UNIWERSYTET
PRZYRODNICZY
WE WROCLAWIU

Wydziat Biotechnologii i Nauk o Zywnosci
Katedra Biotechnologii i Mikrobiologii Zywnosci

Dyscyplina Nauk Biologicznych

Katarzyna Ewa Kosiorowska

Badanie zdolnosci fizjologicznych drozdzy Yarrowia

lipolytica do rozkladu tworzyw sztucznych

Investigation of the ability of the Yarrowia lipolytica yeast to degrade plastic

materials

Praca Doktorska wykonana pod kierunkiem:

dr hab. Aleksandry Marii Mironczuk, prof. Uczelni

Wroctaw 2022



Badania zaprezentowane w niniejszej pracy zostaly wykonane w ramach projektu:

Badanie zdolnosci fizjologicznych drozdzy Yarrowia lipolytica do rozktadu tworzyw
sztucznych.
Grant: OPUS 14 UMO-2017/27/B/NZ9/02218

Kierownik projektu: dr hab. Aleksandra Maria Mironczuk



Pragne podziekowac

Pani Promotor

Dr hab. Aleksandrze Marii Mironczuk, prof. Uczelni
za mozliwos¢  realizacji tematu niniejszej pracy,
profesjonalizm,  cierpliwos¢, opieke merytoryczng,

poswiecony czas oraz mozliwosé rozwoju

Pani Promotor pomocniczej
Dr inz. Magdalenie Rakickiej-Pustulce

za okazang pomoc

Pani dr Irinie Borodinie
z Durniskiego Uniwersytetu Technicznego
w Kopenhadze

Panu dr Antonio David Moreno
z Centrum Badah Energetycznych, Srodowiskowych

i Technologicznych w Madrycie

Pani dr inz. Dorocie Rzechonek
Panu mgr Mateuszowi Szczepanczykowi
Panu dr Adamowi Dobrowolskiemu

za cenne rady

Pracownikom i doktorantom

Katedry Biotechnologii i Mikrobiologii ZywnoSci
Uniwersytetu Przyrodniczego we Wroctawiu

Przyjaciolom

Rodzicom i Siostrze



Spis tresci

Wykaz publikacji wchodzacych w sktad rozprawy doktorskiej........ccevvververerieereniieniienesinneens 6
SEIMESZCZEINIE ...ttt b bbbttt E bbb 7
Streszczenie w jezyku angielskim (ADSLIACT) .......cveiieiiiiiiiiiiee e 9
R | < o TP PP TPPRROUPRROPI 11
2. CRIPIACY ..ttt bbb 15
3. Materialy 1 MELOAY .......couiiiiiiiii s 16
T8 T |V 11 (o To {0 =T 741 1)V 16
3.2.  Podtoza i warunki hOdOWIi........ccoiuiiiiiiiiiiic i 18
3.3.  Modyfikacje genetyczne mikroorganizmoOw ............cocoeeruiereeiiiieniieniee e 18
3.3.1.  Transformacja E. COli.....ccoiiiiiiiiiiiccecc e 19
3.3.2.  Transformacja Y. HPOIYLICA.......ccccccveieeiiiic e e 19

3.4. Sprawdzanie poziomu ekspresji gendw (qQRT-PCR).......cccovvviviineiiiiniiineseies 19
3.5.  Analiza filogenetyczna biatek ...........ccooveiiiiiiiiiii 20
3.6. Badanie aktywno$ci ENZYMALYCZNEJ ....ccuveuveieriiiiiiesiisiesiesiie et 20
3.7. 1. Degradacja PCL ..ottt 20
3.7.2. Degradacja PET .....ccoiieeieie sttt 21

3.8.  Analiza chromatograficzna analitow obecnych w ptynie pohodowlanym ................ 23
3.8.1.  Wysokosprawna chromatografia cieczowa (HPLC).........cccoovviiiiiiiniiiceen, 23
3.8.2.  Ultrasprawna chromatografia cieczowa (UHPLC).........c.cccccoveiieieeie e 23
3.8.3.  Analiza StatyStyCZNa WyNIKOW.........cceiuerierierierieiiesiesieieeie e 24

