. hafniense v E. coli

e vyuZiti téchto aryl sulfotransferas pro pfripravu sulfatovanych metabolita
silybinu A&B (1&2), silybinu A (1), silybinu B (2), isosilybinu A (3), isosilybinu
B (4), 2,3-dehydrosilybinu (5&86), silychristinu (7), silydianinu (8), kvercetinu

(9), taxifolinu (10), isokvercitrinu (11) a rutinu (12)

e izolace, purifikace a detailni charakterizace téchto metabolitl



3 Material a metodika

V této praci byly pouZity ndsledujici metody (detaily jednotlivych
experimentl jsou popsany v prislusnych publikacich); pokud neni uvedeno jinak,
experimenty byly provedeny autorkou této prace:

e izolace plasmidové DNA, elektroforéza v agarosovém gelu,
restrikéni analyza a Stépeni DNA

e transformace bunék rlznych kmen0 E. coli BL21(DE3)Gold, BL21,
BL21(DE3)Stars, BL21(DE3)pLys, Origami(DE3)

e  ko-transformace bunék E. coli s chaperony (GroEL/ GroES)

e  kultivace bakterii

e biotransformace na celych bufikidch

e stanoveni proteind podle Bradforda

e stanoveni enzymovych aktivit

e imobilizace enzymu

o elektroforéza v polyakrylamidovém gelu v pfitomnosti dodecyl
siranu sodného

e klonovani, ligace DNA fragment(l, polymerazova fetézova reakce
(Dr. L. Engels)

e analytickd vysokoucinna kapalinova chromatografie (vyvoj metod
Ing. P. Marhol, Mgr. A. Kfenkova, Ph.D.)

e  preparativni vysokoucinna kapalinova chromatografie
(RNDr. D. Biedermann, Ph.D.)

e afinitni chromatografie

o gelova permeacni chromatografie

e extrakce, extrakce na pevné fazi, srdzeni, analytickd a preparativni
tenkovrstva chromatografie

e organicka syntéza: methylace isokvercitrin sulfatu
(prof. RNDr. L. Havlicek, CSc.); syntéza derivatl silybinu

e hmotnostni spektrometrie (MS/MS fragmentation, HRMS
doc. RNDr. M. Sulc, Ph.D., doc. RNDr. J. Cvaéka, Ph.D.)

e nukledarni magnetickd resonance (Mgr. H. Pelantova Ph.D.,
Ing. M. Kuzma, Ph.D.)

Zdroje pouzitych chemikdlii, enzym( a mikroorganism( jsou detailné
popsany v pfislusnych publikacich.



4  Vysledky a diskuse

Priprava enzymu pouZzitych v této studii

Rekombinantni aryl sulfotransferasa z potkanich jater (AST IV) byla
exprimovana v kmenech E. coli BL21(DE3)Gold. AST IV byla nejvice aktivni (3 U/ml),
pokud byla exprimovana v E. coli BL21(DE3)Gold za soucasného pouziti induktoru
(IPTG, 0,1 mM) pfi 16 °C po dobu 16 hodin v TB médiu. Nejvyssi aktivity aryl
sulfotransferasy z D. hafniense (AST DH) bylo dosazeno, pokud byla exprimovéana
v E. coli BL21(DE3)Gold (28 500 U/ml). Bunécny lyzat obsahujici AST DH nevykazoval
znamky sulfatasové aktivity, a proto nebyla purifikace tohoto enzymu nutna. Pro
sulfataci jednotlivych substratd byla pouZita purifikovana AST IV, celé buriky
obsahujici AST IV, dale purifikovana AST DH a bunécny lyzat obsahujici AST DH.

Sulfatace silymarinovych flavonolignant pomoci purifikovanych enzymu

Béhem sulfatace silybinu bylo zjisténo, Ze AST IV je striktné selektivni enzym.
AST IV sulfatovala pouze silybin B (2), silybin A (1) nebyl pro tento enzym vhodnym
substratem. Dale bylo zjiSténo, Ze tento enzym nelze pouzit pro preparativni pripravu
sulfatovanych metabolit(, a to z nékolika dlvodu. Velmi dlleZitou roli hrala Spatna
rozpustnost substratd v polarnich i nepolarnich rozpoustédlech, omezena katalyticka
aktivita tohoto enzymu ve vétsich reakc¢nich objemech (nad 1 ml) a v neposledni fadé
tyto reakce limitoval ptidavek drahého kofaktoru PAP (3’-fosfoadenosin-5'-fosfat).
Proto byla vdalSich reakcich pouzita biotransformace vyuZivajici celé burky
exprimujici AST IV.

