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WYKAZ STOSOWANYCH SKROTOW
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BCL
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CML
CRL
DAG
DHA
E

eep

ees
EPA
EFAs
FFAs
HPLC

le
ly
IB-150A

Odzysk aktywno$ci enzymu (ang. activity recovery)

Aktywnos¢ relatywna (ang. relative activity)

Aktywnos¢ zachowana (ang. activity retention)

Amano lipaza A z Aspergillus niger (ang. Amano lipase A from Aspergillus niger)
Kwas a-linolenowy (ang. a-linolenic acid)

Aspergillus niger

Lipaza z Aspergillus niger (ang. Aspergillus niger lipase)

Amano lipaza PS z Burkholderia cepacia (ang. Amano lipase PS from
Burkholderia cepacia)

Amano lipaza PS z Burkholderia cepacia, odmiana D (ang. Amano lipase PS-D
from Burkholderia cepacia)

Kwas arachidonowy (ang. arachidonic acid)

Lipaza z Aspergillus terrasus (ang. lipase from Aspergillus terrasus)
Burkholderia cepacia

Lipaza z Burkholderia cepacia (ang. Burkholderia cepacia lipase)

Konwersja (ang. conversion)

Lipaza B z Candida antarctica (ang. lipase B from Candida antarctica)

Lipaza z Candida methylica (ang. lipase from Candida methylica)

Lipaza z Candida rugosa (ang. lipase from Candida rugosa)

Diacyloglicerol (ang. diacylglycerol)

Kwas dokozaheksaenowy (ang. docosahexaenoic acid)

Enancjoselektywnos$¢ (ang. enantiomeric ratio, enantioselectivity)

Nadmiar enancjomeryczny produktow (ang. enantiomeric excess of products)
Nadmiar enancjomeryczny substratow (ang. enantiomeric excess of substrates)
Kwas eikozapentaenowy (ang. eicosapentaenoic acid)

Niezbedne nienasycone kwasy tluszczowe (ang. essential fatty acids)

Wolne kwasy tluszczowe (ang. free fatty acids)

Wysokosprawna chromatografia cieczowa (ang. High Performance Liquid
Chromatography)

Efektywnos¢ immobilizacji (ang. immobilization efficiency)

Wydajno$¢ immobilizacji (ang. immobilization yield)

Immobead 150A (ang. Immobead 150A)
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LA
MAG
MUFAs
OA
OoTC
PC
PGE:
PGEs
PGl2
PGl3
PUFAs
RS-PHE
R-PHE
R-PHE-ACE
S-PHE
SFAs
TAG
TGs
TLL
UFAs
Vmax

Immobead 150P (ang. Immobead 150P)

Stata kinetyczna Michaelis-Menten

Obcigzenie lipaza (ang. lipase loading)

Kwas a-linolowy (ang. a-linoleic acid)

Monoacyloglicerol (ang. monoacylglycerol)

Jednonienasycone kwasy tluszczowe (ang. monounsaturated fatty acids)
Kwas oleinowy (ang. oleic acid)

Lek dostgpny bez recepty (ang. over-the-counter drug)

Pseudomonas cepacia

Prostaglandyna E (ang. prostaglandin E>)

Prostaglandyna Es (ang. prostaglandin Ez)

Prostacyklina I, (ang. prostacyclin 1)

Prostacyklina Iz (ang. prostacyclin 13)

Wielonienasycone kwasy ttuszczowe (ang. polyunsaturated fatty acids)
(R,S)-1-fenyloetanol (ang. (R,S)-1-phenylethanol)

(R)-1-fenyloetanol (ang. (R)-1-phenylethanol)

octan (R)-1-fenyloetylu (ang. (R)-1-phenylethyl acetate)
(S)-1-fenyloetanol (ang. (S)-1-phenylethanol)

Nasycone kwasy tluszczowe (ang. saturated fatty acids)
Triacyloglicerol (ang. triacylglycerol)

Triglicerydy (ang. triglycerides)

Lipaza z Thermomyces lanuginosus (ang. lipase from Thermomyces lanuginosus)
Nienasycone kwasy tluszczowe (ang. unsaturated fatty acids)

Szybko$¢ maksymalna reakcji (ang. maximal velocity)
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1. Wstep

Biokataliza to proces oparty na zastosowaniu enzymoéw w katalizowaniu reakcji chemicznych.
Za jej poczatek uznano badania naukowe Louisa Pasteura, ktory przeprowadzajac fermentacje
cukrow do alkoholu, dowiodl, ze proces ten jest zwigzany z funkcjami zyciowymi komorek
drozdzowych [1]. Pojecie ,,enzym” zostalo zaproponowane po raz pierwszy w 1878 roku przez
niemieckiego fizjologia, Wilhelma Kiihnego [2]. Kontynuacja badan nad enzymami, prowadzonymi
przez Eduarda Buchnera, polegata na Katalizie bez udzialu komoérek zywych [3]. Stanowito to
poczatek studidow dotyczacych izolacji enzymoéw w postaci krystalicznej takich jak np. trypsyna czy
chymotrypsyna. Enzymy zastosowane w reakcjach chemicznych okazaty si¢ by¢ uzyteczne w
szerokim spektrum reakcji o znaczeniu medycznym, farmaceutycznym, biotechnologicznym czy
kosmetologicznym [4]. Glownym Zroédtem enzymow sa mikroorganizmy oraz (w mniejszym stopniu)
organizmy roslinne i zwierzece. Udowodniono, ze wykorzystanie bialek katalitycznych znaczaco
zwigksza wydajno$¢ oraz selektywnos$¢ reakcji (biokatalizator moze zostaé uzyty nawet
kilkukrotnie), obniza ich koszty oraz nie wymaga drastycznych warunkéw, przez co nie wywiera
szkodliwego wptywu na otoczenie. Z tego powodu, biokataliza nalezy do tzw. zielonej chemii (ang.
green chemistry), czyli koncepcji, zgodnie z ktorg reakcje prowadzi si¢ w sposob najkorzystniejszy
dla s$rodowiska naturalnego, w celu ochrony przyrody oraz zapewnienia bezpieczenstwa
klimatycznego [5, 6]. Jednakze, nalezy pamieta¢, ze enzymy pochodzenia naturalnego, mimo
mozliwosci dziatania w szerokim spektrum warunkow (temperatura, pH, czas przechowywania, sita
jonowa, itp.) moga ulec zniszczeniu w skrajnie ekstremalnym $rodowisku reakcji [7]. Enzymy
wykazujg specyficzno$¢ substratowg i selektywnos$¢ np. kinazy transportujg grupy fosforanowe z
wysokoenergetycznych zwiazkéw na czastki docelowe, proteazy hydrolizujg wigzania peptydowe,
transferazy przenosza rozne grupy chemiczne, amylazy rozktadaja cukry ztozone do cukréw

prostych.

Szczegbdlnym przykladem enzymow pozyskiwanych ze zrodet naturalnych sg lipazy. Biatka
te naleza do podklasy hydrolaz serynowych (EC 3.1.1.3) [8]. W organizmie sg wytwarzane przez
trzustke. Nastepnie, pod wpltywem zokci, ulegajg aktywacji w dwunastnicy. Lipaza trzustkowa
hydrolizuje pochodzace z pokarmu triacyloglicerole (TAG), do wolnych kwaséw thuszczowych
(FFAs), diacylogliceroli (DAG) i monoacylogliceroli (MAG) [9]. Enzym ten jest niezbedny w
prawidlowym utrzymaniu homeostazy. Inne lipazy, takie jak: jezykowa (wydzielana przez §linianki),
zotagdkowa (wydzielana przez sok zotgdkowy, dziata w kwasowym pH), jelitowa (wspomaga
dziatanie lipazy trzustkowej) odgrywaja mniejszg role w procesie trawienia. Na Rycinie 1

przedstawiono przyktadowe typy reakcji chemicznych katalizowane przez lipazy. Jedna z cech lipaz,
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istotng dla ich zastosowania w przemysle farmaceutycznym jest aktywnos$¢ katalityczna [10-14]. Ich
znaczenie jest szczegélne m.in. w reakcjach enancjoselektywnych m.in. kinetycznym rozdziale
mieszaniny racemicznej zwigzku chemicznego w celu uzyskania czystego optycznie enancjomeru
[15, 16]. Lipazy dziatajg na granicy faz, co umozliwia Katalizowanie reakcji z udzialem zwigzkow
zarowno hydrofilowych 1 hydrofobowych (Rycina 2) [17, 18]. Kazda z lipaz posiada rdzen
zawierajacy 8 struktur p-fatldowych potaczonych 6 fragmentami a-helisy oraz triadg katalityczng
ztozong z trzech aminokwasdéw (Seryna, histydyna, kwas glutaminowy lub asparaginowy), ktore
tworza tzw. miejsce aktywne (ang. active site) [19, 20]. Niektore z tej grupy enzymow posiadaja
réwniez tzw. wieczko (ang. lid), bedace komponentem biatkowym, zakrywajacym centrum aktywne
[21]. Ten element budowy umozliwia lipazie, poprzez przemieszczenie si¢ wieczka, zmiane formy z
zamknietej na otwartg, co umozliwia wigksza dostepnos¢ dla substratow [17, 21-23]. Ponadto, lipazy
pochodzenia bakteryjnego wykazuja szczegdlnie wysoka stabilno$¢ termiczng oraz wysoka

aktywnos¢ wobec reagentow hydrofobowych.

HYDROLIZA

(0] (0]

+

Rl—u—O—Rz H,0 ——* R,——C—O0H ' R,—OH
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0]

[ | +
R,—C——OH R,—OH ——» R—C—O0—TR, H,0
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ﬁ O|
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0 o 0 0

I _ I Lo
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I _ I I
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Rycina 1. Przyktadowe reakcje chemiczne katalizowane przez lipazy
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Rycina 2. Uproszczony schemat dziatania lipazy na granicy faz wodnej i lipidowej

W celu poprawy parametrow Kkatalitycznych, lipazy poddaje si¢ modyfikacjom. Czgsto
stosowang technikg jest immobilizacja (ang. immobilization). Polega ona na unieruchomieniu lipazy
w (lub na) materiale tzw. nosniku (ang. support) za pomocg roéznych oddziatywan, zaré6wno
chemicznych jak i fizycznych [24, 25]. Immobilizowany enzym powinien wykazywac zwigkszong
aktywnos¢ w reakcjach katalitycznych. Jednakze, immobilizacja lipazy moze réwniez obnizy¢ jej
aktywnos$¢, wzgledem formy natywnej (wolnej) [12]. Liczne badania wykazaty pozytywny wptyw
immobilizacji na aktywno$¢ enzymatyczng lipaz [12, 26, 27]. Obecnie, stosuje si¢ coraz bardziej
zaawansowane techniki unieruchomienia, ktore, poprzez wzrost aktywnosci lipazy, majg znaczaco

zwiekszy¢ wydajnos¢ przeprowadzanych reakcji [28-30].

Tematyka niniejszej pracy doktorskiej obejmuje wykorzystanie lipaz z Burkholderia sp. i
Aspergillus sp. immobilizowanych na nosnikach polimerowych w katalizowaniu reakcji o znaczeniu
farmaceutycznym. Przeprowadzone i opisane badania dotycza oceny aktywnosci enancjoselektywnej
lipaz w kinetycznym rozdziale (R,S)-1-fenyloetanolu oraz ocenie aktywnosci lipolitycznej poprzez
hydrolize enzymatyczna olejow pochodzenia naturalnego zawierajacych nienasycone kwasy

thuszczowe omega ().
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2. Lipaza z Burkholderia cepacia jako przedstawiciel lipaz z Burkholderia sp.

Lipazy z Burkholderia sp. nalezag do najbardziej popularnych i powszechnie stosowanych
enzymoOw w biokatalizie. Ze wzgledu na swoje pochodzenie mikrobiologiczne, wykazuja aktywnos¢
w szerokim spektrum reakcji katalitycznych oraz stabilno$¢ w réznych warunkach §rodowiskowych.
Zrédtem tych lipaz s rozne gatunki pateczek Gram-ujemnych (G(-)) bakterii Burkholderia, sposrod
ktorych Burkholderia cepacia (BC) nalezy do najczeSciej wykorzystywanych w badaniach
naukowych. BC zostata opisana w 1950 roku, pod nazwa Pseudomonas cepacia (PC), przez Williama
Burkholdera [31]. BC jest bakteria G(-), nieprzetrwalnikujacg, powodujaca czeste zakazenia
wewnatrzszpitalne. Ponadto, wykazuje opornos¢ na antybiotyki aminoglikozydowe oraz z grupy
penicylin. Cechuje si¢ wystepowaniem w warunkach o duzej wilgotnosci, moze wzrasta¢ rowniez w
roztworach soli fizjologicznej, wodzie destylowanej, a nawet w §rodkach dezynfekujacych. BCL jest
pozyskiwana z mikroorganizméw za pomocg fermentacji a takze metoda rekombinacji genetyczne;j.
Lipaza ta, ze wzgledu na swoja strukture (Rycina 3), przede wszystkim obecno$¢ wieczka, wykazuje
wysoka zdolno$¢ do reagowania z szerokim spektrum substratdéw, odporno$¢ termiczng oraz
tolerancje na wiele rozpuszczalnikow organicznych [32-34]. Z tego powodu, znajduje szerokie

zastosowanie w katalizowaniu reakcji o znaczeniu farmaceutycznym.

Rycina 3. Struktura krystaliczna lipazy z Burkholderia cepacia (BCL)[34/. Skroty S87, D264 oraz
H286 oznaczajq triade katalityczng wchodzgcg w sktad miejsca aktywnego enzymu. Miejsca o-4 oraz
a-5 opisujq lokalizacje tzw. wieczka (ang. lid).
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3. Lipaza z Aspergillus niger jako przedstawiciel lipaz z Aspergillus sp.

Rodzina grzybow Aspergillaceae z rz¢du kropidlakowcow stanowi cenny material wyjSciowy
do pozyskiwania lipaz. Kropidlak czarny - Aspergillus niger — (AN) jest gatunkiem najczeSciej
wykorzystywanym w otrzymywaniu enzymu. Zwany potocznie, ,,czarng plesnig”, jest zroédlem
licznych toksyn takich jak aflatoksyny, ktore ze wzgledu na swoja hepatotoksycznos$¢ i mutagennosé,
sg traktowane jako substancje rakotworcze. AN moze by¢ tez przyczyng infekcji grzybiczej ucha
(tzw. ucho ptywaka). Wdychanie zarodnikéw tego grzyba moze by¢ przyczyng tzw. aspergilozy —
groznego w skutkach grzybiczego zapalenia ptuc. Z biotechnologicznego punktu widzenia, dzigki
duzej zdolnosci do wydzielania biatka oraz tatwo$¢ w izolowaniu biomasy, jest opisywany jako
odpowiedni gatunek do produkcji lipaz.  Ponadto, AN wykazuje optymalny wzrost na

niskokosztowych podtozach mikrobiologicznych.

Lipaza z Aspergillus niger (ANL), ze wzgledu na wyzej wymienione mozliwosci
produkcyjne, nalezy do jednej z najczesciej stosowanych enzyméw w biokatalizie (Rycina 4) [35,

36]. ANL wykazuje selektywno$¢ wobec kwasow karboksylowych o $redniej dlugosci tfancucha [37].

Rycina 4. Struktura krystaliczna lipaz z Aspergillus niger (ANL) — wersja EstA [36]. Triada

katalityczna sklada sie z sekwencji aminokwasow: Seryna™®, Kwas asparaginowy??8, Histydyna?®®

Najczgséciej stosowanymi metodami otrzymywania ANL jest fermentacja oraz metody
rekombinacji genetycznej. ANL znajduje szerokie zastosowanie w przemysle, zwlaszcza
farmaceutycznym, biotechnologicznym 1 spozywczym, ale takze chemicznym, kosmetycznym i
rolniczym. W badaniach farmaceutycznych, ANL jest wykorzystywana gléwnie w rozdziale
kinetycznym mieszanin racemicznych substancji chemicznych Ilub prekursorow w celu
otrzymywania chiralnie czystych enancjomeréw. Niemniej jednak, ANL jest czgsto uzywana rowniez

w hydrolizie triglicerydow kwasow tluszczowych.
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4. Aktywnos$¢ enancjoselektywna lipaz w otrzymywaniu optycznie czystych enancjomeréw

lekow

Leki chiralne nalezg do zwigzkoéw leczniczych stosowanych powszechnie w farmakoterapii.
Otrzymuje si¢ je w m.in. Kinetycznym rozdziale mieszaniny racemicznej substancji leczniczych.
Reakcja ta oparta jest na roznej szybkosSci reakcji enancjomeréw z katalizatorem. Powstale
enancjomery najczesciej rdznig si¢ migdzy sobg dziataniem farmakodynamicznym, co
zaobserwowano w przypadku enancjomerow lekéw z grupy niesteroidowych lekoéw
przeciwzapalnych (NLPZ) [38-41]. Enancjomer S ibuprofenu wykazuje in vitro 160 razy silniejsze
dziatanie przeciwzapalne niz (R)-ibuprofen [39]. W przypadku flurbiprofenu, enancjomer R, w

odroznieniu od enancjomeru S wykazuje dziatanie antynocyceptywne [41].

W reakcjach otrzymywania terapeutycznie czynnych enancjomerow lekow czesto stosuje sie
biokatalizatory. Lipazy wykazujace aktywno$¢ enancjoselektywng, ktora oznacza Szybsze
reagowanie z jednym z enancjomerow — R lub S, naleza do najczesciej stosowanych enzymoéw w
katalizowaniu kinetycznego rozdziatu zwigzkow chiralnych [38]. Lipaza z Candida rugosa (CRL) w
kinetycznym rozdziale (R,S)-ibuprofenu, wykazuje preferencje w kierunku otrzymania (S)-
ibuprofenu [38, 39]. Z drugiej strony, CALB katalizowata kinetyczny rozdziat (R,S)-flurbiprofenu, w
wyniku ktorego otrzymano (R)-enancjomer [12, 41-43]. W przypadku niektorych zwigzkoéw
chiralnych, lipazy moga wykazywaé rozng aktywno$¢ enancjoselektywna, np. w Kkinetycznym
rozdziale (R,S)-1-fenyloetanolu — lipazy z Burkholderia cepacia (BCL), CALB oraz z Aspergillus
niger (ANL) katalizujg reakcj¢ otrzymywania (R)-1-fenyloetanolu [44, 45], natomiast CRL wykazuje
selektywno$¢ w Kierunku (S)-1-fenyloetanolu [44]. Przyktady aktywno$ci enancjoselektywnej w
otrzymywaniu enancjomeroéw mieszanin racemicznych substancji leczniczych badz ich prekursoréw

[46] przedstawiono w Tabeli 1.
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Tabela 1. Przyktady aktywnosci enancjoselektywnej lipaz w otrzymywaniu zwigzkow chemicznych o
znaczeniu farmaceutycznym (lek, prekursory). ATL — Lipaza z Aspergillus terrasus, Novozyme-435
— CALB immobilizowana na makroporowatej Zywicy akrylowej, TLL — lipaza z Thermomyces
lanuginosus, APS-BCL-D — lipaza Amano z Burkholderia cepacia, odmiana D

Lipaza Mieszanina racemiczna Preferowany produkt
CRL Naproksen (ester metylowy) (S)-naproksen

ATL Ketopforen (ester winylowy) (R)-ketoprofen

Novozyme 435 Ketorolak Ester (R)-ketorolaku

CALB Naftofuranodion Ester (octan) (R)-naftofuranodionu
Novozyme 435 1-(2-furylo)-etanol (S)-1-(2-furylo)-etanol

BCL Kwas migdatowy Ester metylowy kwasu (R) migdatowego
Novozyme 435 1-(1-naftylo)-etanol (S)-1-(1-naftylo)-etanol

TLL Indanol (S)-indanol
APS-BCL-D Hydroksylaktam 5(S)-alkohol
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5. Kinetyczny rozdzial (R,S)-1-fenyloetanolu

(R,S)-1-fenyloetanol (RS-PHE) jest zwigzkiem chiralnym, posiadajagcym dwa enancjomery -
(R)-1-fenyloetanol (R-PHE) i (S)-1-fenyloetanol (S-PHE) [47]. Wedtug danych literaturowych, R-
PHE znajdowat zastosowanie jako prekursor w syntezie lekow oraz byl wykorzystany w produkcji
soczewek kontaktowych oraz w jelitowej adsorpcji cholesterolu [48]. Ponadto, R-PHE byt rowniez
testowany w przemysle kosmetycznym jako tagodzacy Srodek zapachowy. Warto wspomnie¢, ze
poszczegodlne enancjomery — R-PHE oraz (S)-1-fenyloetanol (S-PHE) roznig si¢ mig¢dzy sobg
zapachami — R-PHE posiada aromat kwiatowy (podobny do wiciokrzewu), natomiast S-PHE cechuje
si¢ zapachem hiacyntu z domieszkg truskawek [49, 50]. (R,S)-1-fenyloetanol w postaci octanu
charakteryzuje si¢ szerokim spektrum zapachu, od tropikalnego i mango, poprzez drewniany, do
stechtego. Oba enancjomery RS-PHE wystepuja jako zwiazki lotne w roslinach w postaci glikozydow
(glukopiranozydy, primowerozydy), np. w kwiatach i lisciach herbaty (Camelia sinensis). RS-PHE,
R-PHE, S-PHE oraz ich glikozydy przedstawiono na Rycinie 5 oraz Rycinie 6.

IIII||O

Rycina 5. Struktury racemicznego RS-PHE (1) oraz enancjomeréw: R-PHE (2) i S-PHE (3)

Rycina 6. Struktury glikozylowanego RS-PHE wystepujgce w herbacie (Camellia sinensis): (R)-1-
fenyloetylo-f-D-glukopiranozyd (1), (S)-1-fenyloetylo-f-D-glukopiranozyd (2), (R/S)-1-fenyloetylo-
S-primowerozyd (3)
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Kinetyczny rozdziat RS-PHE prowadzony jest najczes$ciej w obecno$ci rozpuszczalnika o
charakterze apolarnym. Reakcja ma charakter transestryfikacji poprzez przytaczenie grupy acylowe;.
Enancjomer R-PHE jest otrzymywany w postaci estru (Rycina 7). RS-PHE pehi role akceptora
grupy acylowej. Jako donora grupy acylowej uzywa si¢ czesto estru, zawierajgcego W SWojej
strukturze wigzanie podwojne. Octan winylu nalezy do powszechnie stosowanych donoroéw [44, 45,
51, 52], natomiast w ostatnich latach wykorzystuje si¢ takze inne zwiagzki, takie jak: octan

izopropenylu, propionian winylu, maslan winylu.

o
\ I
OH o c;) oH
1.*0/\ +
2. Lipaza
3. Rozpuszczalnik 0]

(0)
1. )ko/K
> +
2. Lipaza
3. Rozpuszczalnik

1 2 3

Rycina 7. Kinetyczny rozdzial RS-PHE z zastosowaniem roznych donorow grupy acylowej: octan
winylu (1), octan izopropenylu (2). 1 — RS-PHE, 2 — octan (R)-1-fenyloetylu (R-PHE-ACE), 3 — S-
PHE.

Ocena aktywnosci enancjoselektywnej w kinetycznym rozdziale opiera si¢ na wyznaczeniu
parametrow, ktore okreslaja czysto$¢ enancjomeryczng reakcji. Czystos¢ ta jest wyrazona jako
nadmiar enancjomeryczny substratow (ang. enantiomeric excess of substrates, ees) oraz nadmiar
enancjomeryczny produktow (ang. enantiomeric excess of products, eep). Obie wartosci zwykle
mozna wyrazi¢ W procentach. Obliczane sg za pomoca wzorow [41]:

|Rs _Ssl
0 =———x100
lees =12 F5.]

| ”|><100

gdzie Rs i Rp oznacza odpowiednio pola powierzchni pod pikiem R-enancjomeru substratu i R-

[%]ee, =

enancjomeru produktu, a Ss i Sp odpowiednio pola powierzchni pod pikiem S-enancjomeru substratu

i S-enancjomeru produktu
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Kolejnymi parametrami, niezbednym do okreslenia aktywnosci enancjoselektywnej, sg
konwersja (ang. conversion, C) oraz enancjoselektywno$¢ (ang. enantiomeric ratio,
enantioselectivity, E). Konwersja oznacza stosunek procentowy nadmiaru enancjomerycznego
substratu do sumy nadmiaréw enancjomerycznych substratu i produktu, opisany ponizszym wzorem:

ee
[%]C = ———x 100
ees + ee,

Natomiast enancjoselektywno$¢, jako parametr wskazujacy, ktora reakcja jest enancjoselektywna,

przedstawiana jest wzorem:

_ In[(1-0)(1 —eey)]
~In[(1 - C)(1 + eey)]

Minimalna wartos$¢ E reakcji enancjoselektywnej wynosi 20 [12].
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6. Aktywnos$¢ lipolityczna lipaz w hydrolizie olejow zawierajacych nienasycone kwasy

tluszczowe

Nienasycone kwasy tluszczowe (ang. unsaturated fatty acids, UFAS) sg glownymi
sktadnikami tluszczow trawionych przez lipazy [53]. Kwasy te zawieraja jedno lub wigcej wigzan
podwojnych: kwasy omega 3 (03, wigzanie podwojne przy trzecim od konca atomie wegla), omega
6 (w6, wigzanie podwojne przy szostym od konca atomie wegla) oraz omega 9 (09, wigzanie
podwdjne przy dziewigtym od konca atomie wegla). Kwasy 3 1 w6 nalezg do wielonienasyconych
kwasow thuszczowych (ang. polyunsaturated fatty acids, PUFASs), natomiast ®9 do
jednonienasyconych kwasow tluszczowych (ang. monounsaturated fatty acids, MUFAS). Wszystkie
grupy kwasow o stanowig niezbgdny skladnik diety ludzkiej. Gléwnymi przedstawicielami kwasoéw
®3 s3: kwas a-linolenowy (ALA), eikozapentaenowy (EPA) oraz dokozaheksaenowy (DHA); 6 -
kwas a-linolowy (LA); natomiast ®9 - kwas oleinowy (OA). Kwasy ®3 i @6 nalezy dostarczy¢ z
pozywieniem, poniewaz, ze wzgledu na brak desaturaz wprowadzajacych wigzanie podwojne do
czasteczki kwasu w pozycje 3 i 6 grupy metylowej, organizm nie moze produkowac ich endogennie
[54], dlatego nalezg do tzw. niezb¢dnych nienasyconych kwasow thuszczowych (EFAS, ang. essential
fatty acids) [55]. Z kolei, kwasy ®9, w przeciwienstwie do 3 i ®6, z uwagi na mozliwos¢
syntezowania ich w ludzkim organizmie z kwasow nasyconych (SFAs, ang. saturated fatty acids),

nie nalezg do EFAs.

Kwasy ®3 naleza do najwazniejszych nienasyconych kwasow thuszczowych [56, 57].
Metabolity kwasow ®3 1 @6 s3 substratami, ktore kompetycyjnie konkurujg ze sobg o miejsce
aktywne enzymu. Z tego powodu, wykazuja wobec siebie dziatanie antagonistyczne. Kwas
eikozapentaenowy (EPA), bedacy metabolitem kwasu ALA wytwarza eikozanoidy trienowe, podczas
gdy kwas arachidonowy (ARA), jako metabolit kwasu a-linolowego, produkuje eikozanoidy
dienowe [58]. Eikozanoidy trienowe, przede wszystkim prostaglandyna Es (PGEs) i prostacyklina I3
(PGIls) wykazuja dziatalnie przeciwzapalne, antyagregacyjne oraz wazodylatacyjne, w
przeciwienstwie do prozapalnych i proagregacyjnych eikozanoidow dienowych, takich jak
prostaglandyna E» (PGE>) czy prostacyklina I> (PGI2) [59]. Ponadto, eikozanoidy trienowe cechujg
si¢ duzo nizszg aktywnoscig biologiczng niz eikozanoidy dienowe. EPA, ze wzgledu na swoje
wlasciwos$ci, stabilizuje naczynia krwiono$ne oraz zapobiega agregacji ptywek krwi. Kwas
dokozaheksaenowy (DHA) jest zrédlem zwiazkéw dokozatrienowych o silnym dziataniu
neuroprotekcyjnym np. neuroprotektyna D1. Z tego powodu, DHA odgrywa kluczows role w zyciu
ptodowym, zwlaszcza podczas III trymestru cigzy. Zaleca si¢ stosowanie DHA rowniez w wieku

dziecigcym, co moze wptynaé na lepsze zdolno$ci poznawcze oraz optymalny proces wzrostu [56,
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60]. Z uwagi na syntezg¢ dokozatrienow w siatkowce oka, DHA pelni rowniez rolg wspomagajaca w
procesie widzenia [61]. Kwasy 6, za wzgledu na prozapalng aktywnos$¢ eikozanoidéw dienowych,
musza by¢ podawane w najnizszych mozliwych stezeniach. Z kolei, OA wchodzi w sktad bton
komoérkowych, wplywajac na zmniejszenie ich przepuszczalnosci. Wprowadzenie OA zamiast
kwaso6w nasyconych do diety moze zmniejszy¢ ryzyko miazdzycy i choroby wienicowej. Badania
kliniczne wykazaty rowniez poprawe profilu lipidowego u pacjentdow z hipercholesterolemig. Dieta
bogata w kwasy ®3 oraz ®6 powinna by¢ stosowana z zachowaniem odpowiednich proporcji [62].
Stosunek ilosciowy w6 do ®3 nie powinien by¢ wiekszy niz 4-5:1. Rekomendacje dotyczace
stosowania kwasow ®3 1 @6, przedstawiono w Tabeli 2 [63]. Nadmiar poszczegdlnych kwasow,
zwlaszcza 06 1 ©9, moze zredukowac korzystny efekt dziatania kwasow w3 i prowadzi¢ do otylosci,
sttuszczenia watroby oraz hipercholesterolemii [62]. W ostatnich dekadach, zwigksza si¢ spozycie
kwasow o, zwlaszcza ®3 (wzrost srednio o 30% rocznie). Obecnie, na rynku farmaceutycznym
zarejestrowana jest ogromna ilo$¢ preparatow zawierajacych nienasycone kwasy thuszczowe. W
duzej mierze sg to suplementy diety zawierajace kwasy 3 i w6. W ostatnich latach pojawito si¢
jednak kilka preparatow zarejestrowanych jako leki dostepne bez recepty (OTC) oraz $rodki

specjalistyczne przeznaczenia zywieniowego.

Tabela 2. Normy zywieniowe dotyczgce spozywania kwaséw @3 i w6 w roznych kategoriach
wiekowych [63].

Grupa wiekowa ‘ Q3 Q6
Niemowleta i male dzieci
7-11 miesiecy ALA maksymalnie 0.5% diety LA maksymalnie 4% diety
12-24 miesiace DHA 100 mg/dobeg
Dzieci i mlodziez
2-8 lat ALA maksymalnie 0.5% diety LA maksymalnie 4% diety
DHA + EPA 250 mg/dobeg
Osoby doroste
Osoby doroste ALA maksymalnie 0.5% diety LA maksymalnie 4% diety
DHA + EPA 250 mg/dobeg
Kobiety w ciazy ALA maksymalnie 0.5% diety

DHA + EPA 250 mg/dobg
+100-200 mg DHA/dobe

Kobiety karmigce piersig ALA maksymalnie 0.5% diety
DHA + EPA 250 mg/dobg
+100-200 mg DHA/dobe
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Lipazy, ze wzgledu na ich aktywno$¢ lipolityczng, hydrolizujg triglicerydy kwasow
thuszczowych do wolnych kwasow thuszczowych, diacylogliceroli i monoacylogliceroli [9]. Szybkos¢
reakcji enzymatycznych katalizowanych przez lipazy jest zalezna m.in. od dlugosci oraz struktury
przestrzennej kwasow tlhuszczowych ®, wystepujacych w olejach w postaci triacylogliceroli.
Wigkszos¢ lipaz wykazuje wysoka aktywnos$¢ lipolityczng w stosunku do kwasow ttuszczowych o
dhugosci tancucha weglowego C8-C18 substratow [64]. BCL jest aktywna wobec lipidow
zawierajgcych kwasy thuszczowe niezaleznie od ich dtugosci [32], natomiast ANL cechuje si¢ wysoka
aktywnos$cig w stosunku do kwaséw o sredniej dlugosci tancucha weglowego [37]. Budowa kwasow
thuszczowych o tj. skrecalnos¢ tancucha weglowego oraz ilo$¢ i polozenie wigzan podwdjnych
(Rycina 8) maja znaczacy wplyw na aktywnos$¢ lipaz [65, 66]. Aknabi i wsp. [66] zauwazyli, ze
lipaza A z Candida antarctica (CALA) wykazywata selektywno$¢ wobec kwasow thuszczowych
(nasyconych, jednonienasyconych i wielonienasyconych) wraz ze wzrostem liczby wigzan
podwdjnych w ich strukturach. Natomiast Ma i wsp. [67] zaobserwowali ze aktywno$¢ lipazy byta
wyzsza W hydrolizie kwaséw 6 niz @3. Co wigcej, zauwazyli, ze lipazy moga wykazywac nizsza
aktywnos¢ wobec dlugotancuchowych kwasoéw tlhuszczowych ze wzgledu na utrudnione
wprowadzenie tancucha acylowego do ,tunelowej kieszeni” lipazy. Stabilizacja konformacji
przestrzennej kwasu przez wigzania podwojne moze utatwic¢ dostep do miejsca aktywnego enzymu,
zwigkszajac jego aktywnos¢. Z drugiej strony, moze to powodowaé zawade steryczng, co wptywa
negatywnie na katalizowanie reakcji. Casas-Godoy i wsp. [68] zauwazyli, ze zawada steryczna moze
by¢ spowodowana obecnoscia podwojnego wigzania w pozycji 6 od grupy karboksylowej. Ponadto,
aktywno$¢ lipazy jest uzalezniona rowniez od ilosci kwasow thuszczowych o zawartych w danym
oleju oraz stosunkdéw ilosciowych pomiedzy nimi. Te cechy moga by¢ przydatne przy ich

wzbogacaniu, celem uzyskania wyzszego stezenia kwaséw w badanych olejach.