4. Komentarze do PUDIKAC]I .....c.ccviiieiicecic ettt 25

4.1. Publikacja 1- Urbanek, A.K., Kosiorowska, K.E., Mironczuk, A.M., 2021.
Current Knowledge on Polyethylene Terephthalate Degradation by Genetically
Modified Microorganisms. Front. Bioeng. Biotechnol. 9, 1-15. .........c.cccooooiiiiiieiieennnns 25

4.2. Publikacja 2- Kosiorowska, K.E., Polomska, X., Wang, G., Borodina, I.,
Mironczuk, A.M., 2021. Efficient biodegradation of aliphatic polyester by genetically

4



engineered strains of the yeast Yarrowia lipolytica. Int. Biodeterior. Biodegrad..
Volume 161, July 2021, 105232.........ccuiiieieiiesiteie ettt st see e sreenee e 27

4.3. Publikacja 3- Kosiorowska, K.E., Biniarz, P., Dobrowolski, A., Leluk, K.,
Mironczuk, A.M., 2022. Metabolic engineering of Yarrowia lipolytica for poly(ethylene
terephthalate) degradation. Sci. Total Environ. 831, 154841. ........ccccccevevivevecieseennnn, 30

44. Publikacja 4- Kosiorowska, K.E., Moreno, A.D., Iglesias, R., Leluk, K.,
Mironczuk, A.M., 2022. Production of Petase by Engineered Yarrowia Lipolytica for
Efficient Poly(Ethylene Terephthalate) Biodegradation. Sci. Total Environ. 846,

157308, et ree s 33
5. POOSUMOWANIE ...ttt bbbt b et n e anes 36
8. WWVIHOSKI ...ttt bbbttt bbbt 37
F A I 1 (<] - (1] - T USSP TP PP URPRPROPRPIR 39
8. DOrODEK NAUKOWY ......oeeuiiiiieiiece ettt te e beaneenne s 46
9. Oswiadczenia wspOIautorOw PubliKaCil ......eecviiviiiiiiiiieieee e 51
O U o] 1] T =PSSOSR 63



Wykaz publikacji wchodzacych w sklad rozprawy doktorskiej

Publikacja 1 (P1):

Urbanek, A.K.", Kosiorowska, K.E.f, Mironczuk, A.M., 2021. Current Knowledge on
Polyethylene Terephthalate Degradation by Genetically Modified Microorganisms. Front.
Bioeng. Biotechnol. 9, 1-15.

T- Autorzy w rownym stopniu przyczynili si¢ do powstania pracy.
IF=6,064; MEiN= 100
Publikacja 2 (P2):

Kosiorowska, K.E., Potomska, X., Wang, G., Borodina, 1., Mironczuk, A.M., 2021. Efficient
biodegradation of aliphatic polyester by genetically engineered strains of the yeast Yarrowia
lipolytica. Int. Biodeterior. Biodegrad. 161, 105232.

IF=4,907; MEIN= 140
Publikacja 3 (P3):

Kosiorowska, K.E., Biniarz, P., Dobrowolski, A., Leluk, K., Mironczuk, A.M., 2022.
Metabolic engineering of Yarrowia lipolytica for poly(ethylene terephthalate) degradation.
Sci. Total Environ. 831, 154841.

IF=10,753; MEiIN= 200
Publikacja 4 (P4):

Kosiorowska, K.E., Moreno, A.D., Iglesias, R., Leluk, K., Mironczuk, A.M., 2022.
Production of PETase by engineered Yarrowia lipolytica for efficient poly(ethylene
terephthalate) biodegradation. Sci.Total Environ 846, 10 November 2022, 157358

IF=10,753; MEiIN= 200

Catkowity wspotczynnik IF publikacji, ktore wchodzg w sktad pracy doktorskiej wynosi
32,477 oraz 640 punktow ministerialnych. Wartosci wspotczynnika IF podane zostaly w
zgodzie z rokiem opublikowania. Punkty MEIN dla wszystkich artykutléw zostaly podane
zgodnie z rokiem publikacji komunikatu Ministra Edukacji i Nauki z dnia 01.12.2021 r.