Prvni isolované a charakterizované metabolity byly sulfatované derivaty
silybinu A (1), silybinu B (2), isosilybinu A (3) a isosilybinu B (4), které byly pfipraveny
pomoci purifikované AST DH. Bylo zjisténo, Ze stereochemie téchto substrat(
ovliviiuje jejich konjugacni kinetiku podobné jako u AST IV. Silybin B byl sulfatovan
rychleji nez silybin A, podobné isosilybin A byl preménovan rychleji nez isosilybin B.
Silybin A 20-O-sulfat (1a, 20 mg, 58 %), silybin B 20-O-sulfat (2a, 22 mg, 62 %),
isosilybin A 20-O-sulfat (3a, 14 mg, 57 %) a isosilybin B 20-O-sulfat (4a, 11 mg, 50 %)



byly charakterizovany pomoci hmotnostni spektrometrie a nuklearni magnetické
resonance.

Sulfatacni reakce katalyzované bunécénym lyzatem a celymi burikami

Koncept katalyzy celymi burikami (AST IV) pfinesl fadu vylepseni: do reakce
nebylo potfeba dodavat kofaktor (PAP), byla snizena ztrata enzymové aktivity, ke
které dochazelo hlavné béhem purifikace tohoto enzymu, a zvysila se stabilita
enzymu béhem sulfatacni reakce. Ze vSech testovanych substratl (1, 2, 7-12) byla
pozorovana nejvyssi konverze pro silybin B (2; 48 %) a silybin B 20-O-sulfat (2a,
10 mg, 25 %) byl Uspésné izolovan a charakterizovan. Pfi experimentu se smésnym
silybinem (A&B) bylo zjisténo, Ze silybin A (1) neni inhibitorem této AST IV. Silybin B
byl sulfatovan ve stejném poméru, jakého bylo dosazeno pfi sulfataci opticky Cistého
silybinu B (2). Z tohoto pozorovani vyplyva, Ze kazdy z téchto diastereomerl ma
specificky zplsob biotransformace, co? je ve shodé s literaturou?® 2%, Tento enzym
dale pfeménoval taxifolin (10) na taxifolin monosulfat (10a, 1 mg, 1,5 %), ktery byl
charakterizovan pomoci HRMS. Pfedpokladame, Ze se jedna o taxifolin 3’-O-sulfat,
protoze dalSim produktem izolovanym z této reakce byl kvercetin 3’-O-sulfat (9a,
8 mg, 12 %), ktery je pravdépodobné oxidacnim produktem taxifolin monosulfatu
10a. Pro ovéreni mozné oxidace cytochromy byl do reakéni smési pridan azid sodny
a reakce byla zopakovana za stejnych podminek. Pfidavek azidu reakci nijak neovlivnil
a byly izolovany shodné produkty. BohuzZel nebylo mozné jednoznacné urdit, zda
k oxidaci taxifolinu dochdazi pfed vlastni sulfata¢ni reakci nebo ai po ni -
pravdépodobné spontalné atmosférickym kyslikem. Vzhledem k vysledkim, které
byly ziskany pfi sulfataci kvercetinu, predpokladame, Ze nejprve probéhla sulfatace
molekuly taxifolinu, a nasledné pak oxidace taxifolin monosulfatu na kvercetin 3°-O-
sulfat. Pri sulfataci silychristinu A (7), silydianinu (8) a kvercetinu (9) byla pozorovana
spotfeba donoru sulfatu (p-nitrofenyl sulfat) za soucasného vzniku p-nitrofenolu
(PNP), coZ byl pfimy dikaz toho, Ze dochazi k sulfataci danych substrat(i. Pres

veskerou nasi snahu jsme vSak nebyli schopni tyto sulfatované derivaty detekovat,



izolovat a charakterizovat. Pfedpokldaddme, Ze vzniklé sulfatované derivaty byly
v reakéni smési ihned metabolizovdny bunkami. Proto nebylo mozné samotnou
sulfataci téchto latek prokazat. Naopak isokvercitrin (11) a rutin (12) nebyly timto
enzymem preménovany vibec (podobné jako silybin A). Nebyla pozorovana ani
spotfeba donoru sulfdtu a ani tvorba p-nitrofenolu. Vzacnéjsi flavonolignany, jako
isosilybin A (3) a B (4) a smésny 2,3-dehydrosilybin (5&6), nebyly testovany, protoze
recyklace substratd nebyla pfi této reakci mozna.