Kwas a-linolenowy Kwas linolowy Kwas oleinowy

Ht&& /Vi«‘ ,p""f"""“"f‘

o
Mj AL
o

Rycina 8. Struktury przestrzenne kwasow w: w3 — kwas a-linolenowy, w6 — kwas linolowy, 9 —
kwas oleinowy [P1]
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7. Immobilizacja lipaz jako podstawowy proces w badaniach biokatalitycznych

Immobilizacja lipaz na no$nikach jest popularng technikg modyfikacji aktywnosci katalitycznej
[25, 69, 70]. Proces ten wymaga optymalizacji. Unieruchomiona lipaza powinna wykazywac¢ wysoka
stabilno$¢, w celu ograniczenia utraty aktywnos$ci podczas reakcji katalitycznej [71, 72]. Z drugiej
strony, unieruchomienie i/lub usztywnienie lipazy utrudnia rotacj¢ struktury, co moze mie¢ wptyw
na obnizong dost¢pnos¢ dla substratow [73]. Niektore z metod wymagajg bardziej drastycznych
warunkow procesowych, co niesie ze sobg ryzyko uszkodzenia struktury biatkowej enzymu. Celem
immobilizacji jest rowniez wielokrotne wykorzystanie no$nika — stabilnos¢ immobilizowane;j lipazy
umozliwia prowadzenie reakcji w kilku cyklach [74]. W technikach immobilizacji wazna jest rOwniez
prostota metody, niska ceny i przyjazno$¢ dla Srodowiska naturalnego [72]. Na Rycinie 9
przedstawiono techniki immobilizacji, no$niki oraz wady i zalety niniejszych procesow. W
immobilizacji, poza optymalizacja metody, niezwykle istotna jest dobor odpowiedniego materiatu
nosnikowego [25, 75, 76], uwzglgdniajac ich parametry fizyczne i chemiczne. Ponizej przedstawiono
cechy optymalnego nosnika [25, 77]:

1. Duza powierzchnia wewngtrzna pozwalajaca na odpowiednie dopasowanie geometryczne do
powierzchni enzymu

2. Grupa funkcyjna reagujaca z enzymem powinna wykaza¢ jak najmniejsza zawadg steryczng
w celu odpowiedniego usztywnienia struktury oraz dostepnosci do centrum aktywnego
enzymu

3. Grupa funkcyjna reagujagca z enzymem powinna reagowa¢ z grupami obecnymi na
powierzchni enzymu

4. Grupa funkcyjna reagujaca z enzymem powinna utworzy¢ stabilny kompleks w celu
dluzszego oddziatywania enzym-nosnik

5. Mozliwos¢ zablokowania lub zniszczenia grup reaktywnych na no$niku, ktére moglyby

utrudnia¢ wigzanie z enzymem bez wplywu na jego strukture
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»Uwiezienie”
(Polimery naturalne i syntetyczne, szczegélnie zoll-zel)

immobilizacji
*Niski wyciek enzymu
*Nieznaczny wplyw na
strukturg enzymu
Stabilnos¢ termiczna i
mechaniczna

Enkapsulacja
(Liposomy, odwrocone micele, mikroemulsje)
Zalety L Wady ]

*Prostota
*Niski wyciek enzymu

*Wysokie zaladowanie
enzymem

Sieciowanie
(Nie wymaga no$nikow — wystarcza zwiazki sieciujace)

Zalety

*Odpornos¢ na zmiany
temperatury i pH
*Mozliwo$¢ taczenia z
innymi metodami

‘Wigzanie kowalencyjne
(Magnetyczne nanoczastki, zele silikonowe, chitozan, polimery)

*Brak barier dyfuzyjnych
Prostota i odwracalno$¢

*Zwigkszona stabilno$¢
enzymu

‘Wigzanie jonowe
(Nosniki z jonami wymiennymi: polisacharydy, polimery)

fizyczna adsorpcja

Zalety o Wady
*Szybka immobilizacja
«Silniejsze wiazanie niz

Fizyczna adsorpcja

(Naturalne i nieorganiczne adsorbenty, polimery
naturalne i syntetyczne)

Zalety

*Nieznaczny wptyw na
strukturg enzymu

zaty ey
*Niska strata aktywnosci
enzymatycznej
*Lagodne warunki

*Niski wyciek enzymu
*Wysoka stabilnos¢ w
medium reakcyjnym
Zalety S Wady
«Silne wigzanie chemiczne
*Praktyczny brak wycieku
enzymu
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«Prostota i niska cena
*Wysokie zatadowanie
enzymem
*Lagodne warunki
immobilizacji
*Odzysk nosnikow

Rycina 9. Podzial technik immobilizacji ze wzgledu na oddziatywania, rodzaj uzytego nosnika oraz ich

zalety i wady
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8. Nosniki polimerowe Immobead jako potencjalnie optymalny material do immobilizacji lipaz

W procesie immobilizacji znajduja zastosowanie nosniki polimerowe [78-80]. Ze wzgledu na ich
mozliwosci aplikacyjne w procesach technologicznych, firmy chemiczne i biotechnologiczne
opracowaty wiele zmodyfikowanych no$nikow polimerowych. Immobead (producent: ChiralVision,
Niderlandy) sa materiatami charakteryzujacymi si¢ r6zng matryca np. poliakrylowa, polistyrenowa,
polipropylenowa, silikonowa, styrenowa, metakrylanowa; charakterystyczng grupa (lub grupami)
funkcyjna np. epoksydowa (polarna lub apolarna), kwas karboksylowy, ester kwasu karboksylowego,
alkilowa, aromatyczna, hydroksylowa; rozmiarem czastek, gtownie w zakresie 150-1500 pm;
zawarto$cig wody (lub wilgotnosci). Réznorodna budowa nos$nikéw polimerowych Immobead
umozliwia ich zastosowanie w réznych technikach immobilizacji np. fizyczna adsorpcja, wigzanie

kowalencyjne, wigzanie jonowe (kationowe lub anionowe).

Parametry fizykochemiczne nos$nika stanowia podstawe jego zastosowania w badaniach
biokatalitycznych. Matte i wsp. [81] zaobserwowali, ze rdéznorodnos¢ w budowie matrycy, W
szczegolnosSci porowatos¢ (wglebienia, kanaty 1 szczeliny) jest czynnikiem kluczowym w
zastosowaniu do immobilizacji enzymoéw. Wynika to z faktu, ze czasteczki enzymu wigksze lub
réwne rozmiarom poréw nosnika polimerowego cechuja si¢ niskim obcigzeniem (ang. loading). Z
tego powodu, ich rola jest ograniczona do adsorpcji na powierzchni nosnika, przez co oddziatywanie
jest stabsze. Przyjmuje sie¢, ze Srednica porow nosnika powinna by¢ okoto 5-krotnie wigksza od
srednicy biatka enzymatycznego. Jednakze, wydajno$¢ immobilizacji jest niezalezna od $rednicy
poréw wigkszych niz 100 nm. Sposréd nosnikéw Immobead, czesto stosowane sa materialy o
matrycy poliakrylowej, takie jak nosnik Immobead 150A (IB-150A). Jest to sieciowany kopolimer
metakrylanowy zawierajacy grupy oksiranowe (informacje uzyskane z danych nalezacych do
ChiralVision) oraz epoksydowe grupy funkcyjne. Rozmiar czagstek wynosi 150-300 pum, z
zawartoscig wilgotnosci ponizej 5%. W odroznieniu do polarnego nosnika poliakrylowego
Immobead 150P (I1B-150P), IB-150A ma charakter apolarny. Liczne publikacje potwierdzajg
pozytywny wplyw nosnikéw poliakrylowych IB-150 na aktywnos$¢ immobilizowanych lipaz np.
CALB, BCL czy lipazy z Candida methylica (CML) [12, 81].
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9. Parametry opisujace aktywnos¢ lipolityczna lipaz

Aktywnos¢ lipolityczng lipaz w formie wolnej i immobilizowanej okreSla sie poprzez
wyznaczenie parametrow katalitycznych [74, 82]. Podstawowa wielkoScig opisujacg aktywno$é
lipazy jest jednostka aktywnosci enzymatycznej U, ktora jest definiowana, jako ilo$¢
hydrolizowanego substratu (wyrazona w umol) w ciggu 1 minuty reakcji. Stosunek procentowy
aktywnosci lipolitycznej lipazy w formie immobilizowanej do lipazy w formie wolnej jest opisany,
jako efektywno$¢ immobilizacji le (ang. immobilization efficiency) lub aktywno$¢ zachowana Aret
(ang. activity retention), wyznaczone za pomocg ponizszego wzoru:

Uy

Arer = I :U_
B

gdzie U; oznacza aktywnos¢ lipazy immobilizowanej na no$niku, a Ug aktywno$¢ lipazy w formie

wolnej w iloéci odpowiadajacej ilosci enzymu immobilizowanego na nosniku

Waznymi parametrami w ocenie ilo$ci biatka enzymatycznego pozostatego na nosniku po
przeprowadzeniu procesu immobilizacji sa: obciazenie lipaza L. (ang. lipase loading) oraz wydajnos¢
immobilizacji ly (ang. immobilization yield) [29, 83]. L. oznacza ilo§¢ immobilizowanej lipazy na
gram no$nika, natomiast ly wyznacza si¢ ze wzoru [74, 84]:

L LAg
Y LAy

gdzie LAs oznacza ilo$¢ lipazy bedgca réznicg pomigdzy iloScig lipazy w supernatancie po
przeprowadzeniu immobilizacji, do ilosci wyjsciowej lipazy, natomiast LA1o oznacza ilos¢ wyjsciowa
lipazy. Procentowy stosunek aktywnosci lipolitycznej lipazy immobilizowanej do aktywnosci formy
wolnej w ilosci wyjsciowej okresla si¢ jako odzysk aktywnos$ci enzymu Arec (ang. activity recovery),

wyznaczony za pomocg wzoru:

Wplyw réznych warunkéw $rodowiskowych np. temperatura, pH, sila jonowa, itp. s3
kolejnymi elementami badania aktywnosci lipaz. W tym celu wyznacza si¢ tzw. aktywnos¢ relatywna
Arel (ang. relative activity), porownujaca aktywnos¢ lipazy w badanych warunkach do aktywnosci
maksymalnej (optymalne warunki) [26, 27].
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10. Cel pracy

Celem niniejszej rozprawy doktorskiej byla ocena aktywno$ci enancjoselektywnej oraz
lipolitycznej lipaz z Burkholderia sp. i Aspergillus sp. w formie wolnej oraz immobilizowanej na

no$nikach polimerowych. Cel ten realizowano poprzez:

1. Przeprowadzenie badan aktywnos$ci lipolitycznej lipaz z Burkholderia sp. i Aspergillus sp. w

formie wolnej
2. Badanie aktywnosci enancjoselektywnej lipaz z Burkholderia sp. i Aspergillus sp. w formie wolnej

3. Unieruchomienie lipaz Amano PS z Burkholderia cepacia (APS-BCL) i Amano A z Aspergillus
niger (AA-ANL) na no$niku polimerowym IB-150A

4. Badanie aktywnos$ci enancjoselektywnej lipazy APS-BCL w formie immobilizowanej

a) przeprowadzenie kinetycznego rozdziatu (R,S)-1-fenyloetanolu na drodze transestryfikacji

katalizowanej immobilizowang APS-BCL

b) badanie wptywu rozpuszczalnikow i donoréw grupy acylowej na aktywnos$¢ enancjoselektywna

immobilizowanej APS-BCL

5. Badanie aktywnosci lipolitycznej lipazy APS-BCL w formie immobilizowanej

6. Badanie aktywnosci enancjoselektywnej lipazy AA-ANL w formie immobilizowanej
7. Badanie aktywnosci lipolitycznej lipazy AA-ANL w formie immobilizowanej

a) okreslenie wptywu substratow, nosnikow, temperatury, pH, cykli reakcyjnych na aktywnos$¢

lipolityczng immobilizowanej AA-ANL
b) sprawdzenie wplywu przechowywania immobilizowanej lipazy AA-ANL na jej stabilno$¢

Celem analitycznym pracy byta optymalizacja rozdziatu chromatograficznego (R,S)-1-
fenyloetanolu i jego estrow z zastosowaniem wysokosprawnej chromatografii cieczowej i chiralnych

faz stacjonarnych.

Do cyklu publikacji eksperymentalnych dodano prac¢ pogladowa dotyczaca zastosowania

lipazy z Burkholderia cepacia w reakcjach o znaczeniu farmaceutycznym.
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11. Wyniki i dyskusja wynikow

11. 1. Ocena aktywnosci enancjoselektywnej i lipolitycznej lipazy Amano PS z Burkholderia cepacia

w formie wolnej — P1

P1. Jacek Duleba, Tomasz Siodmiak, Michat Piotr Marszalt, Amano Lipase PS from Burkholderia
cepacia - Evaluation of the Effect of Substrates and Reaction Media on the Catalytic Activity, Curr.
Org Chem., 2020, 24 (7), 798-807.

Amano lipaza PS z Burkholderia cepacia (APS-BCL) nalezy do najczeSciej stosowanych
lipaz w biokatalizie. Jest wykorzystywana w reakcjach enancjoselektywnych np. w kinetycznym
rozdziale zwigzkow chiralnych, mi¢dzy innymi lekow lub ich prekursorow. APS-BCL bierze udziat
réwniez w hydrolizie triglicerydow (TGs), do ktorych naleza m.in. wielonienasycone kwasy
tluszczowe (PUFAs), suplementowane w celu zmniejszenia ryzyka choréb sercowo-naczyniowych

oraz poprawy pracy osrodkowego uktadu nerwowego.

Badano aktywno$¢ enancjoselektywng APS-BCL w formie wolnej, przeprowadzajac
Kinetyczny rozdziat (R,S)-1-fenyloetanolu na drodze transestryfikacji. Otrzymano optycznie czysty
octan (R)-1-fenyloetylu. Uzyskane parametry katalityczne (eep, =94%, ees =99%, C =51%, E =170)
wskazuja na wysoka aktywnos¢ enancjoselektywna lipazy APS-BCL w formie wolnej (Rycina 10).

Przeprowadzono badanie wptywu warunkow reakcji, dobierajagc odpowiedni donor grupy
acylowej oraz rozpuszczalnik. Wykazano, ze octan izopropenylu moze stanowi¢ alternatywe dla
octanu winylu jako donor grupy acylowej. Zaobserwowano pozytywny wptyw srodowiska reakcji na
aktywnos$¢ enancjoselektywna APS-BCL. Nie wykazano natomiast liniowego wptywu wartosci logP
rozpuszczalnikéw na aktywnos$¢ APS-BCL.

Zbadano aktywnos¢ lipolityczng, prowadzac reakcje hydrolizy 13 olejow roslinnych o
réznych zawarto$ci kwasow ®3, w6, ®9. Na podstawie otrzymanych wynikéw obliczono aktywnos$¢
enzymatyczng U [uM/min] oraz aktywno$¢ relatywna [%]. Uzyskano wysoka aktywnos¢ lipolitycznag
lipazy APS-BCL. Ponadto, zauwazono tendencj¢ dotyczaca wptywu zawarto$ci kwasow m6/®9 w
substratach na aktywno$¢ enzymatyczng lipazy. Wzrost aktywnos$ci nastagpit w olejach, w ktorych
warto$¢ w6/w9 byta wyzsza niz 2.3. Zatem, ustalono granice odcigcia, powyzej ktorej aktywnosé
lipolityczna wyraznie wzrastata. Zjawisko to mogto by¢ spowodowane tzw. splataniem tancuchow
weglowych oraz obecno$cig wigzan podwojnych w strukturach kwasow tluszczowych o [65, 67].
Otrzymane wyniki stanowily podstawe do kolejnych badan, uwzgledniajagcych aktywno$¢ APS-BCL

w formie immobilizowane;j.
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Rycina 10. Chromatogram HPLC kinetycznego rozdziatu (R,S)-1-fenyloetanolu katalizowanego
przez APS-BCL w formie wolnej.
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Abstract: Lgases m the matrvy or immobifized form have commonly beon used ns cata-
Iysin i the chemical and pharmaveuteal industry. One of S widely available enzyme
catalysts oo the market s lpase Trom Hurdboblrds copocin (HCLs), previousdy called
Psewddowonus cepacia (PCLs). This enzyme bs applied, umong others, s the stercoseloc-
tive acylaton of makcules to achseve chiml pare ensatiomers of drugs or their baokdmg
blocks, In this stedy, Amano lipase PS (APS-BOL), which s o commwrcial lipase from
Burkboldertr copacior (BU) wan tosted. The lipolytic actnaty of APS-BCL by hydrolysis
of vegetable oils and ook activity of APS-BCL by the kinetic resolotion of
(R.S)-1-phenyletanol with ussag isopropeny! sectate os sn acy! donow were evalussed. An
effect of reactum media with different fopP valees (Futy] meshy | ether, dichioromethame,
disopeopyl ethes, whsene, cyclol whesane, ol b on the lectve activity of
lipase was also studsed. The high vabee of the csannomens rano (£ -)0! 4) with the unilizaton of sopropenyl
scctate was achieved Whereas, the best reaction medium tumed out 10 be dilsopropyl ether, € ~47.9% ee,
“4%, ve, 90, after 24 h of mcubation. Moreover, the infh af whi® poly J fasty cids (PU-
FAL) swtio in commeroml (peanul, cameling, tape, pampkm seod, walmi, sesame, avocsdo, nes, com, hlack
cumnin, hemp, safMowes, grage sead) oils wak myestigatod For the lipsse activity. For the fiest time, the cut-olf
Tiessat f o't rutsy wes proposed. The ratio equal i or Bigher than 23 allows ncliesing hagher lipolylic sctiy-

Tt v 5l laliniat

ity.

Keywords: Lipase, Amano lipase PS from Burkholderia cepacia, (R.5) | -phenyleth

PUFAs, vegetable oil, the cut-off limat,

LINTRODUCTION
Enzymatic p are un mmp part of trends
drug synih m the b hnological and pharmaceutical mdus-

tries. One of the ordinanily applied catolysts in enzymatic resctions
are lipases (hydeolases of triscylglycerol, EC 3.1.1.3). They show
an sbility 10 act between the water und oil phase, and usually, un-
dergo mechanism koown as #n “ioterfacial activation™ [1-8) Li-
pases are used in many Lv. ester synthesis, triglycerides
hydrolysis, or trunsesterification, 1o obtam, among others, chiml
puire drugs or mmpomu!s which are bulldmg bhdx Tbcn:‘um the
meaning of lipases m p i h
cosmetic and food fi clds 1s still increasing [6-20].

Lipwses from Burkholderic cepacta (BCLs), (curbier pamed
Pwm#»m»m n'pm i - K‘La) are one of the most usetul enzymes
applicd in b vtic Sunchez of al [20] described a
catalytic triad of BCL: contiined Ser’7, llué and Asp26d, and
dislocation of the a-5 helix as well as the change in the orientation
af the a9 helix during interfacial activation. Moreover, i [iera-
ture, it s indicated that this enzyme is charsctenized by high hydeo-
Iytic sctivity and o lack of positional specificity [21-30]).

'Mhmnmw-nkm'cl-lh uﬁnvuwurpmnld\bk-d(h‘mm
(& i Faculty of M g Lniver-
ity in Tarm, Dr, A fursses 2, REA0He By gy, l'hh-L

E-tmad (umens sasdmaad s cm snb pl

TR7S-534529 S05.00+4 00

I, (R)-1-phenylethanol, isopeopeny! -

BCLx can he gnimed by various methods. Padilha ef ol [6] used
the PEG/phosphate aqueons two-phase system (ATPS) i achieving
lipase from Burkholderio cepocia (BCL). The optimal pH condi
tions for the reaction were 6.0 und 8.0, Whereas, Lee o of [1¥]
tested a group of Good's buffer jonic liguids (GB-ILx), Good's
huffer (GB) ansons as well 2s salts K0, K.COy, and (NH )50,
and the polymers poly(ethylene glycol) (PEG), poly(propylene
ghycol) (PPG), and PEG-PPG copolymers st a purification step of
Iipase from Burkholdorss copacia.

One of the most popular BCLs is Amano lipase PS (APS-BCL),
which is a commercial lipase from Buwrtholderia cepacie (BC).
BOL is » widely opphed enzyme, among others, in the stereosolec-
tive acylation of molecules. it should be noted that the catalytic
reactions are often performed by the kinetic resolution of a mcemic
mixture of drugs or precursors, in onder to obtiin pure enantiomers,
Some of them are used as building blocks, p g in final form
am antiviral, anti-inflammatory or antsoxidant activity [6, 18.20, 22.
33), Above lipase & also applied i the synthesis or degradation of
polymenic materials [20, 27). Furthermore, ussng BCL for the syn-
thesis of bodegradable diesel fuel has been studied. These reactions

were based oo the ifi of conv I oils (saybean),
tonal oils (Bah Jatropha, Madbuca), or cooking oils,

with alcohols [24-40],

© 2020 Bestham Science Publishers
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Lipolytic activaty is undeniably one of the most impartant fea-
tures of fipases. As a substrate, triglycerides (TG) of fasty acids
contained in commercial andmal and plant otls are mainly wed. The
vegetable oils are  source of unssturated falty acids fike w-3, 06,
and @9 PUFAs (Polyunsatursted Fatty Acidsy. The favourable role
of w-acids in reducing the risk of hean diseases and normal work-
ing of the central nervous system is extensively described and con-
firmed i the recent studies [41-51], During women's pregnancy, w-
3 PUFAs are responsible for developing brain and the
senye of sight of a child. Heace, fish oil, which is the main source
of PUFAs of animal onigm, is widely applied in the diet of pregnant
and bresstfeeding women, in order 1o keep the optimal smount of
docosahexsenole acid (DHA) and eicosapentaenoic acul (EPA),
belonging 10 -3 PUFAs. Creating PUFAs endogenously still re-
mams the subjoect of studics [41], Thercfore, the only way to mam-
tain a suitable concentration of PUFAs is exogenous delivery

The evaluation of the hipolytic activity of lipases is often con-
ducted using olive oll, one of the most popular vegetable oil, con-
tining o high amount of w-9 PUFAs {especially oleic acid) [42-45),
Whereas, determination of the enantioselective activity of lipase is
usually based on the Kinetic lution of the r i Ace
cording 10 the literature [$2-55), (R.5)-1-phenykethanol is widely
applied model compound in order 0 obain optically pure (R)-1-
phenylkthanol as a chiral building block n the synthests of drags,
Funthermore, this alcohol ks a useful reagent in cosmetics and bio-

In the present work, the enantiosedective activity of lipase APS-
BCL by the kinetic resolution of (R 5)-1-phenylethancl in vanous

ic ackd (98.7/1.30.15 wvﬁ). flow rase=1 mbmin, t=13 °C, UV~254 nm. Reaction mixtuee: AFS-BCL ($.0 mgk
| scetane (2525 pl). Incubation time: 4% b

mexlia has been mvestigated. The optimal conditions for enzymatic

ification using isop 28 an syl group donce
were dotermined. Morvover, lht cnect of substrates (13 various
commercial oils from vegetable sources with different amounts of
w-acids) on lipase Hpolytic acuvity APS-BCL was tested, The ratio
between w-6/e-9 PUFAs and thewr effect on the catalytic activity of
lipase has been studicd.

2. RESULTS AND DISCUSSION

2.1, Kinetic Resolution of (R,S)-1-Phenylethanal - Effect of Isi-
propesyl Acetate

The kinetic resolution of (R$)-1-phenylethanol in s-heptane
with isopropeny! acetate as un ocyl donar, catalyzed by APS-BCL
was perfc d (Scheme 1). M . the effect of the substrate on
the on's 1osel ty has been studied. Basing on the
obtained results, 48 b was chasen as the optimal time of incubation
(Fig. 1). In the carmed out reaction, the values of the enastsomeric
excess of the substeate (ce,) of 99%. the enantiomenic excess of the
product (ee,) of 94% and the enantioseletivity (£) of 170 were
obtined. Analyzing the parsmeters of activity, it can be pbserved
that lipase APS-BCL bas a high ability 1o catalyze the kinetic reso-
lution of (R.5)-1-phenylethanol in tested conditions. The results
were compared with data in papers [33.55], depending on the used
lipase, ncyl donor and reactson time (Table 1) It should be men-
tosed that sccording to our knowledge. kinetic resolution of (R.5)-
I-phensylethanol catatyzed by APS-BCL with isopropeny! acetate ns
wn acy! dooor is not exhanstively described m the Titerature. Melas
of ol [S4] studied hpose-catalyzed transesterification of (R.5)-1-
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phenylethanol using vanous acyl dopors and three different lipases values of ton and epantosclectivity depending on the logP

- lipase B from Candida amaresica (CAL-B), lipase from Preudo-
monas copacia (PCL), and lipase from Candida cyfindracea (CCL).
The most beneficial results were achieved with the use of isopro-
penyl acetate and CAL-B - the enantioselectivity was above 200, at
a conversion 500 Whereas, the results received with the applica.
tion of PCL were characterized by the lower values of the conver-
sion. [t should be emphasized that the values of catulytic panameters
were compared with Ntersture data o similar conversion vilses [43-
58] In the articles of citied suthors, it seems that the extension time
of incubation could have a positive ¢ffect on the conversion, In the
case of acyl donor, the results of transesterification with vinyl ace-
tute were slightly better in the reaction catalyzed by APS-BCL or
RQ-BCL, than, wisen the APS-BCL with isopropeny! acetale were
used (Table 1) Regarding the time of reaction, transestenfication
performed wsing isopropeny] acetare required dod e of
incubation when APS-BCL was applicd. Companng the reaction
parameters for the same lipase APS-BCL (Table 1), the mansesten-
ficatson time with the use of vinyl acetate was shorter, than when
isopropenyl acetate was used. The vimyl acetate & the most com-
monly spplicable domor m enzymat ions [53-64]. However,
propeny| e can be idered as a saitabl poud and
altemative m delivery of the scyl group, due %o high conversson and
enantioselectivity,

»

2.2, Effect of Reaction Media with Various legh Values on the
Enantiosclective Activity of APS-BCI,

The kinetic resolution of (8.5} 1-phenylethano] n & solvears,
cutalyzed by APS-BCL with different logP values has been studied.
The chromatograms achieved i cach medium have been shown
(chromatogram with diisopropy| ether in Fig, (2) and the others in
Supplementary material), The values of ey, ee,, C and £ have been
caleulated and presented in Table 2, In the case of diisopropy] ether
anid m-bexane, the reaction in 24 h has been stopped, because of
fally reacted one of the enamtiomers of a substrate ofier 48 h. The

values of used solvent have been shown in Fig. (3), while the values
of ee, and ¢, depending on the logP value have been exhibited in
Fig. (4) The obeained results showed a lack of relationship berween
increasmg logP value of solvent and parameters describing the cata.
Iytic activity, expressed by £ C ee, ee, Li o al {53] have also
studied the effect of solvent on the kinctic resolution of (R.5)-1-
phenylethanol. The results presented in our poper conlinmed the
conclusions of the sbove-mentioned suthors. The data demonstrate
high values of conversion in all tested sobvents (afler 24 and 48 h),
with the exception of dichloromethane (€ ~23.6%) (Table 2). It is
worthy to patice that this reaction medium (dichloromethane) was
also applied in the kinetic lution of ) other
pharmaceuticals. Siddmiak ef al [65) determined the effect of o
reaction medium in the esterification of (R.S)»-Nurbiprofen, cats-
Iysed by Novozym 435, The conversion in dichloromethane after
9 h of incubation was 35, 7%, the ec, of %6.3%, the o¢, of $3.6%,
In comparing with data achieved in this study (Table 2), dschlore-
methane showed a similar profile of catalytic activity,

The highest values of enanbomenc cxcess of substrates were
reached in w-heptane (e, “99%), cyclohexane (ee, <92%), diiso-
propyl ether (ee, =00%) and isooctane (oc, =80%) Reparding the
cnantiomeric exoess of products, in all solvents values ec, were
% while the highest in n-hexane (ee,=98%), disopropyl cther
fee, =9%%) s well as m toluenc (e, “98%) were abserved, The
highest vakues of son and l ivity were achieved
in a reacton carmed owt in dissopropyl ether (C =47.9%, E ~108.5)
alter 24 b of incubation. Li e af [52] mvestigstod a kimetic resolu-
won of (R.8) 1 -phenylcthanol catalyzed by a Burkholderia cenoce-
pocio lipsse (BCCL) with vinyl acetate as an oyl donor in various

Ivents. The ions were conducted at 12 b, The a-heptane (ce,
“81,6%) m-decane (o, =81.1%) wore the best solvents, Wang o1 al,
[32] performed the kmetic resolution of (R.5)-1-phenylethanol (48
h) cutalyzed by a BCL in encapsulated form, with vinyl acetate as
the acyl donor m five solvents, The lowest values of conversion
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ie weid (98,771 M!Hb-\‘ﬂ.ﬂuwm ll-l.:bla 1=}5 %0, UV =

254 oom. Reaction mivtung;
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Table 2, The results of transesterification of (l.ﬂ-l-phmyhtunl catabyzed by lipuse APS-BCL with isopropenyl acetate as an acyl donor de-
ponding on the wved medium. The way composed of 8 myg of APS-BCL, 998 gl (R.5)1-phenylethanol, 041 ml of rach selvest,
IR25 pl of isopropeny] noetate,
Sohent Logt ol %) [a] ‘
»hatyknethy | oher 1w 9 n s 832
Dichbormmethiane’ 125 ar 30 134 LIS
Dilarpeopy | etber” 152 o w0 470 s
Tokne' PR ] [ 7 asy 312
Cychboe o’ J w “ dxn 12
wlhesan” 1 ax o7 406 w4
Isowetane' m 0 " axd (13N
- Hepane' LR w w 5 e
“Reactiom was performad im 44 horers.
"Rowcton was perfoomed in 24 howes

were reached in octane (€ =18.7%), According o our knowbedge, it
could be caused by the process of encapsulation, which probably
reduced the availability of lpase for the substrate.

In ous study, the usefulness of all sested reaction media n cata-
Iytic reactsons was documented, Additionally, the screening of sol-
vents with different logP values showed high enantioselectivity of
all performed reactions, The fack of a lincar relationship between
logP valese and catalytic p was exposed. The optimal con-
ditions of reaction were established what is an spontunt aspect
abtaining the high purity of products. The data presented that difso-
propy] ether can be a favounable reaction medinm in conducting
catalytic reactions.