Streszczenie

Zanieczyszczenie planety odpadami z tworzyw sztucznych jest w ostatnich latach coraz
bardziej dostrzegalne. Zwickszona produkcja i wykorzystanie tych materiatdw w wielu
dziedzinach przemystu, polaczone z niedopracowanym systemem zarzadzania odpadami
sprawily, ze coraz wigcej ekosystemow odczuwa bolesne skutki akumulacji tychze $mieci.
Jednym z najbardziej powszechnych tworzyw sztucznych na $wiecie jest poli(tereftalan
etylenu) (PET), polimer o bardzo dobrych wiasciwo$ciach fizyko-chemicznych, ktory jest
uwazany za niebiodegradowalny. Obecnie, naukowcy prowadzg wzmozone badania majace
na celu rozwigza¢ ten realny i narastajacy problem a dotychczasowym rezultatem byto
okreslenie enzymoéw z klasy hydrolaz, takich jak kutynazy, lipazy i PETaza, jako zdolnych
do hydrolizy wigzan estrowych obecnych z poliestrach (P1). Niniejsza praca skupia si¢
na badaniu zdolnosci zmodyfikowanych drozdzy Yarrowia lipolytica do rozktadu tworzyw
sztucznych 1 ma na celu wprowadzenie nowatorskiej metody degradacji poliestrow

bezposrednio w hodowli mikroorganizmow.

W pierwszej fazie badan koncentrowano si¢ na degradacji poliestrow alifatycznych,
w ktorej wykorzystano szczep drozdzy Y. lipolytica produkujacy pozakomoérkowo kutynazy
z F. solani i T. reesei z koekspresjg natywnej lipazy (P2). Badania w tym zakresie dotyczyly
aktywnosci enzymatycznej enzymow obecnych w supernatancie pochodzacym z hodowli, ich
zdolnosci do tworzenia stref przejasnien na emulgowanym podiozu poliestrowym (poli
e-kaprolaktonu; PCL), ilo$ciowego oznaczania iloSci uwalnianego e-kaprolaktonu w procesie
rozktadu oraz ubytku masy biodegradowalnych folii z tworzywa sztucznego po hodowli
ze zmodyfikowanymi szczepami. W niniejszych badaniach ustalono, ze szczepem
wyrdzniajacym si¢ Wysokim poziomem biodegradacji poliestrow jest szczep Y. lipolytica
z nadekspresja kutynazy z F. solani (AJD2 pAD CUT_FS), wykorzystany réwniez
do biodegradacji PET (P3). Poniewaz PETaza z Ideonella sakaiensis nie wykazuje zdolnoS$ci
do hydrolizy wigzan estrowych obecnych w poliestrach alifatycznych (takich jak PCL),
szczep produkujacy ten enzym, wraz ze szczepem wybranym w pierwszym etapie badan,

zostat wykorzystany do oceny zdolnosci degradacyjnych tworzywa PET (P4).

Proces rozktadu PET =zostat przeprowadzono bezposrednio w  hodowli
zmodyfikowanych szczepow Y. lipolytica. Dodatkowo zbadano wptyw suplementacji
na wydajnos$¢ degradacji, stosujac rézne stgzenia soli oraz oliwy z oliwek. Efektywnos¢

degradacji tworzyw sztucznych okre§lono na podstawie ilosci uwolnionych produktow



hydrolizy PET, takich jak kwas tereftalowy (TPA) oraz kwas mono-(2-
hydroksyetylowy)tereftalowy (MHET) przy uzyciu ultrasprawnej chromatografii cieczowej
(UPLC). Dodatkowo zbadano réwniez zdolnos¢ do asymilacji koncowych produktow
degradacji PET (takich jak TPA, EG) przez Y. lipolytica i poréwnano zdolno$¢ do hydrolizy
MHET przez zmodyfikowane szczepy kutynazg z F. solani i PETazg z |. sakaiensis. Ponadto
przeprowadzono hodowle drozdzy z folia PET, a struktur¢ jej powierzchni na folii

sprawdzono za pomocg skaningowego mikroskopu elektronowego (SEM).