Vzhledem k tomu, Ze nékteré sulfatované metabolity nebylo mozné pomoci
AST IV pfipravit, byly nasledné sulfatovany vsechny substraty (1-12) pomoci
bunécného lyzatu obsahujictho AST DH. Tento enzym reagoval se vSemi substraty a
produkty téchto reakci byly izolovany a charakterizovany pomoci MS a NMR: silybin
A&B 20-0O-sulfat (1a&2a (1:1), 125 mg, 60 %), silybin A 20-O-sulfat (1a, 120 mg, 62 %),
silybin B 20-O-sulfat (2a, 135 mg, 67 %), 2,3-dehydrosilybin A&B 20-O-sulfat (5a&6a,
10 mg, 25%), 2,3-dehydrosilybin A&B 7,20-O-disulfat (5b&6b, 9 mg, 28 %),
silychristin A 19-O-sulfat (7a, 100 mg, 57 %), silydianin 20-O-sulfat (8a, 90 mg, 75 %),
isokvercitrin 4’-O-sulfat (11a, 120 mg, 69 %), rutin 4’-O-sulfat (12a, 90 mg, 53 %),
neseparovatelnd smés taxifolin 4'-O-sulfatu (10b) a taxifolin 3’-O-sulfatu (10c,
vedlejsi produkt, cca 16 %,) (190 mg, 75 %), smés kvercetin 3°-O-sulfatu (9a)
a kvercetin 4’-O-sulfatu (9b, vedlejsi produkt, cca 25 % - omezené separovatelny
pomoci analytické HPLC) (90 mg, 47 %). K urceni struktur vSech pfipravenych sulfatl
(1a-12a) byla pouZita kombinace HRMS & MS, H-, 3C-NMR experiment(. V p¥ipadé
3’, 4" sulfatl byly u katecholové skupiny pozorovany typické posuny v poli uhlikovych

spekter. Prehled struktur charakterizovanych produktl predstavuje obrazek 1.
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Obrazek 1: Prehled pfipravenych sulfatovanych metabolitd.



5  Zavéry

V této praci byly pro sulfataci flavonolignanl a flavonoll vybrény dvé aryl
sulfotransferasy: rekombinantni aryl sulfotransferasa izolovana z potkanich jater
(AST 1IV) a rekombinantni aryl sulfotransferasa izolovand z Desulfitobacterium
hafniense (AST DH). Pro vSechny substraty a formy enzymd, které byly pfi téchto
reakcich pouzity, byly optimalizovany reakéni podminky, jmenovité purifikované AST
IV a AST DH, bunécny lyzat obsahujici AST DH a celé buriky exprimujici AST IV.

Oba enzymy byly exprimovany, AST IV byla také purifikovana. Vzhledem k tomu,
Ze bunéény lyzat obsahujici AST DH mél vysokou specifickou aktivitu (28 500 U/mg) a
nevykazoval Zadnou sulfatasovou aktivitu, nebyla purifikace AST DH nutna. AST IV se
po purifikaci jevila jako velmi nestabilni a byla u ni namérena nizsi katalyticka aktivita
(3 U/mL). Proto byl pro preparativni reakce vyuZit koncept katalyzy s celymi burikami
exprimujici AST IV a bunéény lyzat obsahujici AST DH.

Pti reakcich katalyzovanych celymi burikami (AST IV) bylo mozZno izolovat a
charakterizovat silybin B 20-O-sulfat, taxifolin monosulfat a oxidacni produkt
vznikajici z taxifolin monosulfatu - kvercetin 3’-O-sulfat. Silydianin, silychristin a
kvercetin patfily téZ mezi subtraty této aryl sulfotransferazy, ale sulfatované
produkty se nepodafrilo izolovat. Bylo zjisténo, Ze silybin A, isokvercitrin a rutin nebyly
substraty této aryl sulfotransferasy.

Silybin A, silybin B, isosilybin A a isosilybin B byly sulfatovany pomoci
purifikované AST DH. Obdobné jako u AST IV byl pozorovan vliv stereomerie
substratu na rychlost jeho konjugace. Produkty téchto reakci byly izolovany a
charakterizovany jako silybin A 20-O-sulfat, silybin B 20-O-sulfat, isosilybin A 20-O-
sulfat a isosilybin B 20-O-sulfat.