2.3. Effect of Used Oils o the Lipolytic Activity of Lipase

The tested wits i of oil and arabic

gum suspension, 13 different vegetshie oils with vanows content of
o3, 6 and o9 PUFAs have been studied. Lipolytic and relative
autivities were desermined, The received results were shown in
Table 3, Figs. (8 and 6). I was observed that the appbcanon of vils
with es6/'m-9 ratio oqual o or higher than 2.3 allow obtaining the
higher lipolytic activity than when oils were charactenzed by lower

than 2.3 vilue of the s-6/e-9 ratio, Theretore, based on fhe results
of lipolytse sctivity, the cut-ofl limst 2.3 of e-6/u-4 ratic has been
proposed. As mentioned obove. an mteresting dependence during
the performed expenments was vhserved. With an increasing mtio
of ©-6 10 -9 PUFAs in tessad oils. lipase lipolytic activity also has
been mcreasing. This trend does not have o linear relationship.
When the hemp otl was used, the highest activity of lipase was
achieved. Whereas, in ssfflower oil, the one with the highest value
of the whH/'ed ratio, the enzymatic activily was shightly lower. In the
tested group of vegetable vils, the obtained cesubts were related to
the rato of wh'ew-9 PUFAL

The vanabilnies in substrate (0il) availability to fipase can be
caused by the molecular stracture of futty acids (Scheme 2). The
main futty acids of w3, @6, @9 in the tested group of oils are,
a-linolenic acxl, limobeic acid and oleic acid, respectively. The dif-
ferences in these vils structure can be observed. The mtentangling of
the carbon chain of oll results, among others, from the exisence of
double bonds C=C g-Linolenic acid has three double bonds C=C,
which can mfluence the worse accessibility of substrute 10 the ac-
tive site of lipase, probably by steric hind The finoleic acid
(¢0+6) has two double bonds C-C. The structure is bess twisted, and
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Fig. (4), Effect of Jagl value on excens of prodects (e, ) and v fex) af i of {R5)-1-phemylethunal camlyred by lipsse

APS-BCL with mopropeny] acctae as the acyl donor. The lilled squares mean ooy, while filled tmangles mecan o, The solvenis were ordored oo increamng
logP value ~ rbatyl methyl ether (1.06), dichloromethane (1.25), disopropy] eer (1.52), wluene (2.73), cyclobexane (3.44), n-hexune (3 60), ssooctane
{4.09), s-heptene (466), The time of <48 I For dissopeopy i cther snd a-bevane - 24 I,

potentially promoting the catulytic activity of lipase. Gocen ef al. through it on the lipase sctivity. Casus-Godoy ef al. [68] bave also
[66) suggested that the presence of 3 double bood has an effect on demonstrated that a high of double bonds enhanced steric
geometncal isomersm of the fatty acil, and is associated with hindrance % the active site of bipase. It was suggested that lipase
chain kinks, In soother paper [67), i was demoanstrated that the had a higher activity on lm) acids Mlcn a first dowble bond 15 on

enzymatic activity of lipase with using of w6 PUFAs was higher carbon with an even . The described also the hy-

than -3 PUFAs. It was shown that the length of the carbon chain palhsu that when thermodynamic equilibrium = achieved, the
andd mumber, and position of double bonds have vanoas effects on i) d. Aknabi et @l [69] used the lipase A
lipase actvity, In the ycrfmn«l lwlyml experiment, the r-vm Candicla mmmn‘m ((AL-M 10 concentrate DHA from fish
reaction yiekd & d with an g of carbon atom and thraussochytnd oils, They confirmed that the presence of dou-
i the chain, The longer carbon chain causes stronger stersc hin- bie bonds had an essential effect on hpase activity.

dnm:c. which coald influence the interaction with the active site, Analyzing published data conceming the structure of the main
and i 1 of ion. The cited authoes stated that compounds of PUFAs, it can be assumed that linolcic acid («-6) is
the presence and number of double boads C=C may have a positive 1zed by better bility for the active sitc of lipase than
ar negative effect on the lipase activity. The steric conformation of g linolenic acid (e-3) [67) In our experiments, similar values of
the chain can be stabilized by double bonds, p ¢ ' lipase activity have been observed, confinming the eesults from the
with the active site of lipase, on the other band, their presence can yerature. It should be emphasized that a significant number of
faster ster hindrange, ty. Furth , the different blished papers pestained 1o oils of animal origin, which contain

locations of double bands have an cﬂ'm o0 stenc hmdnm« and [.m smounts of EPA and DHA. However, our smidy covers only
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Fig. (5), The vakee of enzymask sctivity (U) of APSBCL applied m tessed osls

ails of yegetuble ongin, Regarding the main compound of -9 PU-
FAs group, oleic acid, has only one double band C=C, snid thus, the
structure is less twisted than linoleic acid. The double bond m the
olesc uctd (e-9) 1= more destant from the acyl group than in linokeic
acud (10-6), but despite this fact. no positive impact on 1he lipase
activity, in our experiments, was observed. Comparing the resulty
of enzyme octivity in olls possessing a higher quantity of o-9 PU-
FAs than -6 PUFAs (two double bonds), the Bpolytic activity of
the enzyme was Jower, probably because of hinderedd access suh-
strases o lipase

As menboned above, based on the molecular structure amd exis-
tence of double bonuds, the olaic ncid should be less twasted than
linokic wcid, The influence of intertangling of »-9 acids on lipase

activity is not exhaustively described in the hiteruture, We assume
that if i tested oils, the value of the w69 ratio is equal 0 or
higher than 2.3, the steric hindrnce is lower and the combination of
substrates with the sctive site s promotad. Below this value, the
modecular conformation of substrates s bess beneficial for lipase
activity. It can be noted that the effect of w-PUFAS ratio m oils on
the lipase bipolytic activity s significant, As it was demonstrated,
APS-BCL i native form shows the various Jevel of activity de-
pendding on used substrate (oil). It is an smportant aspect of the stage
of desagming catalytic systems 1o achieve high enzymatic activity.
The suggested cut-off it require further investigation in the aim
of development of uselul and optimal parameter for modeling of
onzymatic reactions. [t is worth observing that the assessment of the
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Fig. (6). The vatues of the relative activity of APS-BCL applied in studied oils
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Scheme 2, The 30 structures of the main compoumis of 9-FUFAs: a-lmoke sad (AN Tinolese acud (B) and odere mend (€3 The duta wan scheved from the

PubChem webwte [70-72]

impact of the rabo of ©-3, e6, w-% acids in oils om the lpase activ-
ity i poorly discussed in the litersmure. 1t should also be realired
that not only the guantity amount of individual PUFAS m oils has
an effect on the lipase activity, but also the origin of 1ested oils
might have & potential influence on enzyme activity

L EXPERIMENTAL
3.1, General Information
211, Chemicaly

APS-BCL, (R.5)-1-phenylethunol (98%), n-heprane (299%) , n-
hexane (297%), 2-propanol (99.9%), (sopropeny! ucetate (99%),
is00¢ 224 ethyip 99%), acctyl chlorkle (99%),
triflucroacetic acid (99%), toluene (99.9%), dissopropyl cthor
(98.5%) and tbuty! methyl ether (99.7%) were purchased from
Sigma Aldrich, Cyclohexane (99.5%), dichloromethane (99.8%),
sodium bicarbonate, sodium dilyydrogen phospl and dised
hydrogen phosphase were obtained fiom POCH {Poland), oils from
Oleofzrm Company (Poland) and sodium chlonde from Phanmn
Cosmetic (Poland)

212, Instramentation and Conditions

The Shamadzu HPLC system (Japan) wsed was equipped with o
pump, model LC-20AD: o UV-VIS detector, model SPD-20A; o
degasser, model DGU-20AS; an ausosampler, model SIL-20ACHT;
and & cobumn oven, model CTO-10AS . A Lux Cellubose-3 (LC-3)
(4.6 mm <230 mm) column with cellulose trig(4-methylb ) as
a chiral selector was applicd The column had § pm pamicle size,

The most optimal o erapt ! for (R} and (S)-1-
phenylethanol and thesr esters were blished with n-heptane/2-
peopasolinflvoracetic acsd (98.7/1.30.15, viviv) mobile phase at
o Now rute of 1 mL/min. The UV detection wavelength was set ot

254 nm.

3.2, Methods
3.2.1. Chemical Acetylation of (R S)-1-Phenylothanol

The acetylation of (R.5)1-phenylethanol was pecformed ac-
conding 1o Stkoea of @, [73] with o few modifications. 84 pl (0.07
mM) (RS> 1-phenylethanol and 8 pL (007 mM) of acetyl chlonde
were added to n-heptane (10 mL) and incubated ot 30°C for 2 b,
After incubation the mixture was washed by o solution (equal ratio)
of sodium chloride (10 mL) and sodum bicarbonate (10 mL ). The
organic phase was collected and left for evaporation for o few
hours, The same stops for pure coantiomers of (8) and (5)-
phenylethanol were performed. The retention times wore compared
with standards of the rucemic mixture and pure caantiomers withoul
acetylation, The results were used to choose the aptimal conditions
of the chromatographic method.

3.2.2. Kinetic Resolution of (R.S)-1-Phenylethanol

The kinctic resolution was camried out using a methodology de-
scribed i the linerature [$3-55) with o fow changes. 8 mg APS-
BCL, 1 mM (R.S)-1-phenyiethanol and 3.12 mM isopropeny! ace-
tate were mixed with 0,41 mL p-hepne. The samples were col-
lected after 48 h, Then, § pl. of each sample were taken and 0.9 mL
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of n-heptane was added. The mixture was filtruted after 10
of stirring. § pL of the sample was mpected into the HPLC column,
All steps for other solvents with various JogP values (incobation in
48 h) were repeated.

The enantiomeric excesses of the substrute (ce, ) and the product
(eey) as wcll as the conversion (C), emantiomeric ratio (£} (also
culled ity ) were culculated [65, 74]

The £ was determined as follows:

In [(1-CK b-ee)]

£

In [(1-C)ree)]

The ee, ind ee, values were cakeulated as follows:

S-R
I l x 100
|s+&|
Is-|
o, - ¥ lon
|s+&|
The € was detenmmed:
oy
Ca X100
o, ey

The results values (C, ee,, ce,) were expressed in a percentage.

3.2.3. Assay of Lipelytic Activity Depending on the Sub

The lipolytic activity 1ests of lipase were carmied out by titrtion
af the reaction mixture, contaiming TG of fatty acids [75, 76]. The
suspension of arabic gum (7%, wiv) was prepared by the suspense
of arnbsc gum i distilled water and mcubation for | h in a water
bath to mactvate the enzymes, contained in arubsc gum, After .
cubation, the suspension wis cooled 0 oom twmperature and
mixed, in an oqual volume, with ol to obtam an emulsion. The
assay mixtare was compased of émulsion (S mL), phasphate buffer
(2 mb, 100 mM, pH 7.4) and free enzyme (1 mL, 10 mg/mb)

CONCLUSION

The performed studics have shown the ysability in the applica-
tion of sopropenyl acetate 25 an scy | domor in the kmetic resolution
of (R.S)-I-phenylethanol catalyzed by Amanao lipase PS from Bient-
holdersa copacla (APS-BCL). Furibermaore, diisopropy| ether was
chosen as an optimal reaction modium for biocatalytic reactions that
were carmed out. The lack of a linear relationship between the val.
wes of logh of tested solvents and parameters charactesczing the
catalytic activity was documented. The optimal conditions of the
chromatographic method were establishad. The lipolytic activity of
APS-BCL using I3 diffcrent oils from plant sources containming
different amounts of w-acids was determined. The effect of the ratio
of polyussaturated fatty scids (PUFAs) contained in examined vils
an the lipolytic activity of lipase was proven. For the first time, the
cut-off limit (value of 2.3) of the ratio of 06409 acids has been
proposed, Above this vidue, are mare favourable conditions for the
activity of stadied hipase. The showed dependence might be m the
future potentially used as » prefiminary parameter m designing of

Current Organk Chewivry, 2026, Vol 24, No. * #63
the enzymatse catalytic systems. H er, this dats requires further
studies.
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11.2. Ocena aktywnosci enancjoselektywne;j i lipolitycznej lipazy Amano PS z Burkholderia cepacia
immobilizowanej na no$niku poliakrylowym IB-150A — P2

P2: Jacek Duleba, Tomasz Siodmiak, Michat Piotr Marszalt, The influence of substrate systems on
the enantioselective and lipolytic activity of immobilized Amano PS from Burkholderia cepacia
lipase (APS-BCL), Process Biochem. 2022, 120, 126-137.

Lipazg APS-BCL poddano procesowi immobilizacji, celem zwigkszenia jej aktywnosci. W
opisanej pracy, APS-BCL immobilizowano na apolarnym nos$niku poliakrylowym IB-150A.
Zbadano aktywnos$¢ enancjoselektywng immobilizowanej APS-BCL na drodze kinetycznego
rozdziatu (R,S)-1-fenyloetanolu w reakcji transestryfikacji. Ponadto, sprawdzono wptyw donorow
grupy acylowej oraz rozpuszczalnikow na aktywno$¢ immobilizowanej APS-BCL. Wybrano n-
heptan jako optymalne srodowisko reakcji. W badaniach wstgpnych zoptymalizowano czas inkubacji
- 12 h. Reakcj¢ prowadzono w obecnosci 2 donoréw grupy acylowej: octanu izopropenylu i octanu
winylu. Uzyskane wyniki potwierdzity wysoka aktywnos$¢ enancjoselektywna APS-BCL w
Kinetycznym rozdziale (R,S)-1-fenyloetanolu. Zaobserwowano, ze immobilizacja skrocita czas
reakcji potrzebny do osiggnigcia wysokich parametrow katalitycznych. Podobnie jak w reakcji
katalizowanej przez APS-BCL w formie wolnej, wskazano na octan izopropenylu jako alternatywe
donora grupy acylowej oraz nie stwierdzono wptywu wzrostu parametru logP na aktywnos¢

enancjoselektywna enzymu.

Zbadano aktywnos$¢ lipolityczng immobilizowanej APS-BCL w reakcji hydrolizy 13 olejow
pochodzenia roslinnego zawierajacych rézne ilosci kwasow ®3/w6/®w9. Badanie poprzedzono
wyznaczeniem ilo$ci immobilizowanego biatka na no$niku metodg Bradforda [85]. Na podstawie
uzyskanych danych, obliczono parametry katalityczne dotyczace wydajnosci immobilizacji oraz
stosunku aktywnosci lipolitycznej immobilizowanej lipazy do aktywnosci enzymu w formie wolnej
(ly, Arec, Aret). Wyznaczono parametry kinetyczne reakcji, opierajac si¢ na krzywej Linweavera-
Burka.

Otrzymane wyniki wskazywaty na obnizenie aktywnos$ci immobilizowanej APS-BCL w
poréwnaniu z aktywnoscig lipazy w formie wolnej. Do dalszych badan lipolitycznych, z uwagi na
wyzszg aktywnos¢ immobilizowanej APS-BCL, w poroéwnaniu w formg wolng, wybrano olej
arachidowy jako substrat. Potwierdzono granic¢ odciecia aktywnos$ci APS-BCL w formie
immobilizowanej — lipaza wykazywata wysoka aktywno$¢ w olejach o stosunku zawartosci ©w6/®9

powyzej 2.3.
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Wyznaczone parametry kinetyczne (wyzsze Km immobilizowanej APS-BCL w poréwnaniu z
forma wolng) wskazuja na zmniejszenie powinowactwa enzymu do substratu. Analizujgc wyniki
uzyskane w przeprowadzonych badaniach jak i danych literaturowych [64, 66], stwierdzono, ze na
aktywno$¢ lipolityczng lipazy znaczaco wplywaja rowniez wiasciwosci chemiczne oraz fizyczne

uzytych substratow.

W badaniu aktywnosci enancjoselektywnej oraz lipolitycznej APS-BCL otrzymano wysokie
parametry katalityczne immobilizowanej APS-BCL przy znacznie skroconym czasie reakcji, w
poréownaniu z lipazag w formie wolnej. Ponadto, wykazano pozytywny wptyw srodowiska reakcji na
aktywno$¢ enancjoselektywng immobilizowanej APS-BCL. Jednakze, w badaniach aktywnoSci

lipolitycznej zaobserwowano spadek aktywnosci lipazy w formie immobilizowane;.
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ABSTRACT

1n this study, Amano bipase PS from Burkholderia copacks (APS-BCL) was immobilized odto polyacrylic suppoet 18-
150A, which allowed to improve immobiized lpase activity in media pared with the free
(pative) form. The enantiosedectivity of the lmmobileed APS-BOL (8 mg/md) in the kinetic resalution of (RS- 1-
phesylothanol was svalwated. High values of Iytic pa with isopeopeny] scetmto (£ =7754, C =49 %
= 0.4) and vimyl acetate (F ~206.6, C ~ so%:o:lluacyldnmnmaawmdnfmnmnmumeduh
tivity im the Kinetic resolution of (R.5)
1 -phertylothanol wery also m Diisopeopy! m and n-hexane wore melocted a5 the optimal rosction
media, A novel lpolytke activity stady of immobilized APS-BCL (7.9-9.3 mg/mL) with the application of the
d using 13 vegetable alls im an ng

medium has boen proposed (pH 7, T =37 'C). The effect of the ratio of polyunsatursted fatty scids (PUFAS) 1o

nmunwummd fanty acids (MUFM) on Bipsse activity wiss demcasiratod and a cut-olf Thinlt (w6/ef =23} was

Vegeuble ol

T The effects of 7 different e
developed multicomponent unsaturated facty acids (MCUFAs)
wabwirate was o!n!rwd

1. Introduction

bilized APS BCL i peanut ol (A= 10435 %, Ay~ 110,19 %) as the

the reaction medium | 4. This conformation is crucial for lipase activity
(e.g. enantioselective and lipolytic activity), The open form of one lipase

Lipases (EC 3.1.1.3), thanks to the properties of catal
biochemical reactions, mmw;m::!mdmymmmmcm
widespread applications for biotechnological and pharmaceutical syn.
thesis. Lipases exhibit their activity between hydrophilic and hydm-
phobic surfaces (1 21, They also have an interesting foature known as
“interfacial activation’. The mechanism of action s based on the
displacement of the amino acid lid {a helical flap) which leads to an
opened coaformational state of the lipase (which is more active and
stable than the clased form | 5]) with an exposed active site. This ability
allows lipases, among others, o hydrolyze compounds containing car-
boxylic ester groaps that are aggregated in water |25, Moreover, in the

C‘IL d r"‘ i the 53 I d “‘onn.
subushln; & pew structure called ‘open’, in which the sctive centre is
fully exposed, rendering the lipase able to hydralyze drogs of olls (with
the conformational equilibrium shifted towards the open form) 141
The open form Is expressed os a large hydrophabic pocket avallable 10

* Correspamding author
Emad addreas (o sldniok e sk ol (T, Siodmiak)

fregees Aok e 16U IS0/ povec bl 2022 4, 001

lecule can also stabilize the open form of other lipase molecules
(which leads to the formation of dimers with altered enzymatic prop-
erties). However, Hid mobility does not have any significant effect on
lipase selectivity or specificity, and these properties can be modified by
genetic manipulation and/or physio-chemical modifications [1 5],
Mm.ummmmandinawﬂenmdmmsor

I, chemical, and agricultural signifi.
cmcn, e.g esterification, mmummalkm. hydrolysis, alcobolysis (01,
Thedr use is also associated with low costs and Jow toxicity, which makes
them an important part of ‘green chemistry' (6 9] and an alternative to
chemical catalysts (10,

Amano lipase PS from Burkholderia cepacia (APS-BCL), also known as
Pseudomonas cepacia (APS-PCL), belongs to an Important class of
extracellular Hpases originating from Burkholderda cepacia (BC) and
characterized by an a/p fold and a catalytic trind (See®’, Ap™, His™")
ot the active site (111 This type of lipase is characterized by the Ud as

Received 13 August 2021; Received in revised foem 4 May 2022; Accepred 3 June 2022

Asailable online 8 June 2022
1359.5113/0 2022 Elsevier Lad. All rghts reserved.
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4 Duigha ot al

the mobidle unit [12], bowever, without pasitional specificity | 17]. The
Isoelectric palnt (ph) of this lipase is 5. The optimal conditions for this
lipase are charncterized by a neutral pH (7) and a temperature of 50 'C
[14]. APS-BCL shows resistance to some metal fons (Na®, Ca™', Li*,
Sr2*) with significant sensitivity to the action of heavy metal lons (e.g.

Froces Sincherisery 120 (2022) 126137

them closer, so they are located neas the lipase. As regards the properties
of the lipase, the presence of hydrophobic supports (due to adsorpeion)
mﬂmdﬂmfaﬂnfﬂ\cl@ﬂk(dmlidmwmam)
more active, a feature that is then applied in i bilization,

on hydmphobk materials [56). Mmo ot al. have described nlcvlm

0%, Cw?') (14], APS-BCL is n commercial lipase (lyophilized powd

with the supporting and stabilizing materials) avaikable in the free foem,
a5 Amano Lipase SD, and in immobilized forms, as Amano Lipase PS.C
(immobilized on ceramic particles) and PS-D (immobillzed on dixto-
mite) (111, The lipase can be purified by e.g. ulteafiltration, precipita-
tion or affinity chromatography [14]. APS-BCL is commonly used in
vartous reactions of medical importance. One potable exumple is kinetic
mdmhmhuedon&cmn&umwhydrdyﬂsofwofﬂwn&

ristics (e.g. large & | surface, spacer arm, super-
bchl density of reaction groups, minimal steric hindrance), and suitable
reaction conditions (e.g. optimal lon time, temp . pH value,
buffers, protein inhibitors of protectors) |75 ). The support structure also
requires enough mechanical strength, and the resistance o chemical
attack and microbial d position [5]. The d results includ
altered (increased or decrensed) enzymatic uctivity, Improved stability
(three-dimensional structure of enzyme) and selectivity, and process

ina |15]. Thanks to its iasel
activity, APs-la.uulmenlomwonuldnmllywumuwm
of drugs or thetr building blocks in various reactions In pon-agueous
media [ 15, One of the ¢ i of kinetic lution in

1 (57 611 As a result of those, immobilized lipase is better
adapted to reaction conditions and structucally different reagents.
However, some interactions during i bilization can cause the steric
and as a result, & lower affinity of the enzyme for the sub-

il

the pharmaceutical lndustry is to obain enantiomers of profens, e (R,
S)- ibuprofen or (R,S)-furbiprofen, in reactions catalyzed by lipase B
from Candida antarctica (CAL-B) and lipase from Candidu nggosa {CRL)
[ 15241, Of the other class of these enzymes, lipases from Burkholderia

strate, which in turn affects enzyme activity, l'uﬂhmmm the presence
of compounds that could d the enxyme p should be avoi-
ded. The following technigues of enzyme immobilizstion have been
described lu the llumure (5502711 as attachment by physical

cepacia (BCLs), including APS-BCL, are widely tested in kinetic resalu.
tioa 12527, The standard compound used In the resction is i racemic
mixture of (R,8)- | - phenylethanol. A g to many h groups,
kinetic resolution of (R.S)-1-phenylethanol is characterized as an
enantioselectively efficlent process | 25351, As regards the course of the
reaction, (R,8) - 1 - phenylethanol acts as an acy! acceptar, while the role
of the donor is played by an ester of a carboxylic acid, most commonly
unsaturated, e.g. vinyl acerate, isopropenyl acetate. As a result of this
transesterification, a new esteér and an alcobol are formed. The resulting
chirally pure (R)~1-phenylethanol (as the ester form) is an important
chiral building block which is used in the pharmaceatical industry {14
253491, e.g. for the inhibition of intestinal adsorption of cholesteral and
a5 & companent of ophthalmic preservatives |19 40,

Lipases are distinguished by activities which allow them to catalyze
varfous resctions, As previously mentioned, thanks to the enantiose-
lectivity of lipases It Is passéble 10 obtain optically pure organic com-
pounds for use as drugs |41 11]. On the other hand, lipolytic activity is
characterized by the hydrolysis of triacylglycerols (TAGs) to free fatty
ackd (FFAs) and glyoerol, The main compounds that are broken down by
hydrolysis are polyunsaturated fatty acids (PUFAs), specifically u3- and
wh-PUFAs, and movounsaturated farry ackds (MUFAs), specifically
wHMUFAs 144,45, The carban chains in PUFAs cootain three
(w3-acids) or two (wh-acids) double bunds, while MUFAs contain one
(-Mclds) PUFM are used as Inyvdunu a( dietary supplements

ilable va the ket. PUFAs are
idered a3 the np mmmmmemmdmw
and improving the functioning of the nervous system {4645/, Mare-

over, in order to optimize the most balunced system exerting heneficial
effects on the human body, the 06/u3 ratio was employed (50510 It
was suggested that 3 high w6/a3 PUFA ratio increased the risk of obesity
due to fut deposition. Tt should also be noted that dietary excess of
wi-actds ludel«cmumlmlm"u .Intbecaaeofadlumhlnmwm
(ar9), due to decreasing the ion of low-densi
(LDL-C) and incrudng the concentration of Mgh-demity lipopcoudn
(HDL-C), reducti ry risk and preval of cancer were noted
[53,54],

Lipases from Burkholderta copacta are studied In native oe immaobi-
lized forms. Immobilization allows to modify the catalytic properties of
these enzymes |55). To carry out this process, suppoets are used, From
tho moloculu polnt ol view, immobilization is based on the Intra-

i the | in part of the enzyme and the
characteristic functional group in the support. Supports also affect the
reagents {(capture of substrates, facilitated diffusion, and/or redoced
substrate/product inhibition) and the media (disp ). Hy-

4 sad ciaeslinkd
Ph)!kdl&apdmliﬂnﬂmlﬂlmmoﬂ]luﬂanmeﬂ\oduﬁom
of the mast commonly used ones. Based on nan-covalent binding, van
der Waals forces, and electrostatic interactions, this technique is rela-
tively inexpensive and can be used In mild conditions (6571, The
and the activity of the adsorb ‘lip-um.bweurdependut
mlhephﬂcn:hcmuul P of the supp molarity,
size, surface, porosity, and the range of the of hydrophilic and hydro-
phobic ;mupu) [55], The support materfals used for this process are
mainly poly e.g. polysty polypropylene, polyacrylate, poly-
acrylonitrile, lndpolymethnaylue In the mechanism of ionic binding,
immobilization is based on the formation of a salt linkage between the
mymemmcwmtmwedwphmmmm the intra-
molecular lipase-supp is ager {495.00]). The supports
used in this method are usually made from synthetic polymers or
polysaccharides, e.5. MANAE-agarose. In the case of covalont immobl.
lization, the reaction genernlly occurs between the amino acsd part of
the enzyme (which does pot display any catulytic activity) and u group
designated to bind to the support, especially with the affinity for amine
or thiol residues (55.05,71.72]. This methxd ensures s high rigidity of
the resulting plex bat reg moce gent conditions, which
makes it mare expensive than physical adsorption. In contrast to other
methods, the covalent bond technique mainly wses magnetic nano-
particles, silica gels, nnd chitosan |65 lmnbmullmbymmmt
involves the “catching™ of the lipase by ordered

mmmmu«mzmwg‘mmwwm
the lnck of dircet contact with the support (15681, The entrapment
method provides a high stability of the aggregates and o higher effi-
ciency than physical adsorp The maost k support for encapsu-
lation I the entrapment is x<carmageenan [73). The method of
immobilization by cross-linking is based on immobilizing lipase by cross
binding, which leads to the formation of a spasial structure. The
resulting complex, as well as showing high stability in aqueous solvents,
has o wide tolernnce range for pH and temperature (64,74 761,
Cross-dinking can, however, result in a loss of activity because the pro-
cess s carried out in extreme conditions and can cause irreversible
changes in the conformation of the enzyme, Ananmpk cross-linker in

this mezhod is gl Idehyd bles the high activity of the bs |
[65.74,75]. In our study, umnmumduwmam
IE-150A was performed by a combination of covalent bonding (the

maolecular action occurs b the apolar epoxide groups of supp
and the nucleophiles (primary amine group) of the proteins of enzyme
[16.70]) and {to a lesser extent) physical - according 1o the manufacturer
dati hysicochemical jes - are i in

drophobic supports interact with fatty acids (us the substrates), bringing

| a4 ¥ &
Table 1. As was 1o be expected based on the literature data |76 and
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Table 1

The physicochemical properties of 18:150A suppost (data achieved from Chiral Vision).

Characiertic Type Matns Furersmal group Particle sheo (pen) Moistore content
o opody of meshacrytons carmylag caacane prosps. Covabent Polyscryic eponide, apolir 150-300 <%

preliminary studies, the apolar suppart (18-150A) was shown to promote
# better acoessibility of the lipase to the substrate than the polar coun-
terpart af this support (1B-150P),

Immobilization of APS-BCL onto [B-150A began to be studied in the
literature, However, there are only few reports concerning this subject,
therefore, there Is strong need for meaningful development of this
problem (77,761, In this paper, an extensive study of the effects of
substrate systems (reaction companents and media) on the enzymatic
properties of the immobilized APS-BCL is reported. The i

After incubation, the solvent was § by filtration (parchment fil-
ters folded on glass funnels) and the supports were added to the free
enzyme mixture (lipase in phosphate buffer) in an ice hath (mixed for 5
min) and incubated (without mixing) in o refrigerator for 24 h. The
supports were then rinsed by distilled water, and beft 10 dry,

232 Kinetic resolution of (R.S)- 1-phenylethanol
The kinotic resolution was carried out using & methodology
described in a previous study |17 and the Heerature [26,79], with slight

lectivity of APS-BCL immabilized onto the polyserylic support IB-150A
Ins different reaction conditions (acyl danars, non-aquecus solvents) was
investigated. The effects of the substrate on the lipolytic activity of the
Immobilized APS-BCL, relative to the free lipase, and the effects of the
wh/wd PUPAs/MUFPAs matios oo enzymatic activity were also examined.

2. Materials and methods

2.1, Chemicols

APS-BCL (30,000 U/g) was obtained from Sigma Aldrich. The
polyacrylic support Tmmobead [B-150A was purchased from Chir-
alVision (The Netherlands). The organic media of ldn purity
(>98-99%) were purchased from Sigma Aldrich (a-h
2-propanod, Isooctane, diisopropyl ether, uudl-lmyl .-mm cﬂu)w
POCH (Poland) (cyclobexane, dichlaromethane). The substrates of kis
netic resolution ((R,S)-1-phenylethanol, isopropenyl acetate, vinyl
acetate) were purchased fram Sigma Aldrich. Other organic chemicals
(triflvoroacetic acid) were obtained from Sigma Aldrich. Buffer reagents
(sodlum dibydrogen phasphate, and disodium hydrogen phosphate)
were abeained from POCH (Foland). Vegetahle olls were obtained from
Oleofarm (Poland).

2.2 Inscumentation and condinons

The Shimadzu HPLC system (Japan) used consisted of a pump (LC-20
CE), o UV-VIS detector (SPD-20A), a degasser (DGU-20A%), an auto-
sampler (SIL-20ACHT), and a column oven (CTO-10ASVP, t =15 'C). As
a chiral selector, a Lax Cellulase-3 {1LC-3) (4.6 mm « 250 mm ) column
with cellulase tris{4-methylbenzoate) was used, The column had a 5 pm
particle size, The most optimal chromatographic conditions for (R)- and
(5)~ 1 - phenylethanal and their esters were optimized with n-beptane/
2-propanol/triflunroacetic acid (98.7/1.3/0.15, v/v/v) mobile phase at
a flow rate of 1 mi/min. The UV detection wavelongth was set ar 254
nm,

The Hitachl spectrophotometer (Japan) was equipped with a UV-VIS
detector, The wavelength was set ar 595 nm.

2.3 Methods

2.3.1. Immobiization of APS-BCL on the polymeric support 1B-150A for
the evaluation of enantiaselective and Npalytic acevity
The method was carvied out ding to the pr described in
the literature [70] (a modified technigue recommended by the Chir-
alVision supplier was employed). For the cmmd«ﬂw mvﬁy
evaluation, 8 mg of APS.BCL (10 mg for the lipalyts
wmmlmdwuhlnﬂ.plmp!meb«ﬁu(pﬂ?t). Ioolnu)lnan
Eppendarf flask (2 mL) 1o obtain a susp with enzy
tion of 8 mg/ml (10 mg/ml. far the lipalytic activity evaluation). 50 mg
of IB-150A was washed with 0.3 mL (0.005 mM) 2-propanol In an
Eppendarf flask (2 mL) and Jeft for 15 min at room temperature (20 C).

A

modifications. The amount of APS-BCL immabilized on 1B-150A (8
mg/mL), 1 mM (R.S}-1-phenylethanol, and 3.12 mM vinyl ar iso-
propenyl acetate were mixed in a glass shell vial (1 mL) with 0.41 mL
(0.082 mM) n-heptane. The samples were agitated {550 rpm, 37 'C) and
collected after 12 h. Then, 50 pl of each sample was transferred to the
HPLC vial. The samples were evaporated und 0.9 mL (0.18 mM) of
n-heptane was added. The mixture was filtrated (wsing a hydrophobic
ﬁ!m)mawmufsmﬂnx(mm).sulafmmwuw
inte the HPLC column, The exp was repeated (n other k
media, with different logP values (Incubation for 12 h or, in case of
diisopropyl ether, for 6 h) using isopropeny! acetate as the acyl donor.