Badania przeprowadzone w ramach tej pracy wskazuja, ze Y. lipolytica jest
odpowiednim kandydatem, ktory moze by¢ wykorzystany jako organizm gospodarza
do pozakomorkowej produkcji enzymdéw  hydrolizujgcych poliestry. Ze wzgledu
na stabilizacj¢ pH podtoza hodowlanego po 72 h hodowli w zakresie optymalnych warunkow
srodowiskowych dla obu stosowanych enzyméw (pH 8,0-8,5) wykazano, ze proces degradacji
tworzyw sztucznych moze by¢ wydajnie przeprowadzony bezposrednio w hodowli
mikroorganizmow. Dodatkowo w naszych badaniach wykazalismy, ze Y. lipolytica jest
zdolna do asymilacji glikolu etylenowego (EG), ktory wraz z TPA jest koncowym produktem

hydrolizy tego polimeru.



Streszczenie w jezyku angielskim (Abstract)

Pollution of the planet with plastic waste has become increasingly apparent in recent
years. The increased production and use of such materials in a wide range of industries,
combined with an underdeveloped waste management system, has resulted in an increasing
number of ecosystems being harmed by the accumulation of this litter. One of the most
common plastics in the world is poly(ethylene terephthalate) (PET), which is considered
a non-biodegradable polymer with outstanding physical and chemical properties. Currently,
scientists are undertaking intensive research aiming at solving this feasible and escalating
problem and to date, the results were the identification of enzymes from the hydrolase class,
such as cutinases, lipases and PETase, as capable of hydrolyzing the ester bonds present
in polyesters (P1]). The current work focuses on examining the ability of modified Yarrowia
lipolytica yeast to degrade plastics and aims to introduce a novel method for degrading

polyesters directly in microbial culture.

The increased production and use of plastics in recent years has resulted in their
significant accumulation in the environment, which negatively affects the entire ecosystem.
One of the world’s most common plastic material is poly(ethylene terephthalate) (PET) is one
of the world’s most widely used plastic material with wide range of usage i.e. packaging,
construction and automotive industry. To the date, the enzymes from hydrolase class such
as cutinases, lipases and PETase were classified as capable to hydrolyze ester bonds present

in polyesters.

First, the research was focused on aliphatic plastic degradation, where Y. lipolytica yeast
strain extracellularly producing cutinases from F. solani and T. reesei with co-expression with
native Y. lipolytica lipase (P2). The work within this scope focused on investigation the
enzymatic activity of the enzymes present in the culture’s supernatant, the capacity to form
clear zones on the emulsified polyester substrate medium, the quantitative assay of the
amount of released e-caprolactone during decomposition process, and the mass loss
of biodegradable plastic films. In this study, we have determined the best candidate for further
work with more challenging plastic material is a strain producing cutinase from F. solani,
employed also for biodegradation of PET (P3). Considering that PETase from Ideonella
sakaiensis does not exhibit the ability to hydrolyze ester bonds present in aliphatic polyesters,
the strain producing this enzyme, along with the strain selected in the first stage of the studies,
was used to examine degradation of PET material (P4). The investigation of the capacity



to hydrolyze this plastic were performed directly in the culture of the above-mentioned
Y. lipolytica engineered strains. In addition, we have tested the supplementation influence
on the degradation efficiency with the use of various salts and olive oil at different
concentrations. Plastic degradation capacity by Y. lipolytica strains was determined based
on the amount of released PET hydrolysis products such as terephthalic acid (TPA), mono-(2-
hydroxyethyl) terephthalic acid (MHET) and with the use of ultraperformance liquid
chromatography (UPLC). Furthermore, we have also investigated the ability to assimilate
terminal PET degradation products by Y. lipolytica and compared the ability to hydrolyze
MHET by modified strains producing cutinase from F. solani and PETase from I. sakaiensis.
Finally, the yeast culture with PET film was carried out and the structure of the film was

verified by scanning electron microscopy.