Pro sulfataci silybinu A, B, A&B, silychristinu A, silydianinu, 2,3-
dehydrosilybinu, kvercetinu, isokvercitrinu a rutinu byl pouzit bunécény lyzat
obsahujici AST DH. Tyto reakce poskytly nasledujici produkty: silybin A&B 20-0-sulfat,
silybin A 20-O-sulfat, silybin B 20-O-sulfat, 2,3-dehydrosilybin 20-O-sulfat, 2,3-



dehydrosilybin 7, 20-O-disulfat, silychristin A 19-O-sulfat, silydianin 20-O-sulfat,
isokvercitrin 4°-O-sulfat, rutin 4’-O-sulfat, neseparovatelnd smés taxifolin 4'-O-
sulfatu a taxifolin 3"-O-sulfatu, smeés kvercetin 3’-O-sulfatu a kvercetin 4’-O-sulfatu
(omezené separovatelnd pomoci analytické HPLC).

Pro kazdou metodu pfipravy sulfatovanych produktl byla vyvinuta zvlastni
metoda jejich purifikace a detekce pomoci HPLC. VSechny sulfatované metabolity
byly chrakterizovany pomoci kombinace hmotnostni spektrometrie a nuklearni
magnetické resonance. Bylo zjisténo, Ze sulfatované produkty v zavislosti na poloze
sulfatu (3" a 4°) vykazuji charakteristické posuny v uhlikovych spektrech u
katecholové skupiny. Toto zjisténi vbudoucnu usnadni strukturni urceni
sulfatovanych metabolitl podobnych latek.

Tyto sulfatované metabolity mohou byt nasledné pouzity pro in vitro studie

biologické aktivity a dale jako autentické standardy pti metabolickych studiich in vivo.
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7 Introduction

Flavonoids are naturally occurring polyphenols, which play a prominent role in
the human diet as abundant micronutrients, components of food supplements or
herbal medicines™.

Silymarin, a crude extract from milk thistle fruits (Silybum marianum, (L.)
Gaertn., Asteraceae), is composed of flavonolignans (such as silybin,
2,3-dehydrosilybin, isosilybin, silychristin, silydianin) and a flavonoid taxifolin. Most
of them occur in nature in the form of two diastereoisomers in various proportions:
silybin A and B, 2,3-dehydrosilybin A and B, isosilybin A and B, and silychristin A and
B; only silydianin exists as a single stereomer. Silymarin flavonolignans possess strong
antioxidant and hepatoprotective effects, but also anticancer, chemoprotective,
dermatoprotective and hypocholesterolemic activities?.. The flavonolignans are
barely soluble in water, the plasma concentrations after oral administration in
humans were approx. in the scale of ng/ml®. Therefore, invivo activity of
flavonolignans is mainly influenced by their bioavailability. Metabolism,
pharmacokinetics and possible drug-drug interactions of the flavonolignans
represent another important topic. Despite numerous attempts, the exact structures
of silymarin metabolites remain unexplored (except silybin).

Flavonols are a major class of flavonoids in the human diet, among them
taxifolin®, quercetin®, quercetin glycosides rutin® and isoquercitrin®, are largely used
in food supplements. These flavonoids are generally considered to be potent
antioxidants, radical scavengers and chemoprotectants having also anti-allergic, anti-
inflammatory, antimicrobial or anticancer properties’. Although some quercetin
metabolites were already described?®, these were not fully characterized and there
are controversies in the published data. Only scarce information about possible
conjugation of taxifolin®®, isoquercitrin®, and rutin® was available so far.

Generally, the metabolism of flavonoids in humans starts in the stomach and in

the small intestine and the post-absorption modifications occur in liver and in other



organs'l. Some of flavonoids and their derivatives (especially their glycosides) can
pass up to the caecum, where they are cleaved and metabolized by intestinal
microflora. The resorbed flavonoids are biotransformed mainly by the Phase Il
conjugation, preferably via sulfation, glucuronation or methylation by
sulfotransferases, UDP-glucuronyltransferases, N-acetyltransferases, glutathione S-
transferases, thiopurin-S-methyltransferases and O-methyltransferases??.