Ennntioselective parameters (enantiomeric excesses of the substoate
{ee) and of the product (eey), ion (C), tiomeric ratio (£)
{also called enantioselectivity)) were calculated (42001 from the
following formulae:

In[(t — €)1 —ee,)]
In {1 =€)l +ee)|

Ein

|8~ RS
Ib‘. B R.

o, - 2

- R,|

|-—-] x 0

C o= o "!,. w1
e, + e,

C, e, and ee, values were expressed as percentages,
233 Fweluation of the lipolytic activity of APS-BCL

2.3.3.1. Determincation of the amownt of immobdlized APS-BCL by Brod-
ford's method. Bradford’s method was performed according to the
literature [ 76,41 |, with essential modifications. Five samples (1 myg/mL,
3 mg/ml, 5 mg/mi, 7 mg/ml, 9 mg/mi, respectively, each with 1 mi.
phosphate buffer at a pH of 7.0, 100 mM) in Eppendorf flasks (2 mL), to
o calibration curve, were prepared. The test sample was composed of
0.5 ml. supermnatant obtained from an immobilized sample of lipase,
50 pL phosphate buffer {pH 7.0, 100 mM), and 1.5 mL Bradford's re.
agent. After the additlon of Bradfard s reagent, the reaction mixture wias
manually stirred for 15 min. The measurements were carried out in
duplicate with a UV-VIS sp ply {at o dength of
595 nm), and the arithmetic mean of the measurements of the same
sample was taken as the final result. The amount of immobilized
APS-BCL was calcubated s the difference between 10 mg of free lipase
and the of APS-BCI, calculated from the regression equation.

2.3.3.2 Fwaluation of the Npolytic acriviey of tmmobilized APS-BCL: The
mudticomponent wnsaturated farty acids (MC-UFAs) method. The method
wirs described in a previous study (35! and the literature [52-55], with s
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few mudifi Eval of the lipolytic activity of the lipase was
carrled out by acid-base titration. The suspension of gum arable (7 ™,
w/v) was obtained by suspending gum arahic in distilled water (in a
250 ml conical flask) and incubating for 1 b in a water bath (21 80 “C) to
disable the enzyvmes, present in this emulsifier, After incubation, the
suspension was cooled to room temperature and mixed, in equal vol
umes, with oil containing TG of fatty acids to achieve an emulsion. The
assay mixture in the conical flask (50 mL) was compased of the emulsion
(5 mL), phosphate buffer (3mlL, 100 mM, pHl 7.4), and either free
APS-BCL (whose amount lad been determined by Bradford's method) or
immobilized APS-BCL (7.9-9.3 mg/mL), incubated at 37 *C for 30 min
with simultaneous stiering (at 300 rpm), and stopped by adding 10 mL
of methanol/acetone at equal volumes (5:5), A different cycle of deter-
mination was performed without calculating the amount of immobilized
APS-BCL by Bradford's method, while sssuming the value of 10 myg
APS-BCL.

Immobilization yield (1,) was calculsted from the following formula:

1Ay

) s ]

LA

w o

where: 1, = immobilization yiedd, LAy ~ amount of lipase colculated as
the difference between the initial amount of lipase and the amount
remalning i the supernatant after immobilization onto 50 my of 18-
150A (cabculated by Bradford's method), 1Ay = initial amount of
lipase (10 mg) | 151

Activity recovery (A and activity retention (A.,) were calculued
from the following formulae (41

514
A = i % 100

Ui
‘--Fllm

where A, ~ activity recavery (the ratio of the activity of immobilized
APS-BCL 1o the activity of the initinl amount of free peoteln in the so-
lution that had been used for immobilization), A, = activity retention
(the ratio of the activity of immobilized APS-BCL to the uctivity of the
same smount of free protedn in the solution that had been immobilized
anto the support), U, « activity of immabilized Hpase, Upy ~ activity of
the initial amount of APS-BCL that had been used for immobilization, Uy
= activity of the amount of free protein in the solution that had been
immobilized onto the support.

2.3.4. Kinenic parameters

The kinetic paranseters for APS-BCL in the free form and in the form
Immobitized onto 18-150A were caleulated when evaluating lpolytic
activity of APS-BCL in various amounts of peanut oil as the substrate by
the titration method described in subsection 3.3.3.2. and by Siodmiak
ot ol [76], The Michaelis constant (K} and the maximum velocity
(Vigae) were determined fram Lineweaver-Burk plots, using the initial
rate of reaction (02 5485];

il e
where [S] ~ concentrution of the substrate, V ~ initial velocity of the
1080100, Vi, = moximal velocity of the reaction, K. = Michaelis

The bers (ko) of native and immobilized APS-
BCL were calculated from the following formula |42 562

Vi

T

K =

where [Ey] = total amount of the enzyme in the reaction medium,

Troces Sincherisry 120 (2022) 126137

3. Results and discussion

2.1, Effects of isopropenyl acetate and vinyl acetate on the
enantiosetectivity of immobilized APS-BCL in the kinetic resolution of (R,

53— 1-phenylethanol

Kinetic resofution of (R,S)-1-phenylethanol, catalyzed by immo-
bilized APS-BCL, was performed by high-perf liquid ch
tography (HPLC), Isopropeny] scetate and viny] scetate were used s the
acyl doooe (Fig 1, Fig 2), The standords of products are provided in
Supplementary Material (Pig. Sepp !, Supp 2). The amount of lipase
used for the reaction (B.0 mg) was establisbed based on ltersture data
(3557 00, Based on the method aptimized In the preliminary studies
and oo the results obtained in the previous study [55), n-heptane was
chosen uy the optimal reaction medium. The results are provided In
Talile 2A, To the best of our knowhedge, the kinetic resolution of (R.$)-
1 -phenylethanol catalyzed by APS-BCL, immobilized onto [B-1504,
with (sopropeny] scetate as the acyl dooor, has oot been examined
before. Basedd on the analysis of our data, it can be concluded that
immobilization increased the enantioselectivity of APS-BCL. The time of
12 b was selected as the most sultable for the reaction (as further in-
cubation resulted in a complete conversion of one of the substrutes).
High values of conversion (C) (49 % =+ 0.4 for isopropenyl acetate, 50 %
4 0.3 for vinyl acetate), enantiomeric excess of products (ee,) (99 %
4 0.5 % and 96 % £ 0.5, respectively), ensntiomeric excess of sub-
strates (ee,) (95 % = 1.0 % and 97 % =+ 0.5, respectively), and enan-
Mnuom(ﬂstawml) respectively) were achieved, The
results show high i y of & bilized APS-BCL for both
acyl danars, a1 a similar C value, ah!muhtbcivuhltf«lﬂoﬂopmyl
acetate was nearly four times higher than that for vinyl acetate.
Oompnedwllhdndauobwmdmmemvlmmmlnl.whmemﬂ
of 170 for free APS-BCL with isopropenyl was
(Tabde 28), in the present study, an over fourfold increase in the E value
for immobilized APS-BCL was observed. Based on these results, it should
be noted that the reaction time for lipase necessary to gain a high con.
version, in the same conditions and with the same amount of lipase
(8.0 mg), was 48 h for the free form and 12 h for the Immobilized form
(due to the lack of products for the free lipase after 12 h of the reaction
time), Therefore, it can be concluded that immobilization of APS- BCLon
81500 sh the reaction time d in the !
resolution of (R,S)-1-phenylethanol ds the chirally pure (R)-
1-phenylethanol, The results were collated with the Iterarare dats
(57 911, assuming conversion to be the most comparable catalytic
parameter (Toble 24, Tuble 2B). As mentioned above, the kinetic reso-
luﬂoa af (R,5)-1 —phenyletanol catalyzed by immobilized lipases with

A in the catalytic system with immobilized APS-BCL
ummmmnmmmﬂem”wummlm
Is already commonly used, Yan et al, [57) carvied out the kinetic reso-
lution of (R.5) - 1-phenylethanal, catalyzed by a lipase from Aspergifius
aryzae (AOL) In the native form (bound with mycelium), with various
acyl donars, and ee, values exceeding 99 and those of £ exceeding 200
were received. However, the most favorable results were obtained for
vinyl acctate (C =37 %) and Isopropenyl acetate (C =34 %), On the
other hand, Melais et al. (48] tested resolution of (RS)
1-phenylethanol catalyzed by a lipase from Pseudomonas cepacia (PCL)
-ndupunﬁummﬂdnuwcdcn(mus)hm{mnﬁnsvhyl

A as the acyl donors, As noticed in the
dmdnuoy mui. lhhﬂmﬂu!m employing Isopropeny] acetate
and vinyl were achieved in the d by CAL-B (C
=50 %, E > 200). Li et al. [99] investigated kinetic resolution of (R.S)~
1 -phenylethanol catalyzed by free APS-BCL, and immobilized onto &
macroparous resin, using vinyl acetate as the acyl donor, The incubation
time was 30 h for the native lipase and 0.5 h for immobilization, C was
nearly 50 %, and £ exeeded 200. In turn, Soni et al. (91| carrled out the
kinetic resolution of (R,S)-1-phenylethanol catalyzed by APS-BQL
Immobilized onto polyaniline panofibers (PANF), treated previously
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Table 2

The results of kinetic rescluti

of (K571~ phenyleth
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Fig. 1. HPLC chromaetogram of (RS) - 1.phenylethancd
aod its esters B-1 - (R} 1 - phenylethanol acetate; §-1 -

(.ﬂ—l ~phwnylethuncl  acetate; R2 - (-
phenylethanol; 52 — ()1 - pheaylethanal; Ch
m conditions: Lux Cellulose-3

(46 mm « 250 mum <5 pm) column; mobde phase: n-bep-
tane/2-propascd/ trifluceoacetic scld (98.7/1.3/0.15 viv/
v), flow rate~ | ml/min, t~ 15°C, UV~ 254 nm, The re.
sctiom mixture war compossd from APS-BCL (RO mg,
catalyst),  F-ISOA (500 mg,  spport), (RS-
1- M&-d (9.98 pl. nql nnpn'). n-hqnne
(041 mL,
{2825 i, neyl danur). lmhdhaﬂm: I2h

Flg. 2. HPLL chromatogram of (RS)- 1-phenylethancd
and its esters: B-1 - (R)-1-phenylethanol acetases $1 -
(S)~l~phnyhlhml acetate;  R2 - (R~
1 ylethanol; §-2 - (5} 1 - phesylethanal; Ch
ylpi* conditions: Lux Celladose3
{46 mm » 250 mm«5 pm) column; mobele phase: mhep-
tane/J-proguncd/ irifluocostetic acid (98.7/1 3015 vv/
Vi, Mo rate— 1 mi/min, 1+ 15 °C, UV 254 s, The re-
action mixture war composed from APSRCL (8.0 mg,
catalyst),  WIS0A (SO0 mg,  support),  (RS)-
1-phemylethancl (998 gl syl acceploe), a-heptune
{0.41 mL, reacthon medium), vimyl acetate (28.25 L, acyl
donor). Incobation time 12 h

d by immobilized APS-BCL (1 5hir 2A} and comparison with free lipase (Talile 2B) " - Data not

wvailable, * MM”&W%M' mammm ~ ligase: from Preafowmonas copcia, '~ lipase froos Aspergilio ovysae, * -
excess of prod; excen of - ratle.

Tobde 2A
Lipase Stereopeeferention fnrnotiized

Ayl grmp doeoe Timw [h oy [l wi Wi N " Helerences
APS-BOL* R Bopeopenyl acesate 12 9% =05 85410 904 TR This swady
AbsBL” £ Visyl avetate 12 W 108 oS 2,03 20466 Tals mudy
APSBCL* » Viey| atetase as 9% " 0 > 200 (L)
APspoLt R Viny) acetme ) ara * “w7 165 "
AL ] Visyl acetwe an w3 a9 = - 20 0]
Tobde 28
Lipase Sierecprefervation Feee

Acy! grovp dosor Tinw [h) o, (W] vl 1%) o & Mefrencns
APSBOLS 3 Isopropesyl acetane 48 “ L] 51 ”o 1I5]
APS-Bcy* L] Vinyt sowtate 30 v L w0 =200 1au)
APsbaL* & Vinyt scotate M url x A &= (L))
' L3 Iseprropesy! acetime b 99 14 103 - 200 L)
cALR ® Iseprapesy] acetime 24 @ 9w “w - 200 184
CAL-K" & Vinyd scoetate 2 00 w £ - 200 190}
A & Vinyl acetate 48 ”% . £l > 200 L]
AOL* " Inegrapesyl acetme 48 L) x ™ > 200 12

with o surfactant (SDS-BCL), with vinyl acetate as the acyl donor. An observed, In another study, Xing et al, |90 tested the kinetic resolution
Improvement of the catalytic parameters of lipase after immobilization  of (R5)-1-phenylethanol, catalyzed by CAL-B, immobllized omo

(€ 49,7 %) in comparison with lipase in the free form (€' =37.4 %) was

magnetic nanoparticles (Magnetic CAL-8 CLEAs complex). The £ value
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significantly exceeded 200, and the € value was 50 after 48 b of incu-
wmmmluobulmdlnmnnudy similarly to the
hove | 1901, show a high enantioselectivity of
immhlhudhpaulnmeummolmo‘(m ~1-pheaylethanal.
The catalytic parameters obtalned could Indicate that immabilization
anto the polymeric suppart 18-150A is beneficial to gaining a maximal
value of conversion after merely 12 h of reaction time, According to the
author’s observations, this can be due to the type of the support used. It
is worth menticaing that in our stixly, APS-DCL was bound covalently to
the suppart and slightly adsarbed. In our opinion, the functional group
in IB-150A, compaosed of the polyacrylic matrix (methacrylate carrying
oxirane groups) and epoxide functional groups, which are apolar, can
decrease the steric hindrance and enbance the avatlability of Hpase for

hydrophobic substrates. On the other hand, due to the higher

Troces Sincherisry 120 (2022) 126137

3.2, Effects of arganic sotvents on the enantioselectivity of immobilized
APS-BCL n the kinetic resolution of (R.5)- 1 -phenylethanol

Kinetic resolution of (R,S)-1-phenylethanal catalyzed by immobi-
ltzed APS-8CL In 7 varlous reaction media after 12 h of incubation was
carried aut by high-performance liquid chramatography (MPLC) (Fiz
Supp-3). Dnetolbecomplmmmﬂoaofomoﬂhemhnme‘ln the
diisaprapyl ether medium, the incubation time was sh d 1w 6h
Analysis of the data (Talie 1) revealed high valoes of catalytic parnm-
eters for nll the solvents used. The highest values of enantiomeric ratio
were obeained for n-hexane (E — 844), diisopropyi ether (£ ~519), and
n-heptane (B <497), As regurdy the enantiomeric excess of products, for
uﬂ&cwlm&«,mlnﬂnwo’%ﬂwmd\em

ric excess of sub was the highest for a-hexane (ee; ~97 %

selectlyity of immobilized APS-BCL (compared with free lipase), the
significant effect of diffusion limitatioas on lipase activity has not been
noted. It was abserved that concentration gradients of substrutes within
the support partiches should not decrease the mkm e, umbc
seen from the high selectivity of the ian. Fi e, phy
could improve the stability of the lipase-support complex
[55.065 89, Subilization of the open from of the Hpase coald have a
positive effect on lipase activity. The physical interactions between
APS-BCL and the macroporous resin compased of crosslinked poly-
styrene created @ stable complex that was characterized by a high
enzymatic activity (991, The authoes observed a relationship between
the pore diameter and timobdlization degree, with an effect on lipase
activity 491, As regards the acyl donors, In studies reported in the
litersture |59 91|, vinyl acetate has been applied as an optimal agent.
However, |n the present stdy, the enantioselective ratio of immobilized
APS-BCL in the kinetic resolution of (R.S) - 1 - phenylethunol when using
isopropenyl ncetate was significantly higher than when vinyf acetate
wiis used. Because of pioneering nature of the studies using isopropenyl

in the reacti lyzed by APS-BCL immobilized onto 15-150A
carrler, comparison with other immobilized lipases was not possible.
Our results b the lusion of u p study [55] that

Isopropenyl acetute |s a valuable alternative when used as the acyl
donor, Moreover, the activity of APS-BCL Immobilized onto the poly-
acrylic support IB-150A contributed to a sh ion time to obtain
(R)-1-phenylethanol, along with achieving high catalytie parameters.

4 0,5), butylmethyl ether (ee, <89 % & 1.0), sooctane (ee, =89 %
4 2.0), and diisopropy| ether (ce, <52 % + 1.0). As regards the con-
version, the best results were obtained for n-hexane (C <49 % = 0.1), ¢
butylmethy! ether (C =48 % + 0.4), lsooctane (C =48 % 1 0.7), dilso-
propyl ether (€ <45 % = 0.4) and nheptane (C <45 % = (.3). The re-
mManvmpﬁmm(lmVﬂmm
achieved In this study confirm the trend
wm-mmrmmmmauwmmm
enantioselectivity did oot tend to be Hnear, In the asalysis of the
enantiomeric ratio obtained in this study, we assumed the influence of
the ramification of the solvent's carbon chain on the F value in the ki-
netle resolution of (R.S)-1-phenylethanol catalyzed by the lmmobi-
lized APS-BCL. In the reactions performed In 4 medium with o Jower
Ing?vdu:(l ~2), the highest F was Jed in the sol with a

hed fra rk (ditsopropy] ether and r-butyimethyl ether), while
the lowest in dichloromethane, which has an unbranched structure.
However, in the case of the resction tessed with more lipophilic solvents
(with log values of 4-3), the lipase catalyzing the kinetic resolution in
the reaction medium with an unbranched structure, e, n-hexane and
n-heptane, showed a higher enantiomeric ratio for isooctane (2,2,4-tri-
methyipentane), which has a amified carbon chain. In the previous
study | 351, the effect of 8 arganic solvents on the enantioselectivity of
native APS-BCL in the kinetic resolution of (R.5) -1 - phenylethanol had
been investigated (T2bic ). Diisopropyl =ther proved to be the most
sunuemdonmdlmmmlndthcmmuynbomnﬁma
hl;huuwowbnivltyoﬂim in this sol

llowing us to schieve the opti valueoﬂbecualytk
wak m«dy 6 h. 1t can therefore be concluded that immobilization of

APS-BCL onto [B-150A for the I rriex out in dilsopropyl ether
Table 3
The results of kinetic lutinn of (R.5)-1 - phenylethanol lyzed by mmobilteed APS-BCL in erganic sol -d‘___, with dytic p ach-
Joved usiegg frew ligase (75, % - ioewric exoess of products, ® - ric oncess of qub '~ 2 - i ie rutio,
Lenobiilieed

Salvent Legp Thmmer [k] wi ol cw) & Refevences

rhutylmrethyl eshor 106 12 o8 403 LR “an4 00 Toin wudy

Dichloramethane 128 12 " |00 1735 15510 24

Diisepropy| etber 152 6 2905 82:10 S04 519

Crclodexane 344 12 99.:03 18 =08 39

- Hexara Atd 12 w00 Waon ®an has

Jr—— 40 12 08105 80 =20 @ =02 300

n Heptane 466 12 994 00 80« L0 ©-03 97

Feeo

Sanent Logr Time (hi o ol €l " References

tatyimethyl ether 100 = a5 b4 | « 0 s

Dichioromethane 120 " v » - "

iscprupy | ethet 152 ) o8 o @ 0

Todneoe amn 4= a8 % " oo

Cyclobesane 344 an o oz ¥ 163

mHexare 180 o4 L o7 & 22

lwocmane w9 . a5 L] @ nus

wHeptane 06 4 94 9 n 171

tn
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allowed us to obtain high values of catalytic perameters during a
significantly shoetened reaction time. This trend is poticeable in all the
solvents used, although, with a lack of propartional growth. However,
for n-hexane, the incubation time required to obtain high values of
catalytic parameters for the immobilized lipase was reduced two-fold
compared to the free form, The effects of salvents with various logP
values on the enantioselectivity of BCL (native) in biocliesel synthesis
was investigated by Liu et al [V2]. The reaction was executed in 5
vartous solvents. A higher lipase activity was observed in hydrophilic
Mb (e-butanod, ramyi almhol) c«npurd 10 hydrophoblc media
ether, . To the best of the authors’
knnwlodge lv'l.lheeuutdmemanlculmmlwuvuym
dependent on the amount of water allowed to be retained In the
microenvironment of the lipase active site. Zieniok et al. 191, on the
other hanl, examined the effect of o solvent on the optimal hydrolytie
activity of CAL-B, For this purpese, 20 reaction media with various logP
were screened. The hydrolytic activity of CAL-B was assayed by the
hydrolysis of p-nitropbeny] lawrate. The reaction medium in which the
highest CAL-B activity (expressed in U/g) was achieved was isooctane
(>200 U/g). Satisfactory results were also obtained for acetone and
butylmethyl ether. These reaction media were characterized by various
logP values, which could indicate no linear relationship between lipase
sctivity and partition coefficient. However, this suggestion does not
exclude the lack of the influence of logP values on enzyme activity |73
The asuthors stated that the reaction medium had 2 crucial impact not
only on the solubility and solvation of the reactants, but also interacted
with the active site of the enzyme |75 ). Enzymatic activity can also be
affected by the dicdectric constant, the dipole moment, the ability to
form hydrogen boods, and denaturation capability. In this study, the
authors suggested above that the g of a branched in the
hydrocarbon chain of the solvent could improve the enantioselectivity of
APS-BCL, Our findings confirm the observation made by Zientuk et al.
[91] concerning the positive effect of the presence of branches in 2
hydrocarbon structure on lipase activity. Dias e al, (94] investigated
kinetic resalution of (R,S) - 1 - phenylethanol catalyzed by PCL immo-
bilized in double layered hydroxide of Za/AlCQ with n-hexane as the
reaction medium (Table 4), High catalytic pnrameters were obtalned.
Our results corraborate the cited suggestions | 4] that n-hexane could
be used as the most favorable reaction medium, Yan et al. (95, on the
other hand, performed kinetic resolution of (RS) -1 -phenytethanol
catalyzed by surfactant-modified AOL in 8 various solvents (Talie 4}
Low values of conversion for all the media were obialned, with the
ption of ¢ butylmethyl ether for which the conversion value was
46.8 %. Our results confirm that e-butylmethyl ether is snother wseful
reaction medium for immobilized lipase.

In this study, the effects of the reaction medin on the catalync
properties of immobilized APS-BCL have been investigated. High values
of enantbaselectivity in all the investigated media have been demon-

d. A reduction of the ion time compared to the free lipase has
been observed. Based on the catalytic parameters, dilsopropyl ether, and
n-hexane have been shown to be the most optimal media for use in this
type of reaction. A possible influence of g of the saly rbo
chatn on the enantiosclectivity of lpase has also been sugzested,
although further studies are peeded to confirm this hypothesis.
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3.3 Effect of the
APS-BCL

de oils on the lip

ic activity of immobilized

mmﬂbmlad in Section 3.1 and Section 1.2 described the
high fvity of immobilized APS-BCL. 1t iy worth naticing.
that this enzyme is also ch rized by other activities that needed o
be investigated as part of comprehensive enzymatic studies, Therefore,
the lipolytic activity of APS-BCL immobilized onto the polyacrylic sup-
port - 150A using the multicomponent unsaturated fatty acids (MC-
UFAs) method, with the application of vegesable oils as the source of
PUPAs nnd MUFAs; was tested. Important is that studied oils differ in the
content of w3-, w6-PUFAs, and w9-MUFAs, affecting their miscellaneous
therapoutic properties (menttoned in the Introduction), Additionally,
the fipase demonstrates different lipolytic activity toward oils various in
scld contents | 151, The assay was performed on 13 vegetable olls, lip-
olyzed by native or immobilized APS-BCL. The amount of lipase ach-
ieved using Bradford’s method (LAg) (78], the lipase loading (Ly), the
sctivity of the amount of the free proteln in the solution that had been
immobilized onto the support {with the amount calculated by Bradford's
method) (U, the activity concerns o sample with free lipase, without the
support) |76 81, the ity of the of lipase | bilizedd onto
[B-150A {Uy, the activity concerns a sample with the support), were
decermined. The results are shown and superimposed on the data ob-
tained in the previous study |35 in Table S Moreaver, the immobill-
zation yield, activity recovery, and activity retention of APS-BCL in 13
olls (Tl 6} was depicted. The APS-BCL amount, calcolated by Brad-
ford's method ranged from 7.9 10 9.3 mg per 10 mg of lipase used m the
peocess, whilst the lipase losding was in the range of 158-186 mg/g of
the carrier, The immobilization yield was in the range of 79-93 %. The
highest Uy values were obtained during the lpolysis of oils from grape
seed (39.3 £ 0.3 U), bemp (39.0 + 0.3 U), safflower (35.7 + 0.2 U), and
rape (35.7 + 0.5U), while the lowest activity of the immobilized
APS-BCL lipolyzed ofls from peanut (288 £ 0.3 U), avocado (29.7
4 0.3 U), sesame (30.5 + 0.2 U) and cameling (30.7 + 0.8 U). Based on
the Uy value, the best results were obtained for APS-BCL activity
olls fram hemp (49.0 £ 0.3 U), avocado (46.8 + D2 U),

black cumin (453 + 0.2 U), and safflower (45.0 + 0.5 U). The lowest
lipolytic activity was obtained for peanut il (26.2 < 0.3 U). In the prior
work [35] the authoes assayed the lipolytic activity of APS-BCL in the
free form (10 mg for the test sample). The best results were obtained for
ails from hemp (44.3 U}, black cumin (42.7 U), safflower (42.2 U), and
grape seed (42.2 V), In the case of olls with an wbd /w9 ratio higher than
2.3, the activity of Hpase (U) was markedly highes. In this study, the
results have also shown this correlation, Howeves, this relationship was
not confirmed with black cumin ol The activity of immobilized
APS.BCL in this substrate was 33.0 £ 0.2 U, which is less than in oils
from rape {35.7 & 0.5 U), pumpkin seed (34.7 £ 0.2 U), and corn (33.8
4 0.7 U) with & lower w6/04 ratio in the compasition. As regards the Uy
value, the cot-off seems to be preserved, with the exception of APS-BCL
activity from lipolyzed avocado ofl (46,8 + 0.2 U), In all the decom-
posed substrates, with the exception of peanut ofl, the U, of immobilized
APS-BCL decreased refative to Uy, Of note is the fact that in this
experiment, the effect of various vegetable ofls used as substrates on the
lipolytic activity of immobilized APS-BCL in one screening was tested
the first tme. Siodmiank et al. (76 performed an assay of the lipolytic

Table 4
The results schioved in the Kinetic resolution of (R,S)- 1 - phenylethanol in the scet ihi { dium in the current ssady and seloced lisgratare, "X - Daza not
available, * - Amano lipase PS from Burkhoideria cepacia, ” - lipase from Aspergiius onysae, © - Lipase from Pseud epachr, * - . excess
of products, ' - emantivmeric ratso.
Lipase Serooprefenmitiun Maist wlvest P U e ¥ References
APs00L " nlbexson ®aal w00 e This wudy
AP gcL? " Dlisoprigy) ether @204 wnos s10 Thin sly
AoL* L3 ebutylmethyt ether “ws L 0 1951
K’ n nHevaor w % . 1%
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Table 5
The resasits of the enzymate activites of native APS.BCL and tmmobilized ooto IB-15UA support in 13 various vegetable olis
or W' W e ntie’  Ualpminl’  Refoences  GAG Imgl' G Bemggl’  GliMmin)®  Gio0mindT Reference
Peamt o 6.3 -~ a0s ns (B B1:02 1640 200 262403 8803 This swwdy
Carmliza 20 17 ° 000 €no LERES] W0 140 X002 0708
ape 75 & 56 02 a0 8202 760+ A0 4L3 40D 57 + 08
Pumgkio seed o a b 143 ELN) Bl sl W20+ 40 0T +05 U702
Wadmet 0 1”7 ” 100 72 LA-N) W20 £40 M0+ 03 RrT=02
Sevattm o awm o 103 s 91 vl 1820 4 40 =AYy N5 102
Avocsdo o 06 51 o19 342 N1:01 1840 240 68102 207=:03
Rice 0 »n 4“4 oy B HE:02 1760 £ O »2+02 N3z02
Coen o 499  Ms 19 22 U3 s02 160 L B0 38T 40D s ey
Blach cutmn o 52 2 13 ay 7901 1580 + 40 HB302 nps02
Themp 1% 51 i “he i HA =02 168000 #0023 Wei0d
Saflowor 0 0o &) a1 422 7901 1380440 450408 ™7 202
Grape seod 0 w2 " 144 ara [EE T 160+ 0O &0+ 02 203204

1 - The quantity of sadn PUFA/MUFA (43 - o-linolonic acid, o - o-linoleic acid, »0 - oleic ackd) in 100 g of oil. Data were achievid from Olenfaem company (Paland),

2 - The quantizative ratio betwoen wb and w9 PUFAS/MUFAS
3 - The enzymatic octivity of free lipase in the imital amsount of 10 mg,

4 - The amousst of lipsee being the difference between the initial amount of Bpase and the
hoat), 5~ The amount of protein per 1 g of support (Lipase Loadisg)
& - the activity of amesmt of free protein i the solstiog that had been Immobélized voto the

150A support (cakeulated in Boadfoed s

in the

after imniobalization omto 50 my of 10~

(the

[ d In LAY) 7 - The enxymasic activity of

el

amoant of APS-BCL immobilized omo 11-150A support (the smoumt presested in LAK)

Table &
The resalts of immohilization yeeld (1), activity recovery (A, ), activity reten-
tion () of APS-BCL, in 13 vegetable oil. “smmobilization yield (in the range of

79-93%), "acuvity 1 y “nciavity The expl and ealeuta-

tica methods wese shown s subsection 2.33.2.
o 5 A A
Peams 2% 119 % 1102%
Carmlizn LR a8 % 876N
Tape ETEN [THEN 863 %
Purgkin seed 81w 102.0% 853 %
Walrret LI 1203 % T
Scxanw 9Nw M. MEN
Avocsdo 2% LR LXEEN
Rhce LN 9T 80.0%
Corn v~ 10623 % 923N
Mhach cutmn 7% 713N 728n
Temp LERS B0 96N
Sefflomyr TuN LIRS TN
Grape st B TE TN NI

activity of CAL-B, immobilized onto 12 varous polymeric supports
{including IB.150A) using olive oil as the substrate. The lipase loading of
IB-150A was 1474 myg/g. Of all the other carriers, the highest of
lipase was immobilized onto 1B-150A, To the bess of the authors'
knowledge [74], it may have been due to the chemical nature of the
support and the type of bond. As regards the activity, it was observed
that the low value (3,2 U) may have been caused by the steric hindrance
of the short epoxide spacer arms contained in 1B-150A. This may have
decreased the affinity of the enzyme active site for long chalns of farty
acids from TAG as the substrates. Furthermore, as results from the
loading of the lipase, a high availability of the enzyme to the support
may induce the overloading of lipase onto this carrler |76, 1t should be
noted that APS-BCL immobilized onto 1B-150A is attached both cova.
lently and by adsorption. For this reason, the lipase activity decrease

the case of APS-BCL, Kim et al. |94 suggested that APS-BCL had no
positional specificity. Schrag et al. |#9] concluded that the molecular
mechanism of substrate specificity of this lipase remains unkoown.
However, Sanchez et al. [11] reported that APS-8CL had high activity,
irrespective of the chain length of the fatty acids. On the other hand,
Pleiss et al, 100 ] suggested that APS-BCL showed specificity towards
long-chain fatty acids, in tum, refermng to the literarace (4, CALB
showed high activity 10 shoet- and medium-, and lower activity with
long-chain fatty acsds. It is assumed that one of the factors affecting the
affinity may have been the fact that the short oligopeptide peptide does
not completely cover the active centre, while retaining the shility to be
absarbed oato the hydrophobic surface | 76,101 |, One should recall here
the ‘interfacial activation' mentioned in the introduction 1o this paper, i.
«. the movement of the lid causing the reaction of the lipase with the
Insoluble substrate © 102, The hydrophobic groups present in the sup-
port strongly reacted with the hydrophobic part of the emzyme next to
the active site, which resulted in the shift of the structural equilibrium 1o
an open configuration [ 101, The effect of pH of the lipase salation is
also un important factor contributing to lipase sctivity, as it affects the
generation of hydroxyl rodicals and influences the surface charge and
the interface potential properties of the catalyst. The results in our study
corroborste that APS-BCL Is characterized by a high lpolytic sctivity
with respect to long-chain fatty acids. Nevertheless, the relationship
between the length of the fatty acid carboa chain and APS-DCL activity is
still unchear and will be nvestigated |n further research.