The research conducted in this thesis indicates that Y. lipolytica is a highly suitable
candidate which may be used as a host organism for the extracellular production of enzymes
hydrolyzing polyesters. Due to the stabilization of the pH of the culture medium after 72 h
of culture within the range of optimal environmental conditions for both enzymes used
(pH 8.0-8.5), plastic degradation process can be accomplished directly in the microbial
culture. Additionally, in our study we have demonstrated that Y. lipolytica is able to assimilate
ethylene glycol (EG), which, along with TPA, is the final product of the hydrolysis of this

polymer.
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1.  Wstep

Zwigkszona produkcja 1 konsumpcja tworzyw sztucznych w ostatnich latach
przyczynita si¢ do powaznego zanieczyszczenia srodowiska powstajgcymi z nich odpadami.
Od 1950 roku wytwarzane ilosci tych tworzyw stale rosty, a w 2020 roku wyprodukowano
367 milionéw ton metrycznych pierwotnego tworzywa sztucznego (PlasticsEurope Market
Research Group (PEMRG) / Conversio Market & Strategy GmbH, 2021). Wraz
z tendencyjnie wzrastajacg iloscig generowanych tworzyw sztucznych nasilit si¢ poziom
nieckontrolowanego zasmiecania nimi planety. W 2020 roku, w Europie zostato zgromadzone
ponad 29 milionéw ton metrycznych post-konsumenckich odpadow 2z tworzyw
syntetycznych, z czego 34,6 % zostalo poddane recyklingowi. Budujagcym jest fakt,
ze w porownaniu z 2020 rokiem, roczna ilo§¢ tworzyw sztucznych trafiajaca na wysypiska
spadta o 6 milionow ton metrycznych (PlasticsEurope Market Research Group (PEMRG) /
Conversio Market & Strategy GmbH, 2021).

Jednym z najpowszechniejszych polimeréw, wykorzystywanych na szeroka skalg
do produkcji opakowan oraz w przemysle samochodowym, jest poli(tereftalan etylenu)
(PET), stanowigcy 8,4 % dystrybuowanych polimerow w Europie. Obok  niego,
najpopularniejszymi  typami tworzyw wykorzystywanymi na Starym Kontynencie
sq: polipropylen (PP)- 19,7 %, polietylen o niskiej i liniowo-niskiej gestosci (PE-LD, -LLD)-
17,4 %, polietylen o wysokiej i $redniej gestosci (PE-HD, -MD)- 12,9 %, polichlorek winylu
(PVC)- 9,6 %, poliuretan (PUR)- 7,8 % oraz polistyren (PS)- 6,1 % (Chamas et al., 2020;
Plastics Europe Market Research Group (PEMRG) and Conversio Market & Strategy GmbH.,
2021). Posiadaja one duzg mase czasteczkowa, zapewniajacg dobre wlasciwosci mechaniczne
tworzywa, takie jak: sztywno$¢, elastyczno$¢, odporno$¢ na uszkodzenia i1 pekniecia,
a dodatkowo cechujg sie wysoka hydrofobowoscig (Al-Sabagh et al., 2016; Danso et al.,
2019). Istotne, pod wzgledem wykorzystania przemystowego, cechy polimerow
syntetycznych przyczyniaja si¢ do ich utrudnionej degradacji z wykorzystaniem metod
recyklingu biologicznego (Chamas et al., 2020). Dotychczasowe doniesienia wskazujg takze,
ze tworzywa sztuczne w Srodowiskach morskich sg zwigzane z trwatymi zanieczyszczeniami
organicznymi (POP), takimi jak polichlorowane bifenyle (PCB), pestycydy czy
wielopierscieniowe weglowodory aromatyczne (PAH) (Chamas et al., 2020; Fisner et al.,
2013; Rios et al., 2010).
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Oprécz niekorzystnego wpltywu duzych fragmentéw odpadéw syntetycznych
na S$rodowisko, niewatpliwym problemem wystepujagcym rownolegle jest uwalnianie si¢
w wyniku procesow abiotycznych matych elementéw tworzyw sztucznych, tzw. mikro-
(1 um—5 mm) i nanoplastikow (<1 um). Skazenie planety mikroplastikiem rozszerzylo si¢
do tego stopnia, ze jego obecno$¢ stwierdzona zostala w srodowisku glebowym na terenach
rolniczych, przybrzeznych, przemystowych (Xu et al., 2020), a takze w $rodowiskach
odlegtych od siedzib ludzkich, takich jak Arktyka (Cézar et al., 2017), Antarktyda
(Waller et al., 2017) i Row Marianski (Gangadoo et al., 2020).