Sulfotransferases convert xenobiotics and eubiotics into water-soluble and less
toxic metabolites, facilitating their excretion into the bile or urine®.
Sulfotransferases are present in various tissues including liver, kidney, brain,
adrenals, gut and platelets®3. The presence of a co-substrate, sulfate donor 3-
phosphoadenosine-5’-phosphosulfate (PAPS) is required for effective sulfate
conjugation in eukaryotes. Aryl sulfotransferases (EC 2.8.2.1) catalyze the sulfation
of a wide variety of phenolic-containing compounds**. Three isozymes (1, I, IV) were
identified. Rat hepatic cytosolic isozyme IV is a major sulfotransferase. It displays the
broadest substrate specificity of the isozymes. Its substrates include a wide variety
of phenols, aromatic hydroxylamines and benzylic alcohols. AST IV can catalyze an
'exchange' reaction involving the PAPS-dependent transfer of sulfate from a donor
(e.g. p-nitrophenyl sulfate) to an acceptor substrate?®,

Prokaryotic aryl sulfotransferases catalyze the transfer of a sulfuryl group
from phenolic sulfate esters onto a phenol acceptor by a PAPS-independent
mechanism?!®. They can be mostly found in the periplasm of strains of 8- and e-
proteobacterial® and are fundamental in the production of sulfated metabolites in
mycobacteria; in the sulfation of a variety of phenols (bacteria from human intestinal
tract)!® or phenolic antibiotics'’. These enzymes exhibit broad substrate specificity
and thus the majority of the natural substrates and their physiologic roles remain
unknown. Aryl sulfotransferase from Desulfitobacterium hafniense (AST DH; EC
2.8.2.22) is a recombinant enzyme (ca 70 kDa) with a wide range of substrate

specificity for phenolic and aliphatic substrates® 1°,



8 Aims of the study

to find enzyme(s) suitable for sulfation of selected flavonolignans and
flavonols

e toexpress the aryl sulfotransferases from rat liver and D. hafniense in E. coli
e to use these aryl sulfotransferases in the preparation of sulfated
metabolites of silybin (A&B; 1&2), silybin A (1), silybin B (2), isosilybin A (3),
isosilybin B (4), 2,3-dehydrosilybin (A&B 5&6), silychristin A (7), silydianin
(8), quercetin (9), taxifolin (10), isoquercitrin (11) and rutin (12)

e toisolate, purify and fully characterize these metabolites



9 Materials and methods

The following methods were used in this thesis. The details of the individual
experiments are described in the research publications; unless otherwise stated the

experiments were performed by the author:

isolation of plasmid DNA, agarose gel electrophoresis, restriction
analysis of DNA

transformation of various E. coli cell strains: BL21, BL21(DE3)Gold,
BL21(DE3)Stars, BL21(DE3)pLys, Origami(DE3)

co-transformation of E. coli cells with chaperons (GroEL/ GroES)
cultivation of bacteria

whole cells biotransformation

Bradford protein assay

enzyme activity assay

enzyme immobilization

sodium dodecyl sulfate — polyacrylamide gel electrophoresis
analytical high performance liquid chromatography (method
development: Ing. P. Marhol, Mgr. A. Kfenkova, Ph.D.)

preparative high performance liquid chromatography (method
development and measurements: (RNDr. D. Biedermann, Ph.D.)
affinity chromatography

gel permeation chromatography

extraction, solid phase extraction, precipitation, analytical thin
layer chromatography, preparative thin layer chromatography
organic synthesis: methylation of isoquercitrin  sulfate
(prof. RNDr.L. Havlic¢ek, CSc.); synthesis of silybin derivatives
molecular cloning, ligation of DNA fragments, polymerase chain
reaction (Dr. L. Engels)

mass  spectrometry  (MS/MS  fragmentation, HRMS -
doc. RNDr. M. Sulc, Ph.D., doc. RNDr. J. Cvaéka, Ph.D.)

nuclear magnetic resonation (Mgr. H. Pelantova Ph.D,,
Ing. M. Kuzma, Ph.D.)

The source of chemicals, enzymes and microorganisms is described in detail

in the research publications.



10 Results and discussion

Recombinant aryl sulfotransferase from rat liver (AST IV) could be easily
expressed in E. coli BL21(DE3)Gold strains in TB medium. The active AST IV was
obtained after 16 hours upon induction of IPTG (16 °C, 0.1 mM IPTG) and purification
by gel permeation chromatography (3 U/ml). The E. coli BL21(DE3)Gold clones
harboring the arylsulfotransferase from Desulfitobacterium hafniense (AST DH) were
the most active (28 500 U/mg). Purification of the enzyme was not necessary due to
absent sulfatase activity in the media. Purified AST IV, whole AST IV producing cells
and crude cell lysate containing AST DH were used for sulfation reaction of various
substrates.