Based on our results, it can be concluded that the di of activity
of immobilized APS-BCL could be also reflected in the composition and
structure of PUFAs and MUFAs present in the ofl. As mentioned In the
previous research (157, the variabilities in lipase activity depending on
the oll used could be due to the wh/109 ratio of PUFA/MUFA and/or the
amount of w3, w6, PUFAs, and «f MUFAs contained in the substrate.
Linoleic acid, the main compound of w6 PUFAs, i characterized by n less
twisted structure than a-linolenic acid In w3 PUFAs. Moreover, It has two

may have been caused by the stiffening of the molecul (96
071, This, together with the leak of the enzyme from the complex, may
have influenced the durability and stability of the Npase and, In conse-
quence, its activity (15, As mentioned abave, olive oil acted as the
substrate in the study conducted by Siadmiak et al. |76, therefore, for
comparison, the lipolytic activity of APS-BCL in this ol was examined as

double bonds in 10 oleic acid in #9 MUFAs, which oaly has one
double bord. On the other hand, o strong association between the lipase
and the carrier may decrease the accessibllity to the active site of the
enzyme. Taking into account the steric hindrance, caused by the “chain
kinks™ of PUFAs and MUFAs, the cleavage conditions of substrates
drastically decrease, thus, this link could harm lipase activity (104,105
Our h confirms the suggestions of muny authors | 104 107 that

well. When compared with CALB, it seems that APS-BCL is ch
ized by an undeniably higher setivity (1.2 U for immobilized CAL-B
versus 35.7 + 0.3 U for immobilized APS-BCL) The differences in ac-
tivity were presumably related to the lid, the mobile part of the lipase. In

the physécal and chemical properties of PUFAs and MUFAs and the de-
gree of unsaturation had, even after immobilization, a significant effect
on lipase activity,
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Analysis of our data r od an i h The U
vuheuﬂuvdwlmlomdmw.mhw«(mdlmeo&m
{except for peanut oil, where it was slightly higher) than the activity
achieved with the amount of APS-BCL calculated by Bradford's method.
This could be related ta the aggregation of the enzyme molecules
{mainly near the isoelectric point) as a result of mutual interactions,
camed I:y the high amount of Npase Ime 1101, Despise the various

ag factors, it appears that the q y of the lipase used has an
undenlﬂleeﬂednnupolnkuumy llnwm it can be suggested,
that In the case of APS-BCL, this tremd may not always be maintained, as
it depends on the reaction conditions. Our results revealed that a suit.
able amount of APS-BCL led to the maximum activity of the lipase
possible in the amount of the substrate wsed In the particular reaction
under specified conditions. The optimal value for each substrate could,
however, be different. A more in-depth understanding of this phenom-
enon can be helpful in the optimization of a suitable catalytic system,
thus, it should be tested in a wider spectrum, which will be the topic of
further research,

The kinetic parameters determined in this study are shown in
[able 7. The Ky value for the free APS-BCL calculated for peanut oil as
the substrate was 45,8 = 1,2 U/mg while that for APS-BCL immobilized
anto the polyacrylic support [B-150A was 110.0 £ 6.3 U/mg. As regards
the Vg, value, the maximal velocity for native APS-BCL was 2.508
+ 0,003 U/mg, while that for the immobilized APS-BCL was 2879
4 0.003 U/mg. As regards the turnover number (k.), the value of
0,293 = 0.0005 " was obtalned (5 our experiment for the native lipase
and 0.336 = 0.001 5 ' for immobilized APS-BCL. The valses of Vi, and
ke for free and immobilized APS-BCL were comparable. In tum, the Ky,
valve for immobilized APS-BCL was significantly higher than that for
lipase in the free form, Zidarta et al. |55] determined the catalytic pa-
rameters for native and immobilized CAL-B by spectrophotometry, wi:h
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appropriale supy oil (g ), and conditions. In turn,
Alagoz et ol [86) sudied the kinetic paramoeters of formate de-
hydragenases from Candida methylica (FDH) In the native and immobi.
lized forms. The FDH assay was carried out with two sulistrates: sodium
formate and NAD' at vartous concentrations. The immobilization was
carried out onto varlous support systems: glyoxyl silica (FOH.GS),
glyoxyl agarose (FOH-GA), and 18-150 (FDH-18-150). Kq, nind Koy were
calculated. Analysis of the results for sodium formate revealed that K,
was lower for the immobilized FDH (3.06 £ 0,14 mM of FDH-GS, 3.22
+ 018 mM of FDH-GA, and 2.79 + 0.15 mM of FDHI8-150, respec-
tively) than for the free enzyme (4.18 = 0.22 mM), while k., was higher
for FDHIB-150 (0434 200125 ') and native FDH (0.182
+ 00085 ') bat lower for FDH-GS (0,091 +0,0065 ') and FOH-GA
(0.081 + 0.007 5™, According to the suggestions in this report (44,
the differences in K, may bave been caused by the hydrophobic In-
teractions that changed the nckmy mtmls of the main substrate
bindings groups. Therefore, the p properties of IB-150 (which is
nemﬂymormm-wmnwuumﬁwpmmnm
epoxide spacer arm) may have been the reason for the decreasing K,
value and the increasing k., value, Of note is the fact that the method of
determining the kinetic parameters In our study was different than that
employed in the assays performed in the cited studies. More detailed
studies comparing both methods for the same lipase and the same sub-
strate are being planned,

Our experi h d that the activity of APSBCL after immobi-
lizatton, in terms of the free lipase, changed depending on the oll used as
the substrate, Hased on the values of such parameters as the activity
recovery (A ) or activity retention (A (or both), the phenomenon of
hyperactivation (values above 100 %) was observed for walnur (A,
«120.3 %), pesnut (Ay, < 104.9%, A < 110.2), com (Agy, ~105.2), and
pumpkin seed oil (Ane =102.0 %), The immobilized APS-BCL shawed

the hydralysis of p-nitrophenyl palmitate (p-NPP) to p-nitroph

(pNPP). In contrast to our findings, V., decreased after i:mnbmulhn
(Ve = 294 £ 1.3 U/mg of the immobilized lipase, Vo = 331
+ 1.4 U/mg of free form). This finding confirmed the results obtained by
Yong et ol [109), where the Vi, decreosed after immobilization
(138.9U/mgclltecllvonﬁm€md¢dnn¢uﬂ(m)w796um
of CRL immobilized onto mags The sug-

doubtless, due to the better accessibility to the sub-
stnm.l’andouully the steric hindrance generated by the shart
ecpoxide spacer arms present in (B-150A (76] may have positively
affected APS BCL activity in peanut oil, However, for most of the sub-
strotes wsed, these porameters were lower than 100 % The resubts
Indicated that In most substrates, the lpolytic activity of APS-BCL after
bilization was lower than that in the native APSBCL. As regards

mmmmmvmamm velocity may have been
caused by a lower affinity for the substrate of lipase after immobiliza.
tion. However, this difference in kinetic parameters may have been dee
10 the varlety of the lipases, supports, substrates and &ssay mothods
used. On the other hand, Singh et al. |11 studied the kinetic p

of CAL-B and CRL immobilized onto silica nanoparticles, Based an the
results, bath K, and Vi, were found to be higher for the free lipase than
for the immobilizesd form (3.6-fold for CAL-B and 1.5-fold for CRL for X,
and 1.3-fold for CAL-E and 1,2-f0ld for CRL for Vi) According to the
authors, the lower Ky, could indicate a higher affinity of the immobilized
lipase than that of the native enzyme. A reverse relationship was shown
In this study: K, was found 1o be higher for the immobilized lipase,
which may have been due to a lower affinity of the immobilized
APS-BCL for the substrate. From that point of view, it can be suggested
that immobilization onto 1B-150A caused extenuarion of the affinity of
the lipase for the substrate. It should be mentioned that suggested de-
pendency concerned kinetic studies of APS-BCL immobilized on an

Table 7

The kinetic parameters of APSBCL in mative and immob@ized form, coloslated
from Linewesver-Burk equatives. K, - Michselis-Meaten constant of native and
Immobitized APS-HCL, Vi, ~ maximuss velocity of native and immubiitzed APS-
VCL, ke - turnover namber of native anid imomobilized APS-BCL.

Lipase focms Kinetic paramasen

K [U/mg) Vi U/mmg) ks r
Native S8 +12 2508 = 0.000 0.293 + 0,000 0508
Jmmobilived MA:63 2579 & 0,000 0,330 + 0.001 0530

the enzymatic activity, expressed as the U value, the A, In many cases
was lower than A, becanse of the decreasing values of native lipase in
the amount of 10 myg than the amount calculated by Bradford's method
(W11, Many studies [ 95760054 Investigated the lipolytic activity of
lipase determined by titration with olive oil as the substrate, Of note is
the fact that in our stixly, for the peanut 0fl a8 the substrate, among
others, the immobilized APS-BCL, showed the lowest U activity and, on
the other hand, hyperactivation in bath activities was demonstrated. On

the other hand, in recent reports (1111 the effect of detergents and
hkmmmlbmhywmmdmhummmﬂum
these suggest d could p the stabilization of the open

lipase form. However, hlsm lonlc strength could cause deactivation of
the active centre of the lipase, and thus, infleence on durability and
stability of enxy This p undoubtedly requires more
extensive research to confirm, However, the selection of the most sult-
able substrate for lipase activity, among vegetable oils, has not been
investigated so far. This investigation could probably serve as an
Introduction ta a significantly widler screening with the testing of kpo-
Iytic activity for other lipases immobilized onto various supparts, The
cut-off lmit proposed in & previous study and confirmed in the present
one could take various values for different lipases, which is an impoctant
aspect in recognizing lipase behavior considering the different reaction
conditbons, Herebry, the results will be necessary to model catalytic
systems and helpful in testing new drug formulations.

4. Conclusions

The experimenss we carried out demanstrated a significant effect of
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substrate systems (reaction compopents and media) on the activities of
Immobilized APS-BCL. A high enantloselectivity of lipase in the kinetic
resolution of {R,$)- 1 -phenylethanol was achieved. The uscfulness of
isopropenyl acetate as the acyl donor in obtaining chiraily pare (R)-
1-phenylethanol (C =49 % + 0,4) was demonstrated, DMisopropyl ether
(€« 45 % £ 0.4, K « 519, after 6 h of reaction) and n-hexane (C <49 %
+ 01, =844, 12h of reaction), due to the high conversion and
enantiomeric mtlo, were selected as the most optimal pon-agueous
media for immobilized APSBCL The lpolytic activity of APSBCL
Immebitized onto the polyacrylic support [B-150A, while employing
the MC-UFAs method (13 various vegetable oils), as a novel substrate
screening, wes evalusted. The cut-off limit valve for the w6/a9 ratio
(2.3) was confirmed. Peanut oll, due to hyperactivation (A, =104.9 %,
Ay ~110.2%), was proposed as the most suitable substrate for the assay
of lipotytic sctivity. Tn conclusion, the immobilization of APS-BCL an the
polyacrylic support 18-150A increased the enantioselectivity of the
lipase in obtaining (R)-1 -phenylethanol in non-aqueous media and
reducing the reaction time, Kinetic studies of the lipolytic activity
showed that [B-150A was suboptimal for APS-BCL in the aqueous me-
dium. On the other hand, in the enantioselectivity study, & meaningful
usefulness of this suppoet in a pon-aqueous mediom was demoastrated.
Our stucly showed that substrate engineering is a useful tool 10 modify
(incresse or decrease) lipose activity. According to the authors’ as-
mmmmwmnmmwm
for the modeling of catalytic sy Th behavi
Duhnmuﬂndmmmmhvm”whamnmlr
described in literature so far, will be widely known and applied in
various medical ad ph utical branches of sci
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Supplementary Material

Fig. Supp-1.
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FIGURE LEGENDS

Fig. Supp-1.

HPLC chromatogram of {R)-1-phenylethanol standard. Chromatographic conditions: Lux Cellulose-3 (4.6
mmx 250 mmx5S pm) column; moblle phase: n-haptane/2-propanol/ trifluoroacetic acid (98.7/1.3/0.15
viv/v), flow rate=1 mL/min, t=15 °C, UV=254 nm. Reacticn mixture was composed from (R)-1-
phenylethanol (9,98 pL) and n-heptane (0,41 mL), Retention time for (R)-1-phenyletanol - 22,400 min.

Fig. Supp-2.

HPLC chromatogram of (S)-1-phenylethanol standard. Chromatographic conditions: Lux Cellulose-3 (4.6
mmx 250 mmxS pm) column; mobile phase: n-heptane/2-propancl/ trifluoroacetic acid (98.7/1.3/0.15
v/v/v), flow rate=1 mi/min, t=15 °C, UV=254 nm, Reaction mixture was compesed from (S-1-
phenylethanol (9,98 pL) and n-heptane (0,41 mL). Retention time for (S)-1-phenylethanol - 19,884 min.

Fig. Supp-3.

HPLC chromatograms of (R,5)-1-phenylethanol and theirs esters: R-1 - (R)-1-phenylethanol acetate; S-
1 - (S)-1-phenylethanol acetate; R-2 - (R)-1-phenylethanol; $-2 - (5)-1-phenylethanol;
Chromatographic conditions: Lux Cellulose-3 (4.6 mmx250 mmx5 pm) column; moblle phase: n-
heptane/2-propanocl/ trifiuoroacetic acid (98.7/1.3/0.15 v/v/v), fiow ratem1 ml/min, twlS °C, UV=254
nm. Reaction mixture was composed from APS-BCL (8.0 mg, catalyst), I8-150A (50.0 mg, support), (R,S)-
1-phenylethanol (9.98 pL, acyl acceptor), reaction medium (0.41 mL), vinyl acetate (28.25 pL, acyl donor).
1 - t-butyimethy| ether, II - dichloromethane, III - diisopropyl ether, IV - cyclohexane, V - n-hexane,
VI - scoctane (2,2,4-trimethylpentane), Incubation time: 12 h (6 h for diisopropy! ether)
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11.3. Zastosowanie lipazy z Burkholderia cepacia w reakcjach o znaczeniu farmaceutycznym — P3

Jacek Duleba, Tomasz Siodmiak, Rafat Mastalerz, Natalia Kocot, Agnieszka D¢binska,

Emilia Suchomska, Mateusz Czeczka, Kamil Cata, Dorota thrébska-Swietlikowska,

Michat Piotr Marszalt, The application of lipase from Burkholderia cepacia in the enantioselective
pharmaceutical biocatalysis, Farm Pol, 2022, Tom 78 (4), 194-200.

Lipaza z Burkholderia cepacia (BCL), ze wzgledu na wysoka aktywno$¢ enancjoselektywna,
jest powszechnie stosowana w przemysle farmaceutycznym. Enzym ten charakteryzuje si¢ szeroka
specyficznos$cig substratows, niezaleznie od dlugosci tancucha weglowego substratu. Obecnosé
wieczka umozliwia zmian¢ konformacji z zamknigtej na otwarta, co skutkuje odstonigciem miejsca
aktywnego enzymu [32]. Ta cecha umozliwia lipazie aktywnos$¢ na granicy faz. Co wigcej, BCL

poddawano ré6znym technikom immobilizacji.

Lipaza BCL znalazta zastosowanie w szerokim spektrum reakcji o znaczeniu
farmaceutycznym, najczesciej w kinetycznym rozdziale (R,S)-1-fenyloetanolu. BCL wykorzystano
réwniez do otrzymywania czystych enancjomerow z grupy niesteroidowych lekow przeciwzapalnych
(NLPZ), takich jak (S)-ibuprofen, (R)-ketoprofen oraz (S)-ketoprofen. Poza (R,S)-1-fenyloetanolem,
BCL zostata rowniez uzyta w kinetycznym rozdziale innych prekursoréw lekéw, takich jak kwas
migdatowy czy pochodne propan-1,3-diolu. Ponadto, lipaz¢ ta badano w reakcjach z udzialem
pochodnych glicerofosfolipidow np. myo-inozytol oraz substancji pochodzenia naturalnego np. L-

mentol.

Przeglad literatury wskazuje na zastosowanie BCL w reakcjach o znaczeniu

farmaceutycznym.
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Lipase from Burkholderia cepacia
(BCL)
Lipases (EC3.1.1.3) ure iImportant playersin the ' X C
biotechnological industry. They belong to hydrola ! et rofuran (tetr: afuran)
ses due to breaking chemical bonds In an aqueous S2C20 ee fatty

medium. The noteworthy aspect is that the lipa f velacity
ses show increased activity at the water lipid sur
face, which is named ‘interfacial activation® [1-3)

These enzymes, through the hydrolysis of trighy- uetivity significantly. The most common stra-
cerides (TG), to free fatty aclds (FFA) and glyce- tegy in this regard is immobilization onto, among
rol, demonstrate a significant role in the digestive  others, solid carriers [8, 9). The advantage of such
metabolism of fats [4]. Lipases are applied in syn u procedure is an increase in the activity and sta
thesizing and hydrolyzing organic compounds, bility of the enzyme. Nevertheless, it should be
e.g. esters and amines, involved in the pharma mentioned that final lipase activity after immobi-
ceutical industry [5), lization depends on Lipase origin, type of carrier,
Moreover, these enzymes are used in the prepa- reaction medium, zad type of immobilization [10).
ration of optically pure compounds, e.g. by a kine However, the catalvtic parametens of native lipase
tic resolution of a racemic mixture of drugs, when could also be improved by adding surfactants, Yan
the first of the enantlomers demonstrates prefera- et al. [11] studied the enantioselectivity of lipase
bie pharmacological activity and minor side effects  from Aspergilius oryzae modified by a nonlonie
than the second 6, 7). The lipases show high acti- surfactant {Tween 20). The achieved results indi-
vity in their frée form. However, they can be sub cate the high activity and enantioselectivity in the

jected Lo various processes aiming to increase their kinetic resolution of (R,S)-1-phenyiethanol,

I8 Yomps.nra-2022 195

Strona | 61



Lipase from Burkholderia cepacia (BCL),
previously called Preudomonas cepacia (PCL)
belongs to the most widely tested and applied
tipases in organic synthesis. The structure of the
fipase is shown in Figure 1 [12]. BCL is composed
of 320 amino acid residoes. According to the fite-
rature dutu [13, 14], the optimal thermal cond|-
tion for BCL was 50°C. Schrag et al. [15] presented
the conformation of PCL based on three inde-
pendent models. The active site of thiy lipase is
composed of S¢rd7, His286, and Asp264, forming
a catalytic triad. During the interfocial activation,
the movement of the a-5 helix, accompanied by
the relocation of the a-9 helix was observed. San-
chez et al, [13] reported that BCL stood out with
high hydrolytic activity to wide spectra of fatty
acids, irrespective of acid chain length. Kim et
ul. [16] demoastrated that BCL reveals a lack of
particular positional speciticity. BCL shows low
free-form stability; thus, it is widely studied in
immobilized form. The immobilization of BCL
has been so far performed by various techniques
(Figure 2). Physical adsorption s technically the
simplest method: therefore, among others, is the
most commonly used. BCL was adsorbed on, €.,
microporous propylene, mesoporous silicates,
or cross-linked polystyrene. Morcover, BCL was
immobilized by entrapment, on k-carmgeenan,
or covalent binding, on polyphenylene sul-
fide [13).

Figure L. The molecular structure of lpase from
Burkholderia cepacta (BCL) [12).

Ryvina U, Struktura lipazy z Burkholderia cepacia
(LTSRN

196

Lipase from Burkholderia cepacia -
obtaining of enantiopure
pharmaccutical compounds

(R)-1-phenylethanol
BCL is widely used in compounds” kinetic reso-
lution as chiral drugs or precursors, The race-
mic mixture of (R,S)-1-phenylethanol is one of
the most commonly investigated model substra-
tes, The resolution of this racemate has been per
formed to obtain a chirally pure (R)-enantiomer
[17]. {R)-1-phenylethanol is used in the pharma-
ceutical industry as a chiral building block indrug
synthesis. Moreover, sccording to the literature
[18, 19], (R)-1-phenylethanol was applied as the
ophthalmic preservative and inhibitor of cho
Jesterol intestinal absorption. The kinetic reso-
lutlon of (R,S)-1-phenylethanol is based on ey
transesterification catalyzed by lipase with an
acyl donor group to obtain optically pure (R)
1- phenylethyl ester, BCEL demonstrates an enan
tiopreference 1o (R)-enantiomer. The methods of
improvement of this reaction are widely descri-
bed in many reports (Tahle 1), Li et al. [20] per-
formed the kinetic resolution of (R.S)-1- pheny
iethanol catalyzed by BCL immobilized onto the
macroporous resin, using the vinyl acetate as the
acyl donor. The high enantioselective parame-
ters were oblained. The conversion (C) was 50,
and enantiomeric excess of the substrute {ee ) was
99% after 30 h of incubation, Kawakamietal, [21]
studied transesterification of (R,S)-1-phenyle-
thanol with BCL immobilized on modified sill-
cates, with vinyl acetate as the acyl donor. Simi-
lurly, the lipase showed high enuntioselectivity
with the enantiomeric excesses of 98-99%, and ©
of 40%., However, immobilization can also decre-
ase lipase activity, In this case, the Immobilized
lipase shows lower activity than the free form,
Hara etal, |22 performed enantioselective acyla-
tion of (R,S)-1-phenylethanol, catalyzed by BCL
in native form and immobilized by two diffe-
rent methods: immobilization in modified sol-
-gels and cross-linking with glutaraldehyde to
form the cross-linked enzyme uggregates (CLEAs).
The kinetic resolution was carried out with vinyl
acetute as the acyl donor and the t-butyl methyl
cther (TBME) as the solvent. According to achie
ved catalytic parameters for free Hpase (€ - 36'%)
and immobilized form (C - 477, for sol-gel com
plex and € - 51% for CLEAs) Improvement of the
Tipase activity after immobilization was demon
strated. In another study, Melais et al. [23) per-
formed kinetie resolution catalyzed by native
BCL with vinyl acetate and isopropenyl acetate as
the acyl donors, achieving (R)-1-phenylethanol.
The results were better for vinyl scetate {C = 31'%,

Tom Y8 nea-2022 im
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Figure 2. The review of immobilization technigques, including materials, advantages, and disadvantages
Rycing 2, Przeglad technik immobilizac)l, uwzglednlafacy materlaly, zalety ( wady.

ee - 98.5%) than isopropenyl acetate (C - 11.4%,
ee -« 99%) Itis worth noting that in the previous
paper [24], the kinetic resolution of (R,S)-1-phe

nylethanol with isopropenyl acetate as the acyl
donor has been Investigated. The gained results
(€« 51'%, ee_- 94%) indicate high enantioselec-
tivity of BCL. It should be emphasized that the
studies on the new methads of applying BCL in

I8 tomps.onra-2e22

obtaining highly pure (R)-1-phenviethanol are
angoing.

(S)-ibuprofen and (S)- ketoprofen

Lipases are applicd in the Kinetic resolution
of profess, the 2-arvipropionic acid derivatives,
which belong to nonstesoidal anti-inflamma
tory drugs (NSAIDs) [25]. Some compounds from

%97
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Table 1. The kinetke resolution of (R.8)-1-phenylethanol catalyzed by HCL presented In various publications [20-24),
Tabela 1. Kinetyczny rozdzial (R.S)-fenyloctanolu, katalizowany przes BCL, zaprezentowany w raznych publikacisch [20-24],

Foem of lipase
Immabikzed
Immobized

immebibzed
Native (Froe}

Native (Free)
“* « data not avalable

Mppant Aoy grovep dumse
Macroparous resn Vinyl acetate
Siicates Vgl acetate
L

4 ﬁm acetate
: Wapropenyt acetate
- _;pw:a.ul;

profens group undergo the characteristic pheno-
menon, known as the chiral metabolic inversion,
The reaction is based on the transformation of (R}~
~enantiomer to preferable {§)-enantiomer form
in the presence of coenzyme A (CoA), adenosine
triphosphate (ATP), and Mg" |26]. In the case of
{R.S)-ibuprofen, the differences in the therapeutic
activities of cach enantiomer have been described
in the literature, indicaring thar the {8)-ibuprofen
in the in vrro tests s characterized by 160 times
higher activity than (R) ibuprofen in inhibiting
prostaglandin synthests [6). According to Siddmiak
ct al. [27], (S)-enantiomer inhibits the activity of
both types of cyclooxygenases COX (COX-1 and
COX-2) while (R)-tbuprofen inhibits COX-1 less
potently than (S)-form and shows lack of inhihi-
tion of COX-2. Moreover, the gastrointestinal side
effects, typical for this group of drugs, could be
reduced using (S)-ibuprofen. Rajan et al. [28] sho-
wed the formation of the {S)-amy! ibuprofen cata-
Ivzed by cross-linked BCL (cross-linked enzyvme
crystuls - CLECs) with n-amyl alcohol ax the acyl
acceptor. Furthermore, the kinetic resolution of
(R, S)-ibuprofen was alse studied using other lipa-
ses, ¢ Candida rugosa (CRL) and lipase B from
Candida anrarctica (CAL-B) |7, 29, 30). In the case
of (R,5) ketoproten, it was reparted that {S) - enan
tiomer demonstrates lower toxicity and minor side
cffects with essentially better therapeutic acti-
vity. Li et al. [31] tested the kinetic resolution of
(R.S)-Ketoprofen catalyzed by BCL immaobilized
on resin with various alcohols as the sevl accep -
tory. The (R)-Ketoprofen ester and the (S)-keto-
profen ester were obtained with the best results for
1-actunol {E < 1.91 « 0.07) and 1-heptanol (£ - 1.61
£ 0.12),

Muyo-inositol derivatives

Muyo-inositol ts the organic compound in gly-
cerophospholipids, which are included in neu-
rotransmitters, e.g. inositol triphosphate (IP)
and diacviglveerols (DAG). Moreover, muo-ino-
sitol increnses the activity of glucose transporter

198
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proteins. Therefore, it has been applied as a sup-
plement in the treatment of gestational diabetes
(GDM - gesrational diabetes mellitus) and poly-
cystle ovary syndrome (PCOS) [32]. The derlvatives
of myo-inositol were used to synthesize enzyme
inhibitors and building blocks in drug synthe
sis, Gammon et al. [33] carried out the synthesis
of 2-deoxy-2-C-alkyl glucosides of mye-inositol,
These analogs. due to Inhibition of an N-deacety-
lase, were applied as the intermediates in myco-
thiol biosynthesis, Manoel et al, [34] performed the
kinetic resolution of racemic 1,34 tri- 0 benezyl
~mya-inositol catalyzed by BCL immobilized onto
Accurel MP 100 with vinyl scetate as acyl donor.
The achieved catalytic parameters (C - 4994,
ee « 99 after 24 h of incubation) indicate high
enantioselectivity of BCL,

(R)-mandelic acid

Mandelic acid is the chiral compound. applied
as the building block in pharmaceutical synthesis.
In dermatology, mandelic acid, because of its exto-
liating and moisturizing activity, is contained in
creams for patients with sensitive skin with mode-
rate acne [35]. The (R)-mandelic acid methyl ester
(MAME) was used in the evaluation of the spe-
cificity of acylase (rom various origing (Excheri
¢hia coli, Kluyvera citrophila, Acetobacter tur-
biduns, Bocillus megaterium) [36]. These scylases
were applied subsequently as the catalysts in the
svithesis of crucial f-lactam antiblotics (ampi-
cillin, cephalexin, cephamandol). The high speci
ficity of acvlase from Escherichia coli and Kluy-
vera citrophila to MAME was demonstrated by the
ratho of VMAME/VPGK » 1. This selection of enzy-
mes was kedprul in the Kinetically-controlied syn-
theses of antibistics, In anather study, Dabkow-
ska etal, [27] performed the kinetic resolution of
racemic (R.S)-mandelic ackd catalyzed by BCL in
free form with vinyl acetate as the acyl donor In
various thermal conditions (25-60°C). It was conc-
luded that enzyme aflinity constants are regardless
of temperature, According to the obtained Kinetic
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parameters, it was suggested that BCL had 4 higher
affinity to (R)-enantiomer than (S)-enantiomer:
however, (S)-enantiomer reacted faster,

I.-menthol

BCL in whole-cell form has been applied for
obtaining enantiomers of natural compounds.
L-menthol has commonly used as a coolant and
pain demuleent in various drug forms such as
ointments, creams, gels, and slices, Yu et al. [38)
studied the hydrolysis of DL-menthyl acetate to
obtain L-menthol catalyzed by various lipases.
Based on recelved catalytic parameters (C - 435
and ee « 977), the whole- cell BCL {American Tvpe
Culture Collection - ATCC 25416) showed high
enantinselectivity, Therefore, according to the
author's conclusions. this enzyme was the most
sultable blocatalyst tor achleving optically pure
L-menthol.

Propan-1,3-diol derivatives

The derivatives of propan-1,3-diol have been
concerned, due to substitution in position 2 (chiral
center), as the important intermediates in achie-
ving antitumor antibiotics, antifungal and immu-
nosuppressive drugs [39), BOL has been used to
catalyze enantioselective desymmetrization. The
transesterification of ((1,3-dihydroxypropan-
-2-yloxy)methyl)-5,6,7.8 - tetrahydroquinazo-
line-2,4(11,2H) - dione, was catalvzed by BCL in
two solvents: tetrahydrofuran (THF} and 1-butyl
methyl ether (TBME). The catalvtic parameters
were obtained after 2.5 h of incubation (ec « 94'%
in THF, ce - 99 in TEME). The efficient enantio-
selectivity of the reaction showed the high userul-
ness of BCL in catalyzing these reactions.

Conclusions

Lipase from Burkholderia cepacia is charac-
terized by the high utility in the reactions leading
to obtaining chiral drugs or building blocks, Due
to the immobilization of BCL onto supports by
varipus methods, it is possible to increase the cata-
Iytic abilities of lipase. BCL has been used in cata-
Iyzing the reaction of obtaining chirally pure (R)-
-1-phenylethanol, (S)-ibuprofen, (S)-ketoprofen,
(R)-mandclic acid, L-menthol, and myo-inosi-
tol und propane-1,4-diol derivatives. Each of the
obrained compounds, to a greater or lesser extent,
isupplied in pharmacestical reactions. Taking into
account the received catalytic parameters, ¢.g. {ee
+ 99, C+40), it should be added that the new ¢nan-
tiomers were characterized by high optical purity.
The comprehensive studies concerning the use of
lipase in enantioselective biocatalysis allowed per-
ceiving BCL as the versatile catalyst in obtaining

I8 tomyaonra-2022

chirally pure compounds, widely applied in medi-
cinal and pharmaceutical areas.
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11.4. Ocena aktywnosci enancjoselektywnej i lipolitycznej lipazy Amano A z Aspergillus niger — P4

Tomasz Siddmiak, Jacek Duleba, Natalia Kocot, Dorota thr(')bska-Swietlikowska, Michat Piotr
Marszatt, The High ‘Lipolytic Jump’ of Immobilized Amano A Lipase from Aspergillus niger in
Developed ‘ESS Catalytic Triangles’ Containing Natural Origin Substrates, Catalysts, 2022, 12, 853.

Lipaza Amano A z Aspergillus niger (AA-ANL) nalezy do najpowszechniej stosowanych
komercyjnie dostepnych lipaz z Aspergillus niger (ANL). AA-ANL w reakcji hydrolizy, w
poréwnaniu z APS-BCL, wykazuje zwigkszong aktywno$¢ w kierunku tancuchow weglowych
substratow sredniej dlugosci. Ponadto, cechuje si¢ wysoka aktywnos$cig i stabilnoscig. Podobnie jak
APS-BCL, ze wzgledu na obecnos¢ wieczka w strukturze, wykazuje aktywacje miedzyfazowa, co

umozliwia wzrost aktywnosci katalitycznej.

Przeprowadzono kinetyczny rozdziat (R,S)-1-fenyloetanolu w reakcji transestryfikacji
katalizowanej przez AA-ANL w formie wolnej i immobilizowanej na no$niku poliakrylowym IB-
150A. Otrzymane wyniki nie wskazaly na wysoka aktywnos¢ enancjoselektywna lipazy w obu
formach (Rycina 11, dane nieopublikowane w P4). Z tego powodu, uznano reakcje za

nieselektywng — wyniki uzyskane w badaniach nie zostaly uwzglednione w publikacji.

a
?.