Zanieczyszczenie terendw ladowych oraz morskich $§mieciami z tworzyw sztucznych
zwigzane jest z niekontrolowanym uwalnianiem odpadéw na wysypiska oraz do rzek, skad
przedostaja si¢ one dalej do Srodowisk moérz i oceandéw, stanowigc duze zagrozenie dla
organizmé6w morskich i nadmorskich (Lebreton et al.,, 2017). Szacuje si¢, ze rocznie
do $rodowisk wodnych trafia 4,8-12,7 milionow ton metrycznych tego typu smieci (Jambeck
et al., 2015). Dotychczas z powodu zanieczyszczenia srodowiska tworzywami syntetycznymi
$mieré poniosto ponad 1 milion ptakéw nadmorskich oraz 100 tysiecy ssakow 1 zotwi
(Jaiswal et al., 2020). Wszechobecnos¢ mikroplastikow (MP), czyli matych fragmentow
tworzyw sztucznych, w srodowisku stanowi rowniez zagrozenie dla ludzi. Pofragmentowane
materiaty polimerowe moga przedostawa¢ si¢ do organizmu poprzez spozycie lub kontakt
skorny, co moze powodowaé potencjalnie dlugotrwaty uszczerbek na zdrowiu (Hirt and
Body-Malapel, 2020; Prata et al., 2020). Wnikanie fragmentow mikroplastiku czy
nanoplastiku do tancucha pokarmowego wigze si¢ z dodatkowymi ryzykiem zwigzanym
z mozliwoscig ich akumulacji w jelitach, nerkach czy watrobie, co §wiadczy o mozliwosci
przenoszenia drobnych fragmentéw tworzyw przez uktad krazenia. W ostatnim czasie
obecnos¢ mikroplastikow we krwi ludzkiej zostata potwierdzona. We krwi 77 %
przebadanych osob wykryto PMMA (szklo akrylowe), PP (polipropylen), PS (polistyren), PE
(polietylen) oraz PET (poli(tereftalan etylenu) (Leslie et al., 2022). Dotychczasowe badania
in vitro wskazaty, ze mikroplastiki moga indukowa¢ odpowiedz immunologiczna, powoduja
stres oksydacyjny, zmian¢ integralnoSci blon oraz wplywaja na eckspresje genow
(Bouwmeester et al., 2015; Mattsson et al., 2017; Meaza et al., 2021). Ekspozycja ludzi
na spozycie mikroplastikbw ma zwigzek z wykryciem ich obecnosci w wodach
powierzchniowych, gruntowych, kranowych oraz $ciekach (Novotna et al., 2019; SAPEA
Science Advice for Policy by European Academies, 2019). Obecnos$¢ mikroplastikow zostata

takze potwierdzona w produktach spozywczych, takich jak miod, cukier (Liebezeit and
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Liebezeit, 2013) i krowie mleko (Kutralam-Muniasamy et al., 2020). Ostateczne
potwierdzenie faktu spozywania plastiku przez ludzi zostato zdeterminowane po przebadaniu
probek katu, w ktoérych ujawniono obecnos¢ 9 typdéw tworzyw sztucznych, a najczesciej
wystepujacymi byt PP i PET (Raamsdonk et al., 2020). Warto zauwazy¢, ze mikroplastiki
o wymiarach przekraczajacych 150 um nie s3 wchianiane w jelitach, jednak, wigzac si¢
z warstwg $luzu jelitowego, moga prowadzi¢ do ich zapalenia i wptywac przez to na uktad
odporno$ciowy. Mniejsze fragmenty mogg przekroczy¢ bariere $luzowg i, pomimo mato
wydajnego wchlaniania plastiku w jelicie (0,3 %), jak wykazaty badania przeprowadzone
na zwierzgtach, tworzywa polimerowe akumuluja si¢ w watrobie, $ledzionie, sercu, plucach,
nerkach a nawet w mozgu (Carr et al., 2012; EFSA Panel on Contaminants in the Food Chain,
2016; Priist et al., 2020).