Sulfation of silymarin flavonolignans catalyzed by purified enzymes

AST IV was found to be strictly stereoselective as it sulfated exclusively
silybin B (2), silybin A (1) was not the substrate of this aryl sulfotransferase. The
attempts to scale-up the sulfation reaction with the purified AST IV failed due to
several factors. The most important one was the extreme insolubility of the
substrate. Furthermore the poor performance of the enzyme in volumes larger than
1 ml was identified and another limiting factor was the need to use an expensive
cofactor PAP (3’-phosphoadenosine-5-phosphate) during the reaction. Due to the
above problems another concept of using resting E. coli cells expressing the rat liver
AST IV was employed.

The first successfully sulfated substrates (catalyzed by AST DH) were
optically pure silybin A (1) and B (2), isosilybin A (3) and B (4). The stereochemistry of
respective substrates influenced strongly its conjugation kinetics analogously to the
rat enzyme AST IV. Isosilybin A was conjugated faster and more efficiently than
isosilybin B. Similarly silybin B was conjugated in larger extend than silybin A. After
isolation and purification, silybin A 20-O-sulfate (1a, 20 mg, 58 %), silybin B
20-O-sulfate (2a, 22 mg, 62 %), isosilybin A 20-O-sulfate (3a, 14 mg, 57%), isosilybin



B 20-O-sulfate (4a, 11 mg, 50%) were obtained and fully characterized by MS and
NMR.

Sulfation catalyzed by crude lysate or resting cells

Use of the resting microbial cells harboring AST IV noticeably improved the
procedure by skipping laborious enzyme purification, the addition of expensive
cofactor PAP and loss of activity. The only sufficient conversion of all tested
substrates (1-2, 7-12) was observed for silybin B (up to 48 %) and silybin sulfate could
be isolated, purified with satisfactory yield (10 mg, 25%) and characterized. The
experiment performed on the natural silybin (mixture of A&B) might be considered
as an indirect proof that silybin A is not an inhibitor of AST IV, because we observed
the same conjugation rate of silybin B in this case as with the pure silybin B. It is
obvious that each silybin diastereoisomer has a specific route of Phase Il
metabolism?® 2, Taxifolin (10) was another substrate utilized by AST IV. We isolated
taxifolin monosulfate 10a (1mg, 1.5%), which was characterized only by HRMS
because of its paucity. We assume that it is taxifolin-3"-O-sulfate (10a), since another
isolated product was identified to be quercetin-3’-O-sulfate 9a (8 mg, 12%), which is
plausibly an oxidation product of 10a. We have speculated that the oxidation could
be caused by cytochromes, therefore the respiration inhibitor - sodium azide - was
added to the reaction mixture. Then the reaction was repeated, however no
significant effect was observed and the same products (or none, respectively) were
detected. We could not distinguish whether the oxidation of taxifolin skeleton
occurred in the form of intact taxifolin or in the form of its sulfate. But taking into
account the results obtained with quercetin, we assumed that taxifolin was sulfated
first and then the sulfated product was oxidized to the respective quercetin sulfate.
When silychristin A (7), silydianin (8) and quercetin (9) were tested as substrates in
this AST IV catalyzed reaction consumption of p-nitrophenyl sulfate accompanied by
formation of p-nitrophenol gave a clear evidence that sulfation reactions occurred.

Despite our attempts no sulfated products were isolated and we found the recovery



of the substrate impossible. We assume that these substrates were probably sulfated
but immediately metabolized by the cells; hence the sulfation reaction could not be
proved. Isoquercitrin (11) and rutin (12) were not substrates transformed by this
enzyme. Formation of either p-NP or any sulfated product was not detected.
Isosilybin A and B (3, 4) and 2,3-dehydrosilybin A&B (5&6) were not tested due to
their paucity.