PP TR, PO U SO

o ,
IFEPIPEPIR TP TP W .
-
L
3

Rycina 11. Chromatogram kinetycznego rozdziatu (R,S)-1-fenyloetanolu, katalizowanego przez
immobilizowang AA-ANL. Wysokie piki substratow wskazujq na nieselektywnosc¢ reakcji.

Oznaczono aktywnos¢ lipolityczng immobilizowanej AA-ANL. Badanie zostalo poprzedzone
spektrofotometrycznym wyznaczeniem ilo§ci immobilizowanego biatka metoda Bradforda [85].
Hydroliz¢ enzymatyczng prowadzono W 22 olejach pochodzenia roslinnego oraz oleju rybnym [86].
Zbadano rowniez wptyw zawartosci poszczegolnych kwasow 3/m6/w9 w substratach na aktywnosé¢

lipazy. Wyznaczono parametry katalityczne, takie jak Iy i le.

Otrzymane wyniki wskazywaty na niskg aktywnos¢ lipolityczng AA-ANL w formie wolnej.

Z drugiej strony, zaobserwowano znaczacy ,,SKok” aktywnosci lipazy w formie immobilizowanej w
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poréwnaniu z postacig natywna. Hiperaktywacji immobilizowanej lipazy nie uzyskano w reakcji
hydrolizy triglicerydow kwasow tluszczowych zawartych w oliwie z oliwek — w pozostatych olejach
immobilizowana AA-ANL wykazywata niezwykle wysokg aktywnos$¢ np. 2400.00% w oleju z pestek
dyni, 1433.00% w oleju rybnym czy 1266.67% w oleju kukurydzianym. Na podstawie wynikow
uzyskanych w badaniach wstepnych, do dalszych oznaczen wybrano olej arachidowy. Odnotowano
wyzszg aktywnos¢ lipolityczng w olejach z warto$cig stosunku w6/@9 powyzej 3.44 oraz spadek

aktywno$ci przy zmniejszeniu si¢ warto$ci stosunku w3/m9.

Zbadano réwniez aktywno$¢ lipolityczng AA-ANL immobilizowanej na dwoch innych
nos$nikach polimerowych, r6znigcych si¢ od IB-150A typem oddziatywan — IB-D152 (oddziatywania
kationowe) i IB-EC1 (oddzialywania niejonowe adsorpcyjne). Wykazano znaczacy wptyw typu
uzytego nosnika na ilo§¢ immobilizowanego biatka. Dane literaturowe wskazuja, ze mata ilo$¢ lipazy
unieruchomionej na no$niku mozna skutkowa¢ wyzszg aktywnoscig lipolityczng — fakt ten moze

wynika¢ z braku zawady sterycznej, ktora moze nastapi¢ w przypadku przetadowania nosnika lipaza.

Przeprowadzono badanie wptywu temperatury (25-65°C) i pH (4-9) na aktywno$¢
immobilizowanej AA-ANL. Zaobserwowano tzw. skok lipolityczny w calym zakresie warunkow
reakcji. Otrzymane wyniki sugeruja znaczacy efekt warunkow reakcji na aktywnosé lipolityczna
immobilizowanej AA-ANL. Ponadto, zbadano wptyw dwoch réznych mieszanin olejowych jako
substratow na aktywnos$¢ lipazy. Substraty sklasyfikowano na podstawie aktywnosci enzymu,
uzyskanej w badaniach wstepnych: olej ,,mocny” (wysoka aktywnosc¢), olej ,,Sredni” ($rednia
aktywnos¢), olej ,,staby” (niska aktywno$¢). W przypadku mieszanin olejéow ,,mocnych”, olejow
,»Srednich” oraz oleju ,,mocnego” i ,,stabego” zaobserwowano wysoka aktywno$¢ lipolityczna, oraz
niskg aktywnos$¢ lipolityczng w przypadku oleju ,,$redniego” i ,,stabego” oraz $rednig przy olejach
»stabych”. Nie stwierdzono efektu hiperaddycyjnego aktywnosci w zadnej z zastosowanych

mieszanin.

W nastgpnych etapach testowano wptyw ponownego uzycia nos$nika na aktywnos$¢
lipolityczng AA-ANL w 4 cyklach, badanie stabilnosci AA-ANL oraz wyznaczono parametry
kinetyczne reakcji. Otrzymane wyniki wskazaty na nieznaczny spadek aktywnosci lipolitycznej AA-
ANL wzgledem pierwszego cyklu. Jednakze, badania stabilnosci wykazaty znaczacy spadek
aktywnosci po 7-dniowym przechowywaniu immobilizowanej AA-ANL w komorze klimatycznej
KBF P240. Biorac pod uwage parametry otrzymane w badaniach kinetycznych (wyzsze Km i Vimax),
wyznaczonych z krzywej Lineweavera-Burka, stwierdzono spadek powinowactwa immobilizowanej

lipazy do substratu w poréwnaniu z forma wolna.
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W przeprowadzonych badaniach otrzymano niskg aktywno$¢ enancjoselektywng i wysoka

lipolityczng lipazy AA-ANL immobilizowanej na no$nikach polimerowych. Jednakze, natywna AA-

ANL wykazywata niskg aktywno$¢ w obu typach reakcji. W oparciu 0 wyniki badan aktywnosSci

enzymatycznej lipaz, wprowadzono pojecie ,,trojkata katalitycznego”, obejmujacego uktad enzym-

nosnik-substrat ze wzajemnymi oddziatywaniami (Rycina 12) [87]. Wspomniany uktad reakcyjny

jako cze$¢ tzw. biblioteki katalitycznej stanowi wazny aspekt w projektowaniu uktadow

katalitycznych stosowanych w reakcjach o znaczeniu farmaceutycznym.

TROJKAT KATALITYCZNY

DYSPERSJA

SRODOWISKO REAKCJI

Rycina 12. Schemat tzw. tréjkqta katalitycznego i jego sktadowych [87].
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Abstract: Lipase Amano A from Aspergallus niger {AA-ANL) is among the most commonly applied
enzymes in biocatalysis processes, making it a significant scientific subject in the pharmaceutical
and medical disciplines. In this study, we investigated the lipolytic activity of AA-ANL immobi-
lized onto polyacrylic support IB-150A in 23 oils of natural origin containing various amounts of
polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MUFAS), The created systems
were expressed as an ‘ESS catalytic triangle’. A distinct ‘jump’ {up to 2400%) of lipolytic activity
of immobilized AA-ANL compared to free lipase and hyperactivation in mostly tested substrates
was observed. There was a “cutoff limit’ in a quantitative mutual ratio of w-PUFAs/MUFAs, for
which there was an increase or decrease in the activity of the iImmobilized AA-ANL. In addition, we
observed the beneficial effect of immobilization using three polyvacrylic supports (IB-150A, [B-D152,
and IB-EC1) characterized by different int lecular interactions. The developed substrate sys-
tems demonstrated considerable hyperactivation of immobilized AA-ANL, Morcover, a ‘lipolytic
jump” in the full range of tested temperature and pH was also observed, The considerable activity
of AA-ANL-IB-150A after four reuse cycles was demonstrated. On the other hand, we observed
an essential decrease i stability of immobilized lipase after 168 h of storage in a climate chamber.
The tested kinetic profile of immobilized AA-ANL confirmed the inc | affinity to the
relative to lipase in the froe form,

Toabrab

Keywords: Lipase Amano A from Aspergillus niger; Immobead polyacrylic supports; vegetable oils of
natural onigin; fish oil; PUFAs; MUFAs; ‘lipolytic jump’; hyperactivation

1. Introduction

Biocatalysis has become an increasingly important scientific field in recent years.
Given the multidisciplinary interconnections between biotechnology, pharmacology, and
biochemistry, the use of enzymes in synthesis reactions and analysis is emerging as an
interesting alternative to chemical catalysts. Catalytic reactions are characterized by low
cost, mild conditions, and environmental friendliness, Therefore, they are included in
the so-called ‘green chemistry’ domain. A wide range of enzymes with specific prop-
erties is applied in biocatalysis. As catalysts, lipases (EC 3.1.1.3) in particular deserve
the attention of researchers, These enzymes, which are a significant part of the hydro-
lase group, show activity such as hydrolysis of triacylglycerols to fatty acids, di- and
monoglycerols, and glycerol (Figure 1) [1-6]. The action occurs in the water—oil interface.

Catalysts 2022, 12, 853 hitps:/ /doil.ong/ 10,3390/ catal 1 2080851

hitps:/ /www.mdpl.com /journal /catalysts
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Furthermore, they are characterized by substrate specificity and stereoselectivity toward
the ester bond [7-9]. An interesting phenomenon is so-called “interfacial activation’, an
exposition of the lipase active center by the movement of the characteristic “lid" [10-13],
The consequence is a change in lipase conformation from closed to open form, resulting
in increased enzymatic activity. The ‘interfacial activation” is specific for most lipases
(e.8., Aspergillus niger, Burkholderia cepacia, Camdida rugosa, Thermomyces languinosis, and
Rhizomucor michei). However, its occurrence has not been observed in some cases (e.g.,
lipase B from Candida antarctica, Pseudomonas acruginosa, and Burkholderia glhomae) However,
the characteristic features of this enzyme group have been commonly applied in medicine,
pharmacy, biotechnology, and cosmetology [13-19]. Lipases catalyze a wide range of reac-
tions, .., esterification, transesterification, and interesterification, as well as acid-, amino-,

and alcoholysis [14,20].

i o I
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+ + +
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Figure 1. Hydrolysis of triacylglycerols catalyzed by lipase,

Amano lipase A from Aspergillus miger (AA-ANL) is a commercially available lipase
of Aspergillus sp. origin. It is the most commonly applied enzyme in numerous catalytic
reactions [21-25]. According to the literature, AA-ANL is characterized by positional
spexificity toward 1- and 3-glycerol groups and substrate specificity to the medium-length
carbon chains, The optimal temperature range of this lipase is 40-50 °C, with an optimal
pH of 4-7. Lipase from Aspergillus niger (ANL) exhibits high levels of activity, stability,
and specificity [21,26,27]. Therefore, it has been used in the pharmaceutical, biotechnologi-
cal, chemical, food, cosmetics, and agricultural industries [25,29). Apart from commonly
applied commercial preparations, ANL is often acquired in laboratories, e.g., by fermen-
tation or genetic recombination [10-33]. Owing to its properties, AA-ANL has proven its
usefulness in catalyzing abundant reactions in both free |30-37] and immobilized forms.
Qiao et al. [34] exploited AA-ANL in the native (free) form to hydrolyze triglycerides from
soybean oil to obtain biodiesel by efficient and environmentally-friendly means. On the
other hand, Yildiz et al. | 23] performed enzymatic hydrolysis of 1,3-ketoacetates catalyzed
by AA-ANL to obtain chiral f-hydroxy ketones, which are used as building blocks in the
synthesis of macrolide antibiotics and antitumor drugs. In another work, Kuboki et al. [25]
applied AA-ANL to deacetylation to obtain regioselective cytidine. AA-ANL has also been
tested as a catalyst in Henry reactions (nitroaldol reactions) to afford chiral f-nitroalcohols,
which are used as intermediates in the synthesis of antibiotics, fungicides, and insecticides.
The studies mentioned above [22,23,35] demonstrate the wide applicability of AA-ANL in
catalyzing reactions of pharmaceutical significance. Given currently dominant research
trends, improvement of the catalytic parameters of lipase (activity, stability, and specificity)
is required. Immobilization is one of the most popular processes associated with the modifi-
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cation of enzymatic properties [35-42], The interaction between lipase and immobilization
material, so-called ‘support’, occurs by various mechanisms, as shown in Figure 2,

MATIIN

PHYSICALADSORPTION

LIPASE
IMMOBILIZATION

009099

] COVALENT BONUS

COVALENT BONDING

CROSS-LINKING

Figure 2. The simplified division of immaobilization technigues. “L" indicates a lipase molecule.

Covalent binding should be included in the above-mentioned immobilization meth-
ods, among others, due to the remarkably durable connection of lipase support [417—45].
This interaction is stronger than physical adsorption. Therefore, the risk of ‘leakage” of
lipase from the formed complex is significantly decreased. Compared with crosslinking
and entrapment methods, covalent binding is charactenized by lower ngidity, which results
in increased lipase activity. Furthermore, a sustainable immobilization technique should
provide the optimal rotation in enzyme molecular structure towards open conformation
exposition. However, in the case of the functional group of the support, containing the
so-called “short spacer arm’, this interaction can cause attraction of the substrate too close
to the enzyme active center, resulting in their blockade and, ultimately, limited avail-
ability, which determines decreased enzyme activity. On the other hand, the stability of
the formed bond allows for the reuse of immobilized lipase in subsequent reaction cy-
cles, owing to the strong interaction, preventing enzyme loss. An additional advantage
of the above-mentioned technique is low reaction cost compared with crosslinking and
entrapment. Moreover, immobilization does not require extreme conditions or aggres-
sive chemicals (disturbing or destroying protein lipase structure), which is considered
environmentally friendly. Therefore, this method has been commonly applied in the im-
mobilization of many lipases, such as lipase B from Candida antarctica (CAL-B), lipase
from Candida methylica (CML), Thermomyces languinesis (TLL), Rluzomucor miehei (RML), or
Amano lipase PS from Burkholderia cepacin (APS-BCL) [44,46-52]. In the case of supports, the
widely tested materials in covalent binding are of polyacrylic origin. These include, among
others, commercially available Immobead 150 (IB-150). As materials with various func-
tional groups (IB-150P: polar; IB-150A: apolar), they are used for immaobilization of various
lipases [46,51,53-55], as well as enzymes from other groups, such as fi-galactosidases, pul-
Tulanases, dehydrogenases, or laccases [56-59], 1B-130 was investigated for immobilization
of p-galactosidase from Aspergillus oryzae for the modification of support functional groups.
Regarding AA-ANL, immobilization has been performed with several methods. However,
the process of applying the Immobead polyacrylic supports for AA-ANL has not been
reported in the literature to date. Zdarta et al. [o0] immobilized AA-ANL onto the surface
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of silica Stober to improve the immobilization and testing of lipase kinetic parameters,
In other studies conducted by the same authors, lipase AA-ANL was immobilized onto
sponges from Luffa cylindrica in an attempt to improve the thermal and chemical stability of
the catalyst. As mentioned above, the application of AA-ANL immobilized onto polymeric
support IB-150B has not been studied. Therefore, it was suggested that studies concerning
the above issues could be helpful in the modulation and development of a “catalytic library’
composed of a wide range of designed enzymatic models and support materials. To create
such a system, and optimal substrate must be selected. The enzymatic activity of lipase is
expressed by its lipolytic activity, The application of triglycerides containing fatty acids is
determined by the length of the carbon chain appropriate for lipase specificity, e.g., CAL-B
prefers short-chain fatty acids, In contrast, lipase APS-BCL shows high activity toward
carbon chains, regardless of their length [10,61,42]. In turn, AA-ANL prefers substrates
containing medium-length carbon chains [24], The wide spectrum of substrates used for
lipase-catalyzed hydrolysis includes fats with unsaturated fatty acids from both vegetables
and animals, such as polyunsaturated fatty acids (PUFAs) w3 (with three double bonds),
wh {with two double bonds), and monounsaturated fatty acids (MUFAs) w9 (with one dou-
ble bond) of natural origin (not synthetic). a-linolenic (ALA), eicosapentaenoic (EPA), and
docosahexaenoic (DHA) are among the most important w3 PUFAs, They are an important
component of a healthy human diet, especially EPA and DHA, the supplementation of
which decreases cardiovascular disease risk. Additionally, they exert a slight antidepressive
effect and support lipogenesis, which is a promising obesity treatment [62-67], According
to recent reports 80, w3 PUFA supplementation, especially DHA, can accelerate the regen-
eration of the organism after COVID-19 infection [65,64]. For the above-mentioned reasons,
increasing interest in including w3 PUFAs in the diet has been observed [65-71]. Moreover,
the formulation of cod liver oil, registered as an OTC drug, was recently introduced into the
pharmaceutical market. Until recently, only preparations registered as dictary supplements
or food for special medical purposes were available [69,70], Regarding wé PUFAs, the main
compound from this group is linoleic acid (LA), which, in its coupled form (CLA), despite
transconfiguration, shows many health-promoting effects, such as decreasing cholesterol
oxidation and increasing f-oxidation in skeletal muscles [63,72]. Another advantage of
LA is the possibility of its endogenous production in human organisms compared with
EPA and DHA. On the other hand, excessive dietary consumption of LA can cause a fatty
liver |73] Oleic acid (OA) is the main representative of w9 MUFAs, Like LA, OA is an
important encrgetic reservoir for the organism and exhibits antisclerotic activity, However,
excess OA can be harmful to the metabolism. Therefore, a PUFA-rich diet should be prop-
erly balanced. Hence, unsaturated fatty acids are applied in developed multicomponent
(MC-UFA) systems. As suggested by the authors of previous works [61,62], the w6/w3
PUFA supplementation system seems to be the most beneficial for the human organism.
In contrast, the proportion of wé to w3 PUFAs should not be high due to the previously
mentioned risk of obesity associated with fatty liver [73]. With respect to dietary supple-
ments containing PUFAs and MUFAs, MC-UFAs contain both and occur in vegetable oils,
which are, together with fish oil, the main sources of PUFAs in the human dict. The ratios
of w-PUFAs and w-MUFAs in fish and vegetable oils are been shown in Table 1.
Preliminary studies and literature data show that the ratio of w-PUFA content can
influence lipase lipolytic activity in the lipolysis process. Therefore, applying fish and
vegetable oils with various amounts of unsaturated fatty acids could be helpful in the
development of optimal catalytic systems. An interesting model is the so-called ‘catalytic
triangle’, which is composed of the enzyme, support, and substrate (ESS) related to each
other by intramolecular interactions [74]. In this study, we aimed to investigate the effect of
the broad spectrum of substrate systems with varving content of w-PUFAs and w-MUFAs
on the lipolytic activity of AA-ANL in free form and immobilized onto polyacrylic support
[B-150A. We tested the influence of six oil mixtures on the enzymatic activity of immobilized
AA-ANL. In addition, the effect of temperature, pH, and three supports on the selected
substrates was investigated. Moreover, the influence of reusing immobilization complex
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AA-ANL-IB-150A on lipase activity was evaluated, We also verified the stability of the
enzyme following storage in a climate chamber. Kinetic parameters were determined to
establish the profile of the lipase affinity for the substrate in light of the lipolytic activity of
immobilized AA-ANL corresponding to various amounts of substrate,

Table 1. The quantitative ratios of w-PUFA and w-MUFA acids in fish and vegetable oils, The
data were established based on information provided by Oleotarm (Poland) and Sigma-Aldrich
(Stemnheim, Germany),

Qil wiwe whlawy wilw9 WwHw3 wHw3 wIwe
Peanut - 0.09 - . - 10,95
Blackberry 171 . - 059 - -
Rapeseed 047 029 013 213 747 350
Pumpkin seed - 143 - - - 0.20
Walnut 059 100 059 1.0 170 100
Sesame - 1,03 - - - 0.97
Avocada . 0.19 - - - 5.31
Rice - 073 - - - 1.38
Comn - 175 . - . 057
Black sved - 236 - - - 042
Hemp 031 464 145 e 0.69 022
Safflower - 531 - - - 0.19
Grape seed - 344 - - - 0.29
Hazelnut - 0.12 . . - 8.09
Evening primrose . 10.09 . . - Q.10
Argan - 0.66 . . 151
Milk thistle - 204 - - - 049
Borage 042 - - 58.00 - -
Apricot kernel - 038 - - - 261
Olive - 0.10 - ~ - 9.71
Fish 6.67 0.60 400 015 025 1.67
Sunflower - 004 - . - A2
Linseed 004 . . 2423 - -

2. Results and Discussion
2.1. Effect of Substrates on the Lipolytic Activity of Immobilized AA-ANL

In the present study, we evaluated the lipolytic activity of AA-ANL immobilized
onto polyacrylic support IB-150A (U)) and in its free form in an amount corresponding to
the amount of lipase immobilized onto the support (L), as determined by the Bradford
method (LAg) [46,75]. We screened 22 vegetable oils and fish oil. Lipase loading (L ), immo-
billzation yield (1,), and immobilization efficiency (1) were calculated based on the obtained
results. The data are juxtaposed in Table 2. The amount of lipase immobilized onto poly-
acrylic support 1B-150A was in the range of 4.0 -+ 0.3-6.5 £ 0.1 mg, with an immobilization
vield of 40 £ 3.0-65 = 1.0%, whereas (L; ) was in the range of 80.0 - 6.0-130.,0 - 20 mg on
1.0 g of support. According to the lipase amount corresponding to the amount immobilized
onto the support, AA-ANL showed the highest activity in olive (11.33 + 0.25 U), grape
seed (6.83 £ 0.35 U), and rice (533 & (.51 U) oils, In contrast, the tested lipase was the
least active in sesame, corn, and hazelnut oils (0.50 = 0.10 U). In the case of AA-ANL
immobilized onto 1B-150A beads, the most activity was observed in milk thistle, linseed
(9.17 + 0.25 and 9.17 4 0.10 U, respectively), and grapeseed (8.67 = 0.17 U) oils. The results
were compared with literature data [16,61]. We studied the lipolytic activity of the immobi-
lization complex of AA-ANL-IB-150A toward a significantly wide spectrum of substrates
for the first ime. Duleba et al, [01] investigated the lipolytic activity of free APS-BCL {initial
amount: 10.0 mg) in 13 vegetable oils. High levels of enzymatic activity were achieved in
the 27.5-44.3 U range. The highest activity of APS-BCL was shown in black cumin, hemp,
safflower, and grapeseed oils, and the lowest levels of activity were observed in peanut
and walnut oils. On the other hand, Siodmiak et al. [46] studied the lipolytic activity of free
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CAL-B in olive oil (2,69 U). Our studies showed significantly lower (more than tenfold)
enzymatic activity of AA-ANL relative to APS-BCL, which was simultaneously higher
than that of CAL-B. The results confirmed that AA-ANL prefers fatty acids with a medium-
length carbon chain. However, compared with APS-BCL, AA-ANL presents a lower affinity
to the long carboen chains of fatty acids. Furthermore, AA-ANL is characterized by higher
levels of activity than CAL-B, which favors the short carbon chains of fatty acids, The sug-
gested conclusions concern lipase in its native form. The discussed relations altered in the
case of immaobilized AA-ANL Considering the /. parameters, immobilized AA-ANL, apart
from a few cases, presents significant hyperactivation {2 100%) compared to the free lipase
in an amount corresponding to the amount immobilized onto the support, In turn, with
respect to the immobilization efficiency parameter, immobilized AA-ANL was the most
active in pumpkin seed (2400.00%), fish (1433.33%), and comn (1266.67"%) oils. A comparison
of the obtained results with literature data [62] suggests that immobilization significantly
improved the lipolytic activity of AA-ANL. Lipase APS-BCL hyperactivation occurred in
four oils (peanut, pumpkin seed, walnut, and corn oils), as expressed by activity recovery,
whereas hyperactivation expressed by activity retention was only demonstrated for peanut
oil. The hyperactivation value of immaobilized APS-BCL slightly exceeded 100%, However,
it should be noted that APS-BCL showed high levels of activity in its free form. According
to the enzymatic activity value (U), we hypothesized that immobilization decreased the
lipolytic activity of APS-BCL. The results achieved in this study indicate a beneficial effect
of immobilization on the lipolytic activity of AA-ANL. Immobilization of lipase onto a
polyacrylic support was based on covalent binding of distinct groups contained in the
suppaort (oxirane group), with a strong nucleophilic group expressed in the lipase molecule
(probably the amine group from the catalytic triad in the active enzyme center). In the case
of APS-BCL, the so-called short “spacer arm’ formed by this bond is localized too close
to the lipase active center, Therefore, the availability of lipase to the substrate was hin-
dered [46]. Alagoz et al. [76] studied the effect of the ‘spacer arm” on the activity of pectinase
immobilized onto two types of support: Florisil (magnesium silicate) and nanosilicate. The
results of the study showed that immobilization using a 3-glioxy propyltriethyloxisilicate
(3-GTPMS) “spacer arm’ caused enzyme inactivation. The authors explained the effect of
the significant rigidity of the immobilization complex, which contributed to the blockage of
the pectinase active center. On the other hand, the ‘spacer arm’ of the glutaraldehyde had a
pasitive effect on lipase retention. Glutaraldehyde has also been applhied as a “spacer arm’
in the immobilization of lipase from Thernomyces languinosis on a multicomponent support
system (metalorganic structure hydroxvapatite-glycyrrhizin-lithium) [77]. According to our
research, regarding AA-ANL, the short ‘spacer arm’ seems not to block substrate access to
the enzyme active site. The immobilization onto the support and stiffening of the complex
promotes the substrate, ipso facto increasing lipase reactivity [61]. However, the steric
hindrance in these complexes may impede the availability of the substrate to the enzyme
active site [42,46,62,75). The extremal increase in lipolytic activity is dependent on the type
of substrate used. Each oil contains a certain amount of unsaturated fatty acids, All used
substrates have w6 PUFA, such as LA. Additionally, blackberry, rapeseed, walnut, hemp,
borage, linseed, and fish oils contain w3 PUFAs, such as ALA (fish oil also contains EPA
and DHA). In turn, blackberry, linseed, and borage oils do not contain w9 MUFAs acids,
stich as OA. The main representatives of the unsaturated fatty acids group differ in terms of
the number of double bonds and chain rotation (so-called “kinks"), which could influence
lipase lipolytic activity [61,62,79-51]. The effect of the ratio of w6/ w9 PUFAs/MUFAs on
APS-BCL activity has been described in previous works [61,62). Authors assumed that
in oils characterized by a ratio of w6/ w9 of more than 2.3 {cut-off limit = 2.3) [61], lipase
lipolytic activity is higher than in oils with a ratio below this value. This dependence
was observed for both (free and immobilized) lipase forms. In the case of our studies, the
cutoff limit (the w6/ w9 PUFA /MUFA ratio) for AA-ANL lipase was 3.44, above which
value it showed higher activity than in the case of other oils, With respect to the ratio of
w3/ w9 PUFAs/MUFAs, as the value declined, the AA-ANL activity decreased. However,
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comparison was only possible between oils containing w3 PUFAs; hence, the comparative
spectrum was relatively limited. Taking into account the results of prior research [61,62],
the effect of the w6/ w9 ratio on AA-ANL activity was confirmed, although without linear
dependence. Notwithstanding, the investigation showed the extremely beneficial effect
of immobilization by the covalent binding method on AA-ANL lipolytic activity. The
obtained catalytic parameters are undoubtedly helpful for the development of substrate
systems to obtain modified optimal models. Such a system could be applied to in vitro tests
with the aim of fat digestion, especially of fats unfavorable to human health. As mentioned
in the Introduction, a diet containing unsaturated fatty acids should be properly balanced,
as an excess of wb PUFAs can be harmful to the organism [73]. Our results showed the
high catalytic specificity of AA-ANL to w6 PUFAs, which can be useful in the future to
create a therapeutic system supporting the release of fat excess from the body. However,
further studies on wider substrate and support spectra should be conducted to confirm the
beneficial lipase activity in the developed substrate systems; we attempted to do so, which
will be described in a subsequent report.

Table 2. AA-ANL lipolytic activity in free form and immobilized onto IB-150A support in 22 vegetable
oils and fish oil.

LAy! Lt ) 4 Uy * u*
O mg gy R LT olmin)  (molimin)
Peanut 61401 120420 6LOE10 25000 0674010 1674010

Blackberry 58401 1160420 580410 15882 2834017 4504035
Rapeserd 59402 1180440 59020 11333 2504+ 010 2834029
Pumpkinseed 40403 800460 400430 240000 0174009 4004025

Walnut 57201 114020 57010 44000 083017 367042
Sesame 65+01 100£20 650£10 56667 050010 2834025
Avocado 6302 136040 63020 4285 L17£010 500017
Rice 4501 90020 45010 13438 533051 7172009
Cormn 614001 1220420 610210 126667 0504010 6334026
Black cumin 62401 1240420 620410 24000 1674010 4004029
Hemp 45402 90040 450420 51667 100+010 5174017

Safflower 52402 104040 5R0£20 37778 150010 35672025
Grape seed 5001 MW00+20 50010 1268 683+035 Ra7+017
Hazelnut 44402 B80£40 H0:£20 43333 050010 2174017

Ryening $4401 880420 HO0+10 3429 1174017 3674010
primrose

Argan 46402 920440 460420 60000 0504000 3004017
Milk thistle 46402 920440 460420 34375 2674010 9174025
Borage 48401 980420 480+10 98000 083+£009 8174010
Apricotkernel 50401 100+20 5004160 31000 167+026 5174035
Olive 45402 900+40 45020 3824 1133+025 4334017
Fish 40403 80060 400+30 143333 050+010 7174017
Sunflower 47401 9020 47010 12000 1674026 2004025
Linsecd 44402 880440 H0L20 17500 1174007 9174000

' —the amount of lipase lmmobilized oato [B-1%0A {differvnce between initial bpuwamnm\l and the protein

) in the supernatant via Bradford’s method, *—the of lipase P 5 to 1.0 g of support,

Y_immuobilization yheld, Le. the percentagy rtio between LAg and the initial amount of the lipase (10 mg),
Ao tmnmbdmnondﬁdm:y e, mmwmdhpdmmmdmﬂdmdhmmbpaumuy

in free form in the t corresp w to the of pase immobilized onto the support (mean activity
\Alm were sed for the caleulations), —kh enzymatic activity of free lipase (n the amount corresponding
bilized onto the sup ~—the ic activity of lipase immobilized onto the support (on

budsl Dt are presented as a rwans + standand dev‘uhuns of three analyses (1= 3),

2.2, The Effect of the Support on AA-ANL Lipolytic Activity

We evaluated the effect of three polymeric supports (Immobead: 1B-150A, 1B-D152,
and [B-EC1) on the enzymatic activity of immobilized AA-ANL. The determination was
performed on a free lipase sample in an amount corresponding to the amount immobilized
on the support. The resuits, along with each support characteristic feature, are juxtaposed
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in Table 5, The experiment was carried out using peanut oil as the reaction substrate.
According to analysis of the various amounts of lipase immobilized onto the support,
the largest amounts of lipase were immobilized onto polyacrylic IB-EC1 (5.0 = 0.1 mg,
Iy =500 £+ 1.0), and the smallest amounts were immobilized onto polyacrylic [B-D152
(1.3 £ 01 mg, Iy =13.0 £ 1.0). Taking U; as the I value, increased lipolytic activity of
AA-ANL immobilized onto [B-D152 support was observed (U = 2.33 -+ (0,10, [, = 233%),

compared with AA-ANL immobilized onto other supports. Siocdmiak et al. [46] investi-
gated the lipolytic activity of CAL-B immobilized onto 12 polymeric supports (Immobead)
with olive oil as the reaction substrate. The results indicated the highest activity retention
(Arer) of CAL-B immobilized onto IB-D152 support (A = 178.0%). The authors stated

that high lipase activity immobilized onto this support may have been caused by electro-
static interactions of the polarized carboxylic group as the characteristic functional group
of the support. It should be mentioned that the reaction medium was slightly alkaline
(pH 7.4). Therefore, substrate binding and increasing concentration were promoted near
the enzyme active center. This phenomenon may have been additionally facilitated by the
strong bond between the polarized carboxylic group and the nucleophile (probably amine
group) occurring in the active site of the enzyme. This binding (probably peptide), due
to its considerable rigidity (conditioned by partially double-bond character) [52], could

guarantee the high durability of the complex, i.e., resistant to ‘enzyme leakage’, with si-
multaneous blockage of the associated rotation. This phenomenon could allow for optimal
location adjustment of lipase localization for high substrate concentrations, Because the
immobilization type is characterized by a small amount of immobilized protein, the risk of
steric hindrance is decreased. This means that the lipase molecules can hydrolyze more of
the substrate. Comparing the activity results of AA-ANL onto [B-D152 support with that of
AA-ANL onto IB-EC1 support, it seems that a larger amount of the immobilized lipase did
not correlate with increased activity. However, the immaobilization technique of lipase onto
IB-EC1 was based on adsorption interactions characterized by strong hydrogen bonds [87].
Despite this, lipase molecules after adsorption were significantly less ordered [53] than in
the case of covalent bonding, as well as less stable, which made them more susceptible
to enzyme leakage. The adsorption of larger lipase molecules on the support surface [46]
could increase steric hindrance, as expressed by decreased activity. Nevertheless, in all
immobilization complexes, AA-ANL showed hyperactivation without the loss of activity
compared to the free form—in the case of AA-ANL-I1B-150A and AA-ANL-IB-D152 com-
plexes, the activity increased. On the other hand, in the AA-ANL-IB-EC1 complex, the
activity did not change. The obtained results confirm the beneficial effect of immobilization
on AA-ANL lipolytic activity in each support. However, the study of lipase for a broader
spectrum of supports and substrates is required to investigate, in more detail, the effects of
immaobilization on AA-ANL activity. Therefore, as mentioned in the previous subsection,
this subject will be the aim of further studies,

Table 3, Lipolytic activity of AA-ANL immobilized onto three polyacrylic supports, as well as the
characteristic features of each support (data achieved from ChiralVision),

Interaction  Functional  Molecul LAp! L? S Uyt w?’ e
Support e Group Size (ym)  {mg) (mglg) WO mobmin  (umoltmim T Y
1B150A Covalent Epoxide, apolar 15300 A7+ 740 £ 20 370 =14 CI7 =049 033 £ W 200,00
iB-D152 Cabonic Carboxylic acid 350700 13401 260 £ 20 130 £ 14 10 £017 233 2000 233.00
nps Do CCabak BT S0+01 100520 MOS10 017009 0I7004 10000
'—the amount of lipase immobilized onto [B-150A (dnl(m between initial lipase amount anl the profein
amount ln the supernatant using Bradford’s method), *—the of lipase corresy i 10 1.0 ¢ of the
support, '—immobilization yield, i.c, the percentage ratio hetwu-n Mn und the initial amount of the lipase
(10 mg), *—the enzymatic activity of free fipase in the b corresy g to the i bilized oato

the suppoet, " —the enzymatic activity of lipase immobilized vato the suppon (on beads), "—immobilization
eﬂi:-m:y ie, !hepumﬁnmmmofﬁpohﬂcmvnvdumbﬂm\l lipase to lipase activity in {(its) free form m
W to the ot of lipase bilized onto the support (mean activity values were used
d as a means + standard deviations of three analyses (n < 3).