Due to the failure of our previous attempts to isolate and fully characterize
sulfated silychristin A, silydianin, 2,3-dehydrosilybin, quercetin, isoquercetin and
rutin catalyzed by AST IV from rat liver, the sulfation reaction was repeated with AST
from D. hafninese (AST DH). Starting from respective substrate (1-12) respective
substrate the silybin A&B 20-O-sulfate (1a&2a, 125 mg, 60 %), silybin A 20-O-sulfate
(1a, 120 mg, 62 %), silybin B 20-O-sulfate (2a, 135 mg, 67 %), 2,3-dehydrosilybin A&B
20-O-sulfate (5a&6a, 10 mg, 25 %), 2,3-dehydrosilybin A&B 7,20-di-O-sulfate
(5b&6b, 9 mg, 28 %); silychristin A 19-O-sulfate (7a, 100 mg, 57 %); silydianin 20-0O-
sulfate (8a, 90 mg, 75 %) isoquercitrin 4’-O-sulfate ( 11a, 120 mg, yield 69 %), rutin
4’-0O-sulfate (12a, 90 mg, yield 53 %), inseparable mixture of taxifolin 4’-O-sulfate
(10b) and taxifolin 3'-O-sulfate (10c, side product, ca 16 %) (190 mg, yield 75 %),
mixture of quercetin 3’-O-sulfate (9a) and quercetin 4'-O-sulfate (9b, side product,
ca 25% - critically separable by analytical HPLC) (90 mg, yield 47 %) were isolated,
purified and fully characterized. The structure determination of all sulfated products
(la-12a) was achieved by the combination of HRMS or MS, *H-, 3C-NMR
experiments. The typical patterns in NMR spectra (down field and up field shifts)
were observed for catechol 3’, and 4'-sulfates. The Figure 1 shows the exact

structures of the identified compounds.
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11 Conclusions

Two aryl sulfotransferases were chosen to fulfil the major aim of this thesis. The
recombinant aryl sulfotransferase IV from rat liver (AST IV) and recombinant aryl
sulfotransferase from Desulfitobacterium hafniense (AST DH) were employed in
sulfation reaction of flavonolignans and flavonoids.

Both enzymes were expressed; AST IV from rat liver was purified. The
purification of AST DH was not necessary due to high specific activity (28 500 U/mg)
and non-detectable sulfatase activity in the media. AST IV was very unstable with low
activity (3 U/ml). The concept of the resting E. coli cells expressing the rat liver AST
IV employed in sulfation reactions together with crude cell lysate containing AST DH
was finally chosen as the most effective.

The reaction conditions for each enzyme were optimized: for purified AST
IV, purified AST DH, the whole cell biotransformation (AST 1V) and crude cell lysate
containing AST DH. When the resting E. coli cells expressing AST IV catalyzed the
sulfation reaction, the only sufficient conversion of all tested substrates was
observed for silybin B. Silybin B 20-O-sulfate was isolated, purified with satisfactory
yield and characterized. Taxifolin yielded small amounts of taxifolin 3"-O-sulfate and
quercetin 3’-O-sulfate. In the case of silychristin, silydianin and quercetin formation
of p-NP was detected, but no sulfated products were isolated. Silybin A, isoquercitrin
and rutin were not transformed by this enzyme.

Silybin A, silybin B, isosilybin A and isosilybin B were transformed by purified
AST DH to silybin A 20-O-sulfate, silybin B 20-O-sulfate, isosilybin A 20-O-sulfate,
isosilybin B 20-O-sulfate, which were fully characterized by MS and NMR.

Sulfation of silybin, silychristin, silydianin, 2,3-dehydrosilybin, quercetin,
isoquercetin and rutin by AST DH (crude lysate) yielded silybin A&B 20-O-sulfate,
silybin A 20-O-sulfate, silybin B 20-O-sulfate, 2,3-dehydrosilybin 20-O-sulfate, 2,3-
dehydrosilybin-7,20-O-disulfate, silychristin A 19-O-sulfate, silydianin 20-O-sulfate,

isoquercitrin 4°-0- sulfate, rutin 4’-O-sulfate, inseparable mixture of taxifolin 4°-O-



sulfate and taxifolin 3°-O- sulfate, mixture of quercetin 3’-O-sulfate and quercetin 4’-
O-sulfate.

The purification procedures for each preparation method and HPLC
characterization for each sulfated product were developed. All isolated compounds
were characterized by MS and NMR. Characteristic patterns in NMR spectra were
identified for catechol 3’- and 4’- sulfates. These data will enable identification of
analogous flavonoid metabolites.

The sulfated metabolites can be used for in vitro evaluation of biological

activities and as authentic standards for metabolic studies in vivo.
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