S ¥

lm' culati \mum
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2.3, The Effect of Temperature on the Lipolytic Activity of the Immobilized AA-ANL

We investigated the effect of temperature on the lipolytic activity of AA-ANL in free
form and immobilized onto polyacrylic support IB-150A with peanut oil as the reaction
substrate. The results are listed in Table 4. Two dependencies were observed: a change in
the activity of free and immobilized AA-ANL (Figure 3) and the effect of immobilization on
lipase activity, depending on thermal conditions (Figure 4). The study showed the highest
enzymatic activity of immobilized AA-ANL at 45 “C, whereas free AA-ANL was the most
active at temperatures of 45 "C and 65 "C. An interesting phenomenon (for both lipase
forms) is a significant decrease in activity in the temperature range of 45-55 °C and an
increase in activity in the range of 55-65 “C. Siédmiak et al. [16] studied the effect of tem-
perature on the lipolytic activity of CAL-B immobilized onto polyacrylic support IB-D152,
The maximum activity of immobilized CAL-B was in the range of 25-55 “C, and that of free
CAL-B was 55 "C. At temperatures above 55 °C, the activity decreased. On the other hand,
Sun et al. [54] demonstrated the thermal optimum of immaobilized CAL-B to be 30 °C, above
which a significant activity decrease was noted. Thermal stability studies (temperature
range of 30-65 “C) on immobilized lipase from Aspergillies niger were performed by Dos
Santos et al, [55] The results indicated a slight increase in ANL activity after immobilization
and an activity maximum at 55 “C. Our studies demonstrated an essential improvement of
activity of immobilized AA-ANL compared with the free form. However, the increase in
activity of AA-ANL-1B-150A did not correlate with activity maximum (U). As mentioned
above, AA-ANL showed the highest activity at 45 °C (2.67 = 0.17 U), whereas the maxi-
mum increase in activity compared to the free form occurred at 25 °C (1, = 800.00%). Despite
asignificant improvement in the catalytic parameters of AA-ANL after immobilization, low
enzymatic activity compared to other lipases, such as APS-BCL [61,62], should be noted.
However, modified thermal conditions did not seem to abolish the beneficial effects of
immaobilization on AA-ANL activity, The covalent interactions between [B-150A support
and the active lipase center probably stabilized AA-ANL against unfavorable conditions.
Therefore, further studies with the application of a broader spectrum of substrates, espe-
cially with higher AA-ANL activity, are suggested to further thermally optimize AA-ANL,
Given the increase in AA-ANL activity in the temperature range of 55-65 °C, we propose
extending the temperature range to reaching the point at which lipase activity decreases
(also by denaturation).

Table 4. Effect of temperature on the lipolytic activity of AA-ANL immobilized onto polyacrylic
support 1B-150A.

Temperature (€)1, (%) Uy * (umol/min) Uy ¥ {umol/min) A 4 %)

5 800.00 0.17 = 09 133 =021 100,00 = 22.95
35 500.00 033 = 00 1.67 = 042 62.50 = 2131
45 400.00 067 £ 0.10 267 2017 50.00 = 2041
55 400,00 0.17 + 049 067 £ 017 50.00 & 1493
65 15000 0.67 £ 0.10 1.00 £ 016 18.75 = 1204
| —immobilization dﬁdmty e, the pexenhtgc ratio of Ilpdytlc activity of tmmnb\llzed lipase to lipase activity
in free form in the to the of Bpase billzed onto the support (mean activity

values were used for the ﬂkulnlimu) 2-&1: enzymatic activity of free lipase In the amount cornesponding to the
unmm immabilized onto the support, *—the enzymatic activity of Bpaze immobilized oato the support (beads),

4—the percentage ratio of the activity of the immobilized lipase under each condibon to its activity in under
conditions in which it achieved its maximum value. Data are preseated as a means = standard deviations of three

analyses (4 = 31
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Figure 3, Effect of temperature on the activity of AA-ANL in free form (cirches) and immobilized onto
IB-150A support (squares). Reaction mixture: free AA-ANL (5.0 = 0.2 mg) or AA-ANL immobilized
on 1B-150A beads, phosphate buffer (100 mM, pH 7.4}, and an emulsion containing equal vol
of peanut oll and gum arabic suspension. The mixture was incubated for 30 min. The error bars
represent the standard deviations of the mean,
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Figure 4. Effect of immobilization on AA-ANL activity under various thermal conditions. Reaction
mixture; free AA-ANL (5.0 = 0.2 mg) or AA-ANL immobilized on 1B-150A beads, phosphate buffer
(100 mM, pH 7.4), and an emulsion containing equal volumes of peanut oil and gum arabic suspension.
The mixture was incubated for 30 min. The error bars represent the standard deviations of the mean.
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2.4, The Effect of pH an the Lipolytic Activity of Immobilized AA-ANL

In this experiment, we investigated the effect of pH on the lipolytic activity of AA-ANL
in its free form and immeobilized on IB-130A polyacrylic support with peanut oil as the
reaction substrate. The results are presented in Table 5. Analogous to the temperature
studies, the following two dependencies were observed: a change in activity of AA-ANL in
free and immaobilized form (Figure 5) and the effect of immobilization on lipase activity,
depending on the pH conditions (Figure 6). According to analysis of the received data,
the maximum activity of immobilized AA-ANL was obtained at pH 7 {3.00 = 0.51 U),
whereas in the case of the free form, maximum activity occurred at pH 4-5,9 (033 £ 0.10 U,
0.33 + 0.17 U, and 0.33 = 0.10 U, respectively). With respect to the profile of the free
lipase, native AA-ANL demonstrated low activity in the whole range of tested pH values,
Moreover, the values remained stable, and the increase occurred with the alkalization of
the reaction medium, In the case of immobilized AA-ANL, the activity increased in the
pH range of 4-7 and decreased at pH 8, with slight increase at pH 9. Compared with
studies performed by other authors [60,56], the activity improvement with alkalization of
the medium can be perceived as surprising, as authors had previously noted an activity
decrease under these conditions, Our research confirmed the optimal pH for immaobilized
AA-ANL [00]. Similarly to the temperature studies, the pH experiment demonstrated
the beneficial effect of immobilization on AA-ANL activity in the whole range of tested
conditions. The most hyperactivation was noted at pH 7 (I, = 1800%). However, a decrease
in this value was observed with the alkalization of the medium. The literature data [62]
show that lipases immobilized onto Immobead support demonstrate a consistent profile of
catalytic parameters, as in the free form. Our results confirmed that immobilization of AA-
ANL is not entirely responsible for increased activity with the neutralization of the medium,
and free AA-ANL activity is maintained at a stable level. On the basis of the obtained
results, it can be concluded that the immobilized AA-ANL seems more readable for the
interpretation of lipase behavior under varying pH conditions because the free AA-ANL
showed low activity, practically independent of the tested conditions. However, analogous
to temperature studies, testing AA-ANL activity under more extreme pH conditions with a
synchronously extended range of the substrate spectrum could help to optimize AA-ANL
properties under various medium conditions,

Table 5, Effect of pH on the lipolytic activity of AA-ANL immobilized onto polyacrytic 1B-150-A support.

pH L% Uy ? (umal/min) Uy ? (umol/min) At ()

1 250,00 0332010 (083 4 0.33 1389 £ 293

5 550.00 033 4 07 183 4 019 3056 4 1765

6 1400.00 0.17 £ 0.09 2334035 7778 4 21.33

7 1800.00 0.17 = 0,09 300 £ 051 100.00 £ 3002

8 130000 017 = 009 217 £ 025 TR+ M

9 700.00 0.33 =010 233+ 051 3889 £ 579
! —immobilization efficiency, Le., the percentage ratio of lipolytic actrvity of immobilized lipase to lipase activity
in frew form in the currespond ing o the of lipase billzed onto the support (mean activity

values were used for the calculations) *—the enzymatic activaty of free lipase in the amount corresponding to the
amount immobilized onto the suppoet, *—the enzymatic activity of lipase immobilized onto support (on beads},
f—thw percentage ratio of the activity of the immabilized lipaze under each condition o its activity under the
conditions in whach it achieved its maxmmum value. Data are presented as a means = standard deviations of three
unalyses (4= 3)
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Figure 5. Effect of pH on AA-ANL activity in free form (circles) and immobilized onto [B-150A
(squares). Reaction mixture: free AA-ANL (5.0 £ 0.2 mg) or AA-ANL immobilized onto [B-150A
beads, phosphate buffer (100 mM, pH in the range of 4-9), and an emulsion containing equal volumes
of peanut oil and gum arabic suspension. The mixture was incubated for 30 min. The eror bars
represent the standard deviations of the mean.
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Figure 6. Effoct of immobilization on AA-ANL activity under vanous pH conditions, Reaction
mixture; free AA-ANL (50 = 0.2 mg) or AA-ANL immobilized on IB-150A beads, phosphate buffer
(100 mM, pH in the range of 4-9), and an emulsion containing equal volumes of peanut oil and gum
arabic suspension, The mixture was incubated for 30 min). The error bars represent the standard
deviations of the mean.

2.5, The Effect of Substrate Mixtures on the Lipolytic Activity of Immobilized AA-ANL

We investigated, for the first time, the activity of free and immobilized AA-ANL in a
substrate mixture containing two oils (in equal volumes). The results are shown in Table &,
The mixtures were tested in five forms: (a) mixture of two oils with medium lipolytic
activity of immobilized AA-ANL, (b) and (¢) mixture of one oil with medium and one
oil with low lipolytic activity of immobilized AA-ANL, (d) mixture of two oils with the
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highest lipolytic activity of immobilized AA-ANL, (¢) mixture of two oils with the lowest
lipolytic activity of immobilized AA-ANL, (f) mixture of one oil with the highest and one
oil with the lowest lipolytic activity of immobilized AA-ANL. Oils were selected based
on the results obtained in Section 2.1, according to [, parameters, The hyperactivation
of immobilized lipase was observed in all mixtures, except a mixture of avocado and
sunflower oils. High levels of hyperactivation (1800% and 1600%) were observed in the
formulation containing oils from (a). Despite the essential activity values, they were
lower than the lipase activity obtained with a single oil. Therefore, the additive effect of
w-PUFAs/w-MUFAs, expressed in tested oils, should be excluded, However, AA-ANL-1B-
150A in the rapeseed and olive oil mixture showed significantly higher hyperactivation
than in the one-substrate mixture, In turn, immobilized AA-ANL showed lower activity in
sunflower and avocado oil compaosition than in single oils. With respect to the activity of
immobilized AA-ANL in formulations composed of oil, in which the highest activity of the
catalytic system was obtained, and oil, in which the lowest activity of the catalytic system
was obtained, the phenomenon of averaging the enzymatic activity was not observed. The
dominant influence of the substrate towards which the lipase showed the highest and
the medium activity was observed, In addition, the various activities of two mixtures
containing oil with medium and low lipolytic activity of AA-ANL were, In terms of
divergent dependencies, the additive or inhibiting effect was conditioned by the use of
substrates and with w-PUFAs/w-MUFAs. Mixtures were selected on the basis of various
activity ratios, As this was a novel rescarch method (there is a lack of studies on lipase
lipolytic activity in various substrates in one sample in the literature to date), it was not
possible to compare our results to references. Moreover, the suggestions and interprelations
presented herein are of a of pioneering nature and shed new light on the importance of
the given dependencies. Therefore, it is necessary to develop this research in the future
by using a wider spectrum of substrate mixtures, along with other lipases and supports,
which will be the goal of future experiments.

Table 6, Lipolytic activity of free and immobilized AA-ANL in substrate mixtures, The oils in which
(Section 2 1) AA-ANL-IB-150A showed the highest lipolytic activity are indicated by + +, the oils with
medium lipolytic activity are indicated by +, and the oils with the low AA-ANL-IB-150A activity are
indicated by .

3 4
il Mixture 1:1 LA L2 ";“ (’;._, Uy * (umol/min) Uy * Gimol/min)

(a) Milk thistle + Sesame (+) 56401 1120420 560410 180000 0174010 I L0010
(b} Sunflower + Avocado (+/—~) 57401  1140+20 570410 4200 917 4026 383 <033
{c) Milk thistle + Sunflower (+/—) S58+01 1160+20 580+10 40000  1.00+025 400 =015
(d) Pumpkin seed + Fish (+4) 5501 1100420 550+ 10 160000 017010 267 = 0.26
{€) Olive + Rapeseed () 55+01 1100420 550410 50000 033 +009 167 = 0.0
(ﬂ[’umpkinsu:d «Olive (+ +/~) 53201 106.0 £ 2.0 550+ 10 1400.00 017 £ 0.10 233 =016

!the amount of lipase immobilized onto [B150A (dl(lcmm between initial lipase amount and the protein

in the (using Bradford's method)), *—the of Tipase P % to 1.0 g of the

supporl, *immobitization yield, L, the percentage ratio betwesn LAy and the initinl amount of the lipase
(1 mg) ! —~immobilization d’flnmry 1o, the puwnhm ratio of lipolytic activity of immobilized lipase 1o lipase

activity in free form in the \g to the of lipase i bilized onto the support (mean
a-.nvu) valoes wer used for calculations), *—the ¢ enzymatic activity of froe lipase in the amount cormesponding to
bilized onto the support, "—the enzymatic activity of lipase immobilized onto the support (on

bvub) Datat are presented as o means + standand deviations of three analyses (n = 3),

2.6, Rense of mmobilized AA-ANL

We determined the activity of AA-ANL immobilized onto polyacrylic support [B-150A
after four reuse cycles, The results are shown in Table 7. A minimal decrease was observed
in immobilized AA-ANL activity in the subsequent reaction cycles (13% A, in four cycles).
This phenomenon could be caused by leakage of protein from the support, as well as
denaturation, which is probably related to the interaction of lipase molecules interacted
with the support via physical adsorption. As it mentioned in the Introduction, this action is
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less pronounced than the covalent binding between the lipase and support. The remaining
lipase molecules were immobilized on the beads by interactions guaranteeing the activity
of the AA-ANL-IB-150A complex, which prevented the protein from being washed out,
Therefore, separating supports from the primary reaction mixture by filtration through the
polvamide layer enables the efficient separation of solid and fat emulsions. However, a
slight loss of carrier occurred (caused by the high viscosity of the emulsion and getting
stuck in the pores of the polvamide layer), which may have also contributed to the reduced
AA-ANL activity after subsequent cycles. Dos Santos et al. [#5] tested the effect of support
reuse on the lipolytic activity of ANL, i.e., so-called “process stability’, In this case, ANL
was increased due to residual fermentation of mangaba fruits and immobilization by
covalent interactions on silicone matrix sol-gel. Lipase immobilized onto supports was
reused for seven cycles. The lipase activity was maintained at a high level for four cycles
(10% decrease in Aq). After five cycles, a significant decrease to 30% of activity was
observed. The authors separated the immaobilized lipase from the substrate (olive oil) by
filtration under a vacuum. Then, the immobilized complex was washed with n-hexane
to remove of the residual substrate and product. The technique of separating Immobead
carriers {containing lipase) by filtration with a polyamide layer for reuse presented herein is
a novel method for determining lipolytic activity of lipase by acid-base titration. However,
this method undoubtedly requires optimization, especially an increased number of reuse
cycles, which will be the subject of future studies.

Table 7. Lipolytic activity of immobilized AA-ANL after support reuse {one, two, three, and four
cycles). The activity parameter of free AA-ANL is shown as the initial value (one cycle).

~ Support Reuse Cycle Uy ' (umolimin) Uy * (umol/min) L. * (%) A (%)

1 183 =019 433 £ 025 236,00 10000 £ 006
2 n/a 4.06 +0.18 221.00 9400 £ 1.36
3 n/a 378 +£022 206.00 87.00 = 1059
4 n/a 378 +£0.32 200,00 8700 4 3.78
T —the enzymatic activity of frew lipase in the corfesponding to the ™ bitized onto the support,

*—the enzymatic activity of lipase immobilized onto the suppon (on beads), *—immaobilization efficiency,
v, the percentage ratio of Tipolytic activity of immobilized lipase to lipase activity in free form in the amount

cormsponding to the of lipase ilized onto the support (mean activity values were used for
calculativns), - tage ratio of the activity o‘mbihmd Fipase in each cycle to the activity value of lipase
support mmphvx i oo cvele; the 1, p e wis o § for all cycles based on AA-ANL activity in froe

form in pne cycle. [hhmptmwdanm + standard drviamxlsnlmntmlyus(n‘a).

2.7. Storage Stability of the Inmiobilized AA-ANL

We investigated the effect of complex AA-ANL-1B-150A storage on lipase stability. The
study was performed under standard storage conditions (24 h at room temperature) and in
a KBF P240 climate chamber (168 h, 40 “C), The obtained results (Table &) demonstrated
a significant (nearly ninefold) decrease in lipolytic activity of immobilized lipase after
storage in a climate chamber, which suggests that the central factor conditioning the
drastic activity loss could be the storage time. After 168 h of AA-ANL storage in a climate
chamber, the enzyme leakage probably occurred due to the disengagement of covalent
binding between lipase and support or protein denaturation. Therefore, despite the high
rigidity, this connection was characterized by high lability during long storage, which
was reflected by the essential activity decrease. Da Silva et al. [87] immobilized ANL
on Celite diatomaceous earth by physical adsorption. The effect of storage on lipase
activity was also studied. As in our study, the lipase was kept at temperature of 40 "C
for five days. The investigation demonstrated a decrease in residual activity of 27%. In
our rescarch, the comparison concerned another catalytic parameter (1), Notwithstanding,
the activity decrease was much higher. Therefore, applying immobilization complex
AA-ANL-IB-150A is not beneficial in reaction requiring a long duration. Nevertheless, the
exact stability profile of immobilized AA-ANL must be determined, which will be studied
in future experiments,
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Table 8, Lipolytic activity of immobilized ANL stored under the conditions recommended by
ChiralVision (24 h, room temperature) and in a climate chamber (168 h),

Storage Time (h) Up ! (pmol/min) Uy ? (umol/min) 1.3 (%)
24 250 + 010 467 = 010 18700
168 217 £ 017 0.50 = 0.17 2300
T—the enzymatic activity of free lipase in (e cortesponding to the timmobilized onto the support,

Fethe enzymatic activity of lipase immobilizid onto the support (oo beads), *--immobilization efficiency,
ixe, the percentage ratio of lipolytic activity of immobilized lipase to lipase activity in free form in the amount
cortespanding to the of lipase bilized onto the support (mwean activity values were used for the
calculations). Data are p d as a means = standard deviations of three analyses (n = 3).

2.8. Kinetic Studies

The kinetic studies of the reaction were performed with the aim of modifying the
affinity of immobilized AA-ANL to the substrate. We calculated the following kinetic
parameters based on Lineweaver-Burk curves: Ky, Vi, and k. In addition, the cor-
relation coefficient (R?) was determined. The results are shown in Table 9, With respect
to the K parameter, an extremal increase was observed in the affinity of the lipase to
the substrate of immobilized AA-ANL (K, = 182795 + 0.17 mg/mL) compared with free
AA-ANL (Ky = 29.20 + 0.08 mg/mL). That is, an essential Increase was observed in the
activity of immobilized lipase relative to the free form. Dos Santos et al. [55] studied the
kinetic parameters of ANL obtained by fermentation in free form and immobilized onto a
sol-gel matrix. The obtained results of immobilized lipase (K, = 115 £ 4 mM) juxtaposed
those of with free lipase (Ky, =77 = 2 mM) indicate higher affinity of ANL to the substrate,
which was confirmed in our study. The authors suggested that lipase immobilization by
covalent binding could change the lipase conformation and hinder substrate availability.
The catalytic parameters resulting from the evaluation of lipolytic activity were determined
by titration, However, olive oil was used as the substrate for the reaction. In our study,
peanut oil was used as the substrate. On the other hand, Zubiolo et al. [§7], performing a
similar experiment investigating catalytic parameters of free and immobilized ANL (en-
capsulation in a sol-gel matrix), achieved an increase in enzyme affinity to the substrate
by limiting mass transfer. Substrate solubility could also influence the behavior of encap-
sulated lipase [#2]. In our study, covalent interactions between lipase and the support
seemed to form a rigid complex that prevented protein leakage and steric hindrance due
to the rotation limitation of other lipase molecules relative to one another. Therefore, the
aggregation risk was limited, However, the catalytic parameters were mainly dependent on
the curve course, which differed for each screening, Hence, we propose the development of
kinetic studies of AA-ANL based on a wider support spectrum (the effect of intramolecular
interactions between enzymes and support on lipase affinity to the substrate). In future
studies, other kinetic mechanisms will be investigating considering new factors influencing

lipase properties.

Table 9. Kinetic parameters of immobilized AA-ANL compared with lipase in free form. Data are
presented as a means 4 standard deviations of three analyses (i = 3).

Lipase Ky (mg/mL) Viser (Ulmg) Kewt (571 R?
AA-ANL 29.20 + 008 0061 = 0005 0.003 + 0,00 0933
AA-ANL-IB-150A 1827.95 & 0.17 1.648 £ 0019 0082 & 0.006 (.986
3. Materials and Methods
3.1, Materials

Amano lipase A from Aspergillus niger, 2-propanol (IPA), Bradford reagent, fish
oil, and TrizmaBase were received from Sigma Aldrich (Steinheim, Germany). Ace-
tone, methanol, disodium hydrogen phosphate, sodium dihydrogen phosphate, con-
centrated hydrochloric acid, citric acid, and arabic gum were purchased from POCH
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(Gliwice, Poland), 1B-150A, 1B-D152, and IB-EC1 supports were purchased from Chi-
ralVision (Leiden, The Netherlands), Vegetable oils (peanut, blackberry, rapeseed, pump-
kin seed, walnut, sesame, avocado, rice, corn, black cumin, hemp, safflower, grape
seed, hazelnut, evening primrose, argan, milk thistie, borage, linseed, sunflower, apri-
cot kernel, and olive) were purchased from Oleofarm (Wroclaw, Poland). The water
used in the study was purified by Milli-Q Water Purification System equipment (Milli-
pore, Bedford, MA, USA). Lipolytic activity was investigated using a Seven Multi pH
meter (Mettler Toledo, Schwerzenbach, Switzerland), a UV-Vis U-1800 spectrophotome-
ter (Hitachi, Tokyo, Japan), and a Unimax 1010 incubator (Heidolph, Germany), The
stability of immobilized AA-ANL was determined using a KBF 240 climate chamber
(Tuttingen, Germany).

3.2 Immobilization of AA-ANL onto Polyacrylic Supports 1B-150A, I1B-D152, and IB-EC1

The immobilization process was performed based on the procedure recommended
by ChiralVision and literature data [44], with slight modifications. A total of 50.0 mg of
[B-150A support was placed in Eppendorf vials (2.0 mL). Then, beads were washed with
0.3 mL of 2-propanol for 15 min, and the solvent was removed by washing the sample
with purified water and filtration with Auted filters, The separated supports were then
dried. Then, they were transferred to Eppendorf vials (2.0 mL) containing a precisely
mixed suspension of AA-ANL in phosphate buffer pH 7.0 (10.0 mg/mL). The samples
were mixed with a spatula for 5 min in an ice bath and stored in a fridge (4.0 “C) overnight,
The procedure was repeated in the case of polyacrylic supports [B-D152 and [B-EC1.

3.3, Determination of the Amount of Immobilized AA-ANL

The amount of protein immobilized on the support was determined by a modified
Bradford method [46,75]. The study was performed using the UV-Vis spectrophotometric
method (A = 595.0 nm), measuring the absorbance of the free lipase remaining in the
suspension after the immobilization process (concentration range: 1.0-10.0 mg/mL). The
measurement was conducted twice. The amount of lipase immaobilized onto the support
was calculated with a calibration curve equation (R* = .998). The result was the two-sample
mean, The lipase loading (L;) was determined based on the obtained data. Then, the
supports were transferred to a filter for 24 h until they were completely dry.

3.4, Deterntination of the Lipolytic Activity of humobilized AA-ANL

The lipolytic activity of immobilized AA-ANL relative to free form was determined
by titrimetric method, as described in previous studies and literature data [46,61,62,84 85].
The study was performed using 22 vegetable oils and fish oil. The reaction mixture
(emulsion) containing the immobilized lipase was composed of supports with lipase,
3.0 mL phosphate buffer (pH 7.4), 2.5 mL of the appropriate oil (substrate), and 2.5 water
suspension containing arabic gum. The reaction mixture was composed of lipase in free
form in the amount of native AA-ANL corresponding to the amount embedded onto the
support during immobilization (calculated using the Bradford method). An additional
sample containing 10 mg AA-ANL (free sample assuming 100% effective immobilization)
was added to each substrate. The mixtures were incubated at 37 “C for 30 min with rotation
at 600 rpm. Then, the reaction was stopped by adding a 10.0 mL methanol and acetone
mixture (volume ratio 1:1). Titration was conducted using 0.05 M NaOH standard solution
at temperature, with phenolphthalein as the indicator. A change in mixture color to orange,
together breaking of the emulsion, was considered the end point of titration. The activity
of free lipase in the amount corresponding with the amount immobilized onto the support
(Uy) and the activity of the lipase on the support (L) were determined based on obtained
results. In addition, the ratio of immobilized lipase activity to free lipase activity, i.e., the
immobilization efficiency (1) was calculated with the following equation:

=
le= gz} 100% m
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Immobilization yield (I,) was calculated according to the following formula [62]:

. LAy

LAy
where |, = immobilization yield; LAg « amount of lipase, defined as the difference between
the initial amount of lipase and the amount remaining in the supermatant after immobiliza-
tion onto 50 mg of IB-150A (calculated by Bradford’s method); and LAy = initial amount of
lipase (10 mg).

3.5. Effect of the Support on Lipolutic Activity of Intmiobilized AA-ANL

The experiment was conducted using methods similar to those described in Sections 3254,
Apart from the immobilization of lipase onto a covalent polyacrylic support, the process
was also carried out on polyacrylic supports IB-D152 (cationic) and 1B-EC1 (non-ionic).
Peanut oil was applied as the reaction substrate. Based on obtained results, we calculated
the immobilization yield (1), activity of free lipase in the amount corresponding with the
amount immobilized onto the support (L), the activity of the lipase on the support (U)),
and immobilization efficiency (1.).

Iy 2)

3.6. Effect of Temperature and pH on the Lipolytic Activity of Innmobilized AA-ANL

We determined the effect of temperature and pH on AA-ANL lipolytic activity in a
similar manner as in Section 3.4, Among the tested oils, peanut oil was chosen for condition
optimization. In the case of the temperature study, the mixture was incubated in the
temperature range of 25-65 “C for 30 min. The samples were titrated at room temperature.
For the pH study, lipase samples in free form (lipase weight) and in immobilized form
were incubated by the appropriate buffer (3 mL) in the range of pH 4.0-9.0 (citric buffer
100 mM in the pH range of 4.0-6.0, phosphate buffer 100 mM in the pH range of 7.0-8.0,
and tris-based buffer for pH 9.0). The following parameters were determined based
on the achieved results,: activity of free lipase in the amount corresponding with the
amount immobilized onto the support (Ly), the activity of the lipase on the support (L)),
immobilization efficiency (1), and the relative activity (A,y), Le., the ratio of the enzymatic
activity of tested sample to the sample with maximal activity.

3.7. Effect of Substrate Mixtures on the Lipolutic Activity of Imniobilized AA-ANL

Based on the results of the immobilization efficiency calculated in Section 3.4,
the six substrate systems composed of two oils were developed: (a) oil mixture in
which AA-ANL demonstrated medium lipolytic activity (milk thistle oil + sesame oil),
(b) and (c) oil mixture in which AA-ANL demonstrated medium and low lipolytic activ-
ity (sunflower oil + avocado oil, milk thistle oil + sunflower oil), (d) oil mixture in which
AA-ANL demonstrated the highest lipolytic activity (pumpkin seed oil + fish oil), (e} oil
mixture in which AA-ANL demonstrated the lowest lipolytic activity (olive oil + rapeseed oil),
(f) otl mixture in which AA-ANL demonstrated the highest and the lowest lipolytic activity
(pumpkin seed 0il + olive oil). The investigation was performed similarly as in Section 3.4
(incubation at 37 °C, lipase suspended in buffer (pH 7.4)) with modifications with respect
to preparation of the reaction mixture; the emulsion was composed of 2.5 ml water sus-
pension with arabic gum and 1.25 mL of each oil. Taking into account the obtained results,
as in Section 3.4, the following parameters were caleulated: the activity of free lipase in the
amount corresponding with the amount immobilized onto the support (Ug), the activity of
the lipase on the support (L)), and immobilization efficiency (/).

3.8. Reusability of Immobilized AA-ANL

We investigated the reusability of supports with immobilized lipase according to the
procedure described in Section 3.4 by introducing a novel reuse method. After incubation,
the supports were separated from the reaction mixture by filtration with a polyamide
layer to a conical flask with a volume of 50 mL. The fat emulsion, without supports, was
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inactivated by adding 10.0 mL of a methanol and acetone mixture (volume ratio 1:1). A
volume of 3.0 mL of phosphate buffer (pH 7.4) and 5.0 mL of fat emulsion were added
to the flask with lipase immobilized on the supports, and the sample was incubated for
30 min at 37 “C with rotation at 600 rpm. The procedure was repeated twice for a total
of four reuse cycles, The immobilized lipase was inactivated in the mixture after four
cycles. The lipolytic activity of inactivated mixtures was determined by titration according
to the technique described in Section 3.4, Based on the achieved results, the following
parameters were calculated: activity of free lipase in the amount corresponding with the
amount immobilized onto the support (L), the activity of the lipase immobilized on the
support {U)), immobilization efficiency (I.), and the relative activity (A), i.¢., the ratio of
enzymatic activity of the tested sample to the sample with maximal activity.

3.9. Storage Stability of Immiobilized AA-ANL

The effect of the storage of complex AA-ANL-IB-150A determined similarly as in
Section 3 4. Lipase was immobilized on supports stored in a KBF P240 climate chamber
for 7 days (168 h) at a temperature of 40 “C and 75% rH and compared to 4 sampled
immobilized using the standard procedure recommended by ChiralVision (24 h at room
temperature). The free lipase was not stored in the climate chamber. Based on achieved
results, we caleulated the activity of free lipase in the amount corresponding with the
amount immobilized onto the suppart (L), the activity of the lipase on the support (1),
and immobilization efficiency (I,).

3.10. Kinetic Studies

The kinetic studies of AA-ANL in free from and immaobilized onto polyacrylic support
IB-150A were conducted according to the procedure described in Section 3 1 and literature
data [46,47,62,69,90]. Peanut oil was used as the substrate in the concentration range of
100-800 mg/mL. Based on obtained results, the kinetic Michaelis-Menten constant (K, ),
the maximal velocity of the reaction (Vi), and turnover number (k.q) according to the
Lineweaver-Burk curve were calculated using the following equations:

1 _Kw 1 . 1
V™ Vo ] Ve el
where V is the initial velocity, Vi, is the maximal velocity, Ky, is the Michaelis-Menten
constant, and [S] is the initial substrate concentration.

le
Kewt = [E_rl 4

where |Er] is the total enzyme amount in the reaction mixture.

4. Conclusions

In this work, we described a study of the lipolytic activity of AA-ANL immobilized
onto polyacrylic support IB-150A in 22 vegetable oils and fish oil, We tested the effects
of three supports, six substrate mixtures, temperature, and pH on the lipolytic activity of
immobilized AA-ANL, In most substrates, a significant ‘jump’ of enzymatic activity of
immobilized AA-ANL was observed compared to lipase in free form, the activity of which
was very low. High levels of hyperactivation parameters were demonstrated (the highest
Ie = 2400% in pumpkin seed oil). A mutual quantitative effect of ratios of w3 wé-PUFAs,
and wY MUFAs on AA-ANL activity was suggested. A ‘cutoff limit’ of >3.44 in the wé/ w9
PUFAs/MUFAs ratio was proposed, above which increased activity of AA-ANL was ob-
served; when the ratio of w3/ w9 PUFAs/MUFAs declined, the AA-ANL activity decreased,
The beneficial effect of polyacrylic supports on AA-ANL activity (highest activity of com-
plex AA-ANL-IB-D152 — [, = 233%) was confirmed. The hyperactivation of AA-ANL
was demonstrated in the oil mixture. A “lipolytic jump’ of immobilized AA-ANL was
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abserved in the whole range of tested temperature and pH values (maximal activity at
pH 7). On the other hand, high levels of lipase activity were observed under extremal ther-
mal (65 “C) and medium (pH 9.0) conditions. In terms of reuse of the immobilized lipase,
considerable activity of this complex was observed after four cycles, indicating the positive
effect of covalent interactions between enzymes and the support. However, due to the
drastic foss of lipolytic activity, low stability of immobilization complex AA-ANL-IB-1504A
was observed after storage for 168 h in a climate chamber, The calculated kinetic pa-
rameters confirmed a significant affinity of immobilized AA-ANL to the substrate. The
obtained results could be used to develop enzymatic systems, so-called “catalytic triangles
of lipase-support-substrate’, with the aim of obtaining an optimal model for application in
in vitro studies, The investigated wide substrate spectrum, i.e., oils with varying content of
PUFAs /MUFAs, enables selection of appropriate oil systems, which positively influence
digestive enzymes and can be used in obesity treatment and to balance the fat contained
in the diet with the aim of achieving optimal homeostasis. Activation of lipase toward
PUFAs/MUFAs can promote ‘healthy fats’ with multidirectional activity, with beneficial
effects not only on lipid metabolism but also on other systems in the human body.
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The authors wish to make the following corrections to this paper [1]:

Table Legend

In the original publication, there was a mistake in the legend for Table 3. “IB-150A" in
Table footnote 1 should be “support”, The correct legend appears below,

The corrected legend:

! —the amount of lipase immobilized onto support (the difference between the initial
lipase amount and the protein amount in the supermatant using Bradford's method).
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Missing Citation

1. In the original publication, Reference 14 was not cited. The citation has now been
inserted in Section 1 (Paragraph 1) and should read:

The interfacial activation is specific for most lipases (e.g., Aspergillus niger, Burkholderia
cepucia, Candida rugosa, Thermomyces lanugiosus, and Rhiizontucor miichei). However, its
occurrence has not been observed in some cases (e, lipase B from Candida antarctica,
Psewdomonas zeruginosa, and Burkholderia glumae) [14).

2. In the original publication, Reference 60 was not cited. The citation has now been
inserted in Section 1 (Paragraph 3) and should read:

In other studies conducted by the same authors, lipase AA-ANL was immobilized
onto sponges from Luffa cylindrica in an attempt to improve the thermal and chemical
stability of the catalyst [60].

Error in References Citation

1. In the original publication, the citation of a reference as Reference 60 is wrong. It
should be Reference 21. Corrections have been made to Section 1 (Paragraph 3).

The corrected text:

Zdarta et al. [21] immobilized AA-ANL onto the surface of silica Stéber to improve
the immobilization and testing of lipase kinetic parameters,

2. In the original publication, the citation of a reference as Reference 87 is wrong. It
should be Reference 88, Corrections have been made to Section 2.8 (Paragraph 1),

The corrected text:

Zubiolo et al. [88], performing a similar experiment investigating catalytic parameters
of free and immobilized ANL (encapsulation in & sol-gel matrix).

Text Correction

There were errors in the original publication.

1. Corrections have been made to the Abstract (the last sentence): “increased” should
be replaced with “decreased”,

The corrected text:

The tested kinetic profile of immobilized AA-ANL confirmed the decreased affinity to
the substrate relative to lipase in the free form.

2. Corrections have been made to Section 1 (Paragraph 3): "has been” should be
replaced with “was".

The corrected text:

Therefore, this method was commonly applied in the immobilization of many li-
pases, such as lipase B from Candida antarctica (CAL-B), lipase from Candida methylica
(CML), Thermomyces lanuginosus (TLL), Rhizomwor nuchei (RML), or Amano lipase P'S from
Burkholderia cepacia (APS-BCL) [44,46-52].

3. Corrections have been made to Section 1 (Paragraph 3). “IB-150B" should be
replaced with “[B-150A",

The corrected text:

As mentioned above, the application of AA-ANL immobilized onto polymeric support
[B-150A has not been studied.

4. Corrections have been made to Section 1 (Paragraph 3): “60” should be deleted.

The corrected text:

According to recent reports, w3 PUFA supplementation, especially DHA, can acceler-
ate the regeneration of the organism after COVID-19 infection [68,69].

5. Corrections have been made to Section 2.1 (the seventh sentence): “fish, argan”
was missed.

The corrected text:

In contrast, the tested lipase was the least active in sesame, fish, argan, corn, and
hazelnut oils (0.50 4 0,10 U).
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6, Corrections have been made to Section 2.1 (Paragraph 1) “languinosis” should be
replaced as “lanuginosus”.

The corrected text:

Glutaraldehyde has also been applied as a “spacer arm’ in the immobilization of lipase
from Thermonmtyces lamginosns on a multicomponent support system (metalorganic structure
hydroxyapatite-glyeyrrhizin-lithium) [77].

7. Corrections have been made to Section 2.8 (Paragraph 1): “modifying” should be
replaced with “evaluating”,

The corrocted text:

The kinetic studies of the reaction were performed with the aim of evaluating the
affinity of immobilized AA-ANL to the substrate,

8. Corrections have been made to Section 2.8 (Paragraph 1): “increase” should be
replaced with “decrease”, “immobilized” should be added before “lipase”, “immobilized
AA-ANL" should be placed in brackets, and the sentence after “That is” should be enriched.

The corrected text:

With respect to the K., parameter, an extremal decrease was observed in the affinity of
the immobilized lipase to the substrate {immobilized AA-ANL (K, = 1827.95 + 0.17 mg/mL)
compared with free AA-ANL (Kg = 29.20 = 0.08 mg/mL)). That is, an essential effect of
immaobilization on lipase affinity to the hydrophobic substrate has been observed. It should
be mentioned that the previous sections noted a significant increase in the lipolytic activity
of the immobilized lipase compared to the free sample. Hence, the linear refationship
between lipase activity and its affinity to the substrate has not been shown.

9. Corrections have been made to Section 2.8 (Paragraph 1): “higher” should be
replaced with “lower”.

The corrected text:

The obtained results of immobilized lipase (K, = 115 £ 4 mM) juxtaposed those of
with free lipase (K, = 77 + 2 mM) indicate lower affinity of ANL to the substrate, which
was confirmed in our study.

10. Corrections have been made to Section 2.8 (Paragraph 1): “an increase” should be
replaced with “a change” and “by limiting mass transfer” should be replaced with “that
affected limiting in mass transfer”.

The corrected text:

On the other hand, Zubiolo et al. [88], performing a similar experiment investigating
catalytic parameters of free and immobilized ANL (encapsulation in a sol-gel matrix),
achieved a change in enzyme affinity to the substrate that affected limiting in mass transfer,

11. Corrections have been made to Section 2.8 (Paragraph 1): “and steric hindrance”
should be deleted.

The corrected text:

In our study, covalent interactions between lipase and the support seemed to form a
rigid complex that prevented protein leakage due to the rotation limitation of other lipase
molecules relative to one another.

12. Corrections have been made to Section 3.4 (Paragraph 1), The unit (mL) was missed.

The corrected text:

The reaction mixture (emulsion} containing the immobilized lipase was composed
of supports with lipase, 3.0 mL phosphate buffer (pH 7.4), 2.5 mL of the appropriate oil
(substrate), and 2.5 mL of the water suspension containing arabic gum.

13. Corrections have been made to Section 4 (Paragraph 1): “significant” should be
replaced with “low”.

The corrected text:

The calculated kinetic parameters confirmed a low affinity of immobilized AA-ANL
to the substrate.
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The authors state that the scientific conclusions are unaffected. This correction was
approved by the Academic Editor. The original publication has also been updated.
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12. WhniosKi

1. W zakresie przeprowadzonych badan, oceniono aktywnos$¢ enancjoselektywng i lipolityczng
lipaz z Burkholderia sp. i Aspergillus sp. w formie wolnej i immobilizowanej na nos$nikach
polimerowych.

2. Na podstawie wynikow badan wstepnych, wybrano lipazy Amano PS z Burkholderia cepacia
(APS-BCL) oraz Amano A z Aspergillus niger (AA-ANL) jako enzymy o najlepszych
wlasciwos$ciach katalitycznych.

3. Analiza wynikow lipaz w formie wolnej pozwala stwierdzi¢ wysoka aktywno$é
enancjoselektywng APS-BCL i niska AA-ANL oraz wysoka aktywnos¢ lipolityczng APS-
BCL i niska AA-ANL

4. Uzyskano wysokg aktywno$¢ enancjoselektywng immobilizowanej APS-BCL i niska
immobilizowanej AA-ANL.

5. Odnotowano korzystny wptyw rozpuszczalnikbw oraz donorow grupy acylowej na
aktywno$¢ immobilizowanej APS-BCL.

6. Wyniki badan aktywnosci Katalitycznej immobilizowanej APS-BCL wykazaty spadek
aktywnosci lipolitycznej lipazy w porownaniu z formg wolng.

7. W przypadku immobilizowanej AA-ANL, uzyskano wzrost aktywnosci lipolitycznej lipazy
wzgledem formy natywnej.

8. Zaobserwowano znaczacy wplyw temperatury i pH na aktywnos$¢ lipolityczng
immobilizowanej AA-ANL oraz spadek jej aktywnosci po 4 cyklach reakcji, a takze niska
stabilno$¢ po przechowywaniu w komorze klimatycznej.

9. Zoptymalizowano metode kinetycznego rozdziatu (R,S)-1-fenyloetanolu, z zastosowaniem
wysokosprawnej chromatografii cieczowej i chiralnych faz stacjonarnych. Otrzymano

catkowicie rozdzielone, do linii bazowej, piki produktéw i substratow reakcji.
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13. Streszczenie

Biokataliza jest procesem, polegajacym na wykorzystaniu m.in. enzyméw do katalizowania
reakcji chemicznych. Powszechnie stosowanymi biatkami enzymatycznymi w badaniach
katalitycznych sg lipazy. Charakteryzuja si¢ one wysoka aktywnos$cig katalityczng (np. aktywnos$¢
enancjoselektywna, aktywno$¢ lipolityczna). Aktywno$¢ enancjoselektywna umozliwia
katalizowanie reakcji m.in. kinetycznego rozdziatu racemicznych mieszanin zwigzkow chemicznych
w celu otrzymania optycznie czystych enancjomerdéw, natomiast aktywno$¢ lipolityczna pozwala na

hydrolityczny rozktad triglicerydow kwasow thuszczowych.

Zaprezentowane w niniejszej pracy doktorskiej badania dotyczyly oceny aktywnosci
enancjoselektywnej (w kinetycznym rozdziale (R,S)-1-fenyloetanolu) oraz aktywnosci lipolitycznej
(poprzez hydrolizg triglicerydow kwasow thuszczowych o3/w6/w9) lipaz z Burkholderia sp. (Lipaza
Amano PS z Burkholderia cepacia, APS-BCL) oraz Aspergillus sp. (Lipaza Amano A z Aspergillus
niger, AA-ANL). Przeprowadzono proces immobilizacji na no$nikach polimerowych celem

zwigkszenia parametrow katalitycznych lipaz.

Otrzymane wyniki wskazuja na wysokg aktywno$¢ enancjoselektywng i lipolityczng APS-
BCL w formie wolnej oraz wysoka aktywnos¢ enancjoselektywng i nieznacznie nizszg aktywno$¢
lipolityczng w formie immobilizowanej, w pordwnaniu w formg wolng. Z kolei, aktywnos¢
enancjoselektywna AA-ANL osiggnela niskg warto§¢ zarowno dla formy wolnej jak i
immobilizowanej, natomiast aktywnos¢ lipolityczna w formie immobilizowanej znaczaco wzrosta w
poréwnaniu z forma wolng. Przeprowadzone eksperymenty wskazaty na pozytywna rolg lipaz w
katalizowaniu reakcji o znaczeniu farmaceutycznym. Zaprojektowane w ramach badan modele
katalityczne, tzw. trojkaty katalityczne moga stanowi¢ baze dla badan farmaceutycznych na skale

przemystow3.
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14. Summary

Biocatalysis is a process that uses e.g. enzymes to catalyze chemical reactions. Lipases are
commonly used enzymatic proteins in catalytic research. They are characterized by high catalytic
activity (enantioselective and lipolytic activity). The enantioselective activity enables catalyzing
reactions, e.g. kinetic resolution of racemic mixtures of chemical compounds to obtain optically pure
enantiomers, while the lipolytic activity allows hydrolytic decomposition of triglycerides of fatty

acids.

The research presented in this doctoral thesis concerned the evaluation of enantioselective
activity (in the kinetic separation of (R,S)-1-phenylethanol) and lipolytic activity (by hydrolysis of
triglycerides of w3/w6/®m9 fatty acids) of lipases from Burkholderia sp. (Lipase Amano PS from
Burkholderia cepacia, APS-BCL) and Aspergillus sp. (Amano Lipase A from Aspergillus niger, AA-
ANL). The immobilization process on polymer supports was carried out to increase the catalytic

parameters of lipases.

The results indicate high enantioselective and lipolytic activity of APS-BCL in the free form,
high enantioselective activity, and slightly lower lipolytic activity in the immobilized form compared
to the free form. On the other hand, the enantioselective activity of the AA-ANL reached a low value
for both the free and immobilized form, while the lipolytic activity in the immobilized form
significantly increased compared to the free form. The conducted experiments showed the positive
role of lipases in catalyzing reactions of pharmaceutical importance. The catalytic models designed
as part of research, the so-called "catalytic triangles"” can be the basis for pharmaceutical research on

an industrial scale.
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obejmowal: koncepeie projekm, metodologi¢ badah: immobilizacie lipazy Amano A 7
Aspergillus  niger (AA-ANL) na nosniku poliakrylowym [B-150A, oznaczenie ilosci
immobilizowanego biatka metods Bradford'a, oznaczenie aktywnosei lipolitycznej AA-ANL
metody miareczkows, badanie wplywu warunkow reakeji (temperatura, pH), nosnikow,
mieszaniny substratowej na aktywnosc immobilizowanej AA-ANL oraz badanie stabilnosci
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recenzentow oraz formalne zarzadzanie projektem,
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*autor korespondencyjny

obejmowal: koncepcig projektu w zakresie badan aktywnosci enancjoselektywnej lipazy APS-

BCL, metodologic badan aktywnosei enancjoselektywnej (rowniez immobilizacji) lipazy APS-

BCL, analize i interpretacic wynikéw badan aktywnosci enancjoselektywnej, napisanic

publikacji: (Materials and methods (2.2, 23.2), Results and discussion (3.1., 3.2.),
Conclusions (fragmenty dotyczgce aktywnosei enancjoselektywnej lipazy APS-BCL)),
przygotowanic suplementu; pozyskanie $rodkow finansowych. odpowiedzi na recenzje
dotyczgee badania aktywnosci enancjoselcktywnej lipazy APS-BCL, korespondencie z

wydawnictwem; Adiunke
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Dr Tomasz Siédmiak 13.06.2023 r.
Katedra Chemii Lekow

Wydzial Farmaceutyezny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Ofdwiadczenie wspolautora o udziale w powstaniu publikacji

Oswiadezam, ze moj udzial w publikacji naukowej:

Jacek Dulgba, Tomasz Siédmiak*, Rafal Mastalerz, Natalia Kocot, Agnieszka Debifiska,
Emilia Suchomska, Mateusz Czeczka, Kamil Cala. Dorota Watrobska-Swietlikowska,

Michal Piotr Marszall, The application of lipase from Burkholderia cepacia in the
¢nantioselective pharmaceutical biocatalysis, Farm Pol, 2022, Tom 78 (4), 194-200.
https://doi/10,32383/farmpol/151576

* autor korespondencyjny

obejmowal nadzor merytoryezny nad redagowaniem manuskryptu.
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Dr Tomasz Siédmink 13.06.2023 r.
Katedra Chentii Lekow
Wydzial Farmaceutyezny

Collegium Medicum w Bydgoszezy
Uniwersytet Mikolaja Kopernika w Toruniu

O$wiadczenie wspélautora o udziale w powstaniu publikacji

Oéwiadezam, 2e moj udzial w publikacji naukowej:

Tomasz Siédmiak*, Jacek Duleba, Natalia Kocot, Dorota Watrébska-Swictlikowska, Michal
Piotr Marszall, The High ‘Lipolytic Jump' of Immobilized Amano A Lipase from Aspergillus
niger in Developed ‘ESS Catalytic Triangles’ Containing Natural Origin Substrates, Catalysts,
2022, 12, 853, hups://doL.org/10.3390/catal 2080853

* autor korespondencyjny

obejmowal: nadzér merytoryczny nad metodologia badan, analizg i interpretacia wynikow,

krytyczng recenzje manuskryptu, nadzor nad redagowaniem odpowiedzi dla recenzentow oraz
formalnym zarzgdzaniem projektem.
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Dr Tomasz Siédmiak 13.06.2023 r.
Katedra Chemii Lekow

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oéwiadczenie wspélautora o udziale w powstaniu publikacji

Oéwiadczam, ze moj udzial w publikacji naukowej:

Correction: Tomasz Siédmiak®, Jacek Dulgha, Natalia Kocot, Dorota Watrobska-
Swictlikowska, Michal Piotr Marszall, The High “Lipolytic Jump' of Immobilized Amano A
Lipase from Aspergillus niger in Developed ‘ESS Catalytic Triangles’ Containing Natural
Origin Substrates, Caralysts, 2022, 12, R53.

Catalysts, 2023, 13, 480. https://doi.org/ 10.339(0/catal 13030480

* autor korespondencyjny

obejmowal nadzor merytorycezny nad korekta manuskryptu.
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Prof. dr hab. Michal Marszall 13.06,2023 r.
Katedra Chemii Lekaw

Wydzial Farmaceutyezny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oséwiadczenie wspolautora o udziale w powstaniu publikacji

Oswiadezam, 2e moj udzial w publikacji naukowej:

Jacek Dulgba, Tomasz Siédmiak. Michal Piotr Marszall, Amano Lipase PS from
Burkholderia cepacia - Evaluation of the Effect of Substrates and Reaction Media on the
Catalytic Activity, Curr. Org Chem., 2020, 24 (7), 798-807.

https://doi: 10.2174/1385272824606200408092305

obejmowal konsultacje merytoryczne w toku przygotowania manuskryptu oraz formalny
nadzor nad projektem,
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Prof. Michal Piotr Marszall 13.06.2023 r.
Katedra Chemii Lekdw

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadczenie wspolautora o udziale w powstaniu publikacji

Oswiadczam, ze mdj udzial w publikacji naukowe;:

Jacek Dulgbs, Tomasz Siddmiak®*, Michal Piotr Marszall

The influence of substrate systems on the enantioselective and lipolytic activity of
immaobilized Amano PS from Birkholderia cepacia lipase (APS-BCL) Process Biochem.
2022, 120, 126-137. https://doi.org/10.1016/4.prochio.2022.06.003

obejmowal nadzor merytoryezny nad prowadzonymi badaniami.
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Prof. dr hab. Michal Marszall 13.06.2023 r,
Katedra Chemii Lekow

Wydzial Farmaceutyezny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadezenie wspélautora o udziale w powstaniu publikacji

Oswiadezam, ze moj udzial w publikucji naukowe;;

Jacek Duleba, Tomasz Sickimiak. Rafat Mastalerz, Natalia Kocot, Agnieszka Debinska,
Emilia Suchomska, Mateusz Czeczka, Kamil Cala. Dorota Watrdbska-Swietlikowska,

Michal Piotr Marszall, The application of lipase from Burkholderia cepacia in the
enantioselective pharmaceutical biocatalysis, Farm Pol. 2022, Tom 78 (4). 194-200.
https://doi/10.32383/farmpol/151576

obejmowal nadzdr merytoryezny nad redagowaniem manuskryptu,

prof. dr . Michal Marszad
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Prof. dr hab. Michal Marszall 13.06.2023 r.
Katedra Chemii Lekow

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadczenie wspolautora o udziale w powstaniu publikacji

Oswiadezam, 2 moj udzial w publikacji naukowej:

Tomasz Siédmiak, Jacek Duleba, Natalia Kocot, Dorota Watrobska-Swietlikowska, Michal
Piotr Marszall, The High ‘Lipolytic Jump® of Immobilized Amano A Lipase from Aspergillus
niger in Developed *ESS Catalytic Triangles’ Containing Natural Origin Substrates. Catalysts,
2022, 12, 853. https://doi.org/10.3390/catal | 2080853

obejmowal: nadzor merytoryczny nad koncepcja projektu, metodologia badan, oraz formainym
zarzadzaniem projektem.
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Prof. dr hab. Michal Marszall 13.06.2023 r.
Katedra Chémii Lekow

Wydzial Farmaceutyezny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oéwiadezenie wspolautora o udziale w powstaniu publikacji

Odwiadezam, 2e méj udzial w publikacji naukowej:

Correction: Tomasz Siédmiak, Jacek Dulgba, Natalia Kocot, Dorota Watrobska-
Swietlikowska, Michal Piotr Marszall, The High ‘Lipolytic Jump® of Immobilized Amano A
Lipase from Aspergillus niger in Developed ‘ESS Catalytic Triangles’ Containing Natural
Origin Substrates, Catalysts, 2022, 12, 853.

Cartalysts, 2023, 13, 480. htl.ps://doi.org,"l().3390/catnl1303048()

obejmowal nadzor merytoryczny nad korekta manuskryptu.

Strona | 119



Dr hab. Dorota Watrébska-Swietlikowska 16.06.2023 r.
Zaklad Technologii Postaci Leku

Wydzial Farmacji, Biotechnologii Medycznej

i Medycyny Laboratoryjnej

Pomorski Uniwersytet Medyczny

w Szezecinie

Oswiadczenie wspélautora o udziale w powstaniu publikacji

Oswiadczam, ze méj udziat w publikacji nsukowej:

Jacek Dulgba, Tomasz Sidédmiak, Rafal Mastalerz, Natalia Kocot, Agnieszka Debinska,
Emilia Suchomska, Mateusz Czeczka, Kamil Cals, Dorota Watrébska-Swietlikowska,
Michal Piotr Marszall, The application of lipase from Burkholderia cepacia m the
cnantioselective  pharmaceutical biocatalysis, Farm Pol, 2022, Tom 78 (4), 194-200,
https:/1 0.32383/farmpol/151576

obejmowal nadzér merytoryczny nad redagowaniem manuskryptu,

Strona | 120



Dr hab. Derota thMMkn-Swledlkowsh 16.06.2023 r.
Zakiad Technologii Postaci Leku

Wydzial Farmacji, Biotechnologii Medycznej

i Medycyny Laboratoryjnej

Pomorski Uniwersytet Medyezny

w Szezecinie

Os$wiadczenie wspolautora o udziale w powstaniu publikacji

Oswiadczam, ze moj udzial w publikac) naukowe;:

Tomasz Siodmiak, Jacek Dulgba, Natalia Kocot, Dorota thﬂibska-Swleﬂlkowska. Michat
Piotr Marszall, The High ‘Lipolytic Jump® of Immobilized Amano A Lipase from Aspergilhus
niger in Developed ‘ESS Catalytic Triangles® Containing Natural Ongin Substrates, Catalysts,
2022, 12, 853, https://doi,org/10.3390/catal 1 2080853

obejmowal nadzér merytoryczny w zakresie metodologii badun oraz zarzgdzania projektem,
u takze krytyczng recenzj¢ manuskryptu,
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Dr hab. Dorota Watrébska-Swietlikowska 16.06.2023 r.
Zaklad Technologii Postaci Leku
Wydzial Farmacji, Biotechnologii Medycznej

i Medycyny Laboratoryjnej
Pomorski Uniwersytet Medyczny
w Szezecinie

Oswiadczenie wspolautora o udziale w powstaniu publikacji

Os$wiadczam, 2e méj udziat w publikacji naukowej:

Correction: Tomasz Siddmiak, Jacek Dulgba, Natalia Kocot, Dorota Watrdbska-
Swietlikowska, Michal Piotr Marszalt, The High ‘Lipolytic Jump' of Immobilized Amano A
Lipase from Aspergillus niger in Developed ‘ESS Catalytic Triangles’ Containing Natural
Ongm Substrates, Caralysts, 2022, 12, 853,

Catalysts, 2023, 13, 480. https://dor.org/10.3390/catal 13030480

obejmowat nadzér merytoryczny nad korektg manuskryptu,
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Mgr Natalia Kocot 13.06.2023 r,
Katedra Chemii Lekgw

Wydzial Fnrmaceutyczny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadczenie wspolautora o udziale w powstaniu publikacji

Odw iadczam,be moj udzial w publikacji naukowej:

Tomasz Siddmiak, Jacek Dulgba, Natalia Kocot, Dorota Watrobska-Swictlikowska, Michal
Piotr Marszall, The High ‘Lipolytic Jump’ of Immobilized Amano A Lipase from Aspergilius
niger in Developed *ESS C atalytic Triangles’ Containing Natura) Origin Substrates, Cuatalysts,
2022, 12, 853. hnps:/,’doi.org/10.3390.fcatal12080853

obejmowal pomoc w czesel eksperymentalnej (przygotowanie roztworow buforowych) oraz
w redagowaniu manuskryptu,
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Mgr Natalia Kocot 13.06.2023 r.
Katedra Chemii Lekow

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadczenie wspolautora o udziale w powstaniu publikacji

Odwiadezam & maj udzial w publikacji naukowej:

Jacek Dulgba, Tomasz Siddmiuk. Rafal Mastalerz, Natalia Kocot, Agnieszka Debinska,
Emilia Suchomska, Mateusz Czeczka, Kamil Cala, Dorota Watrdbska-Swietlikowska,

Michal Piotr Marszall, The application of lipase from Burkholderia cepacia in the
enantioselective pharmaceutical biocatalysis, Farm Pol, 2022, Tom 78 (4), 194200,
hitps://doi/10.32383/farmpol/151576

obeymowal pomoc w redagowaniu manuskryptu.
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Mgr Natalia Kocot 13.06.2023 r.
Katedra Chemii Lekow

Wydzial Farmaceutyezny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadezenie wspolautora o udziale w powstaniu publikacji

().éwiadcmm' ze maj udzial w publikacji naukowej:

Correction:  Tomasz  Siodmiak, Jacek Dulgba, Natalin Kocot, Dorota  Watrobska-
Swietlikowska, Michal Piotr Marszall. The High ‘Lipolytic Jump® of Immobilized Amano A
Lipase from Aspergillus niger in Developed “ESS Catalytic Triangles” Containing Natural
Origin Substrates, Catafysts, 2022, 12, 853, Catalysts, 2023, 13, 480,
https://donorg/10.3390/catal 13030480

obejmowal pomoc w przy gotowaniu korekty manuskryptu.
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Mgr Rafal Mastalerz 13.06.2023 r.
Katedra Chemii Lekow

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oé$wiadezenie wspolautora o udziale w powstaniu publikacji

Oswiadozam, z¢ maj udziat w publikncji naukowej:

Jucek Dulgba, Tomasz Siddmiak, Rafal Mastalerz, Natalia Kocot, Agnieszka Dgbinska,
Emilia Suchomska, Mateusz Czeczka, Kamil Cala, Dorota Watrdbska-Swietlikowska,

Michal Piotr Marszall, The application of lipase from Burkholderia cepacia in the
enantioselective pharmaceutical biocatalysis, Farm Pol, 2022, Tom 78 (4), 194-200.
https://doi/ 10.32383/farmpol/ 151576

obejmowal pomoc w redagowaniu manuskryptu,
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Mgr Agnieszka Debinska 13.06.2023 r.
Katedra Chemii Lekow

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Oéwiadczenie wspélautora o udziale w powstaniu publikacji
Oswiadczam ze moj udzial w publikacji naukowej:

Jacek Dulgba, Tomasz Siédmiak, Rafal Mastalerz, Natalia Kocot, Agnieszka Debifiska,
Emilia Suchomska, Mateusz Czeczka, Kamil Cata, Dorota Watrébska-Swietlikowska,

Michat Piotr Marszalt, The application of lipase from Burkholderia cepacia in the
cnantioselective pharmaceutical biocatalysis, Farm Pol, 2022, Tom 78 (4), 194-200.
https://doi/10.32383/farmpol/151576

obejmowal pomoc w redagowaniu manuskryptu.
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Mgr Emilia Suchomska 13.06.2023 r.
Katedra Chemii Lekow

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Os$wiadczenie wspélautora o udziale w powstaniu publikacji

O$wiadezam, ze mdj udziat w publikacji naukowej:

Jacek Dulgba, Tomasz Siédmiak, Rafat Mastalerz, Natalia Kocot, Agnicszka Debiniska,
Emilia Suchomska, Mateusz Czeczka, Kamil Cala, Dorota Watrébska-Swietlikowska,
Michal Piotr Marszall, The application of lipase from Bwrkholderia cepacia in the
enantioselective pharmaceutical biocatalysis, Farm Pol, 2022, Tom 78 (4), 194-200.
https://doi/10.32383/farmpol/151576

obeimowal pomoc w redagowaniu manuskryptu.
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13.06.2023 r.

Mgr Mateusz Czeczka

Katedra Chemii Lekow

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszczy
Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadczenie wspoélautora o udziale w powstaniu publikacji

O$éwiadczam, ze mdj udzial w publikacji naukowej:

Jace;k Duleba, Tomasz Siédmiak, Rafal Mastalerz, Natalia Kocot, Agnieszka Debinska,
E.rpxlia Suchomska, Mateusz Czeczka, Kamil Cata, Dorota Watrobska-Swietlikowska,

Michal Piotr Marszalt, The application of lipase from Burkholderia cepacia in the
enantioselective pharmaceutical biocatalysis, Farm Pol, 2022, Tom 78 (4), 194-200.

https://doi/10.32383/farmpol/151576

obejmowal pomoc w redagowaniu manuskryptu,
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Mgr Kamil Cala 13.06.2023 r.
Katedrs Chemii Lekow

Whydzial Farmaceutyczny

Collegtum Medicum w Bydgoszezy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadczenic wspolautora o udziale w powstaniu publikacji

Oswiadezam, ze moj udzial w publikacji naukowe);

Jacek Duleba. Tomasz Siodmiak, Rafal Mastalerz, Natalia Kocot. Agmieszka Debiniska,
Emilia Suchomska, Mateusz Czeczka. Kamil Cala. Dorota Watrohska-Swietlikowska,
Michal Piotr Marszall, The application of lipase from Burklolderia cepacic m the
enantioselective phatmaceutical biocatalysis, Farm Pol. 2022, Tom 78 (4). 194-200,
https:idor’ 10,32383farmpol 151576

obejmowal pomoc w redagowaniu manuskryptu.

about:blank

b [

23.06.2023, 13:0¢

Strona | 130