Badania przeprowadzone w zakresie degradacji tworzyw sztucznych wyodrebnity
szereg enzymoéw z klasy hydrolaz, zdolnych do hydrolizy wigzan estrowych obecnych w
materiatach syntetycznych. Enzymy posiadajace potencjat degradacyjny tworzyw sztucznych
to: kutynazy (EC 3.1.1.74); PETaza (EC 3.1.1.101) (przy wspotudziale MHETazy (EC
2.1.1.102)) oraz lipazy (EC 3.1.1.3). o/B-hydrolazy o zdolnosci dekompozycji PET
wyizolowano z Humicola insolens (HiC), Thermobifida fusca (TfCut2), kompostu li§ciowo-
gateziowego (LCC) (Tournier et al., 2020) (kutynazy) oraz ldeonella sakaiensis (PETaza
i MHETaza) (Furukawa et al., 2019; Yoshida et al., 2016). Kutynazy s3 w stanie
hydrolizowa¢ zar6wno wigzania estrowe wystgpujace w poliestrach alifatycznych, jak
I aromatycznych, dzigki czemu mozliwe jest ich zastosowanie w degradacji szerokiej gamy
polimerow sztucznych (Liu et al., 2019; Sulaiman et al., 2012). Z kolei PETaza moze
hydrolizowa¢ wigzania estrowe obecne tylko w poliestrach aromatycznych (Austin et al.,
2018). Enzymy biorgce udziat w degradacji PET nalezg do podklasy esteraz i posiadajg triade
katalityczng charakterystyczng dla o/B-hydrolaz (Ser-His-Asp). Hydroliza wigzania estrowego
zachodzi dzigki nukleofilowemu atakowi atomu tlenu seryny na karbonylowy atom wegla
obecny w wigzaniu estrowym. Ujemnie natadowany asparaginian (Asp) stabilizuje dodatnio
naladowang reszt¢ histydynowg (His), a powstajaca sie¢ przenoszenia tadunku umozliwia
serynie (Ser) przeprowadzenie ataku nukleofilowego (Han et al., 2017). Produktami
powstajacymi podczas degradacji enzymatycznej PET s3: BHET (tereftalan bis(2-
hydroksyetylu)), MHET (kwas mono-(2-hydroksyetylowy) tereftalowy), TPA (kwas
tereftalowy) i EG (glikol etylenowy) (P3; Rys. 1). Do celéw niniejszej pracy, na podstawie

dotychczasowych doniesien naukowych zwigzanych z wydajnoscig okreslonych enzymoéw
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pod katem degradacji tworzyw sztucznych, wybrano: kutynazy z Trichoderma reesei oraz
Fusarium solani, PETazg z Ideonella sakaiensis oraz lipazg 2 z Yarrowia lipolytica. Kutynaza
z Trichoderma reesei ma dwa optima pH (4,0 i 7,3) i utrzymuje aktywno$¢ w zakresie pH 3-8
i traci stabilno$¢ w temperaturze powyzej 60 °C (Roussel et al., 2014). Kutynaza z Fusarium
solani wykazuje aktywnos¢ w szerokim zakresie pH (3-11), a optymalne pH dziatania zostato
doswiadczalnie ustalone w przedziale 6-9. Enzym jest stabilny w zakresie 20-70 °C, przy
czym optymalna temperatura dziatania miesci si¢ w zakresie na 30 i 40 °C (Baker et al., 2012;
Chen et al., 2008). PETaza jest enzymem 0 optimum temperaturowym wynoszacym 40 °C
I wykazujacym aktywnos¢ w pH 6-10 (Chen i in., 2021). Lipaza 2 jest stabilna w pH 3,5-9,
natomiast tolerowany zakres temperatur miesci si¢ w przedziale pomigdzy 25 °C a 55 °C.
Optymalne warunki dziatania dla tej hydrolazy zostaty eksperymentalnie ustalone na 37 °C
i pH 7,0 (Yu etal., 2007).

Rozszerzenie wiedzy dotyczacej enzymoOw zaangazowanych w procesy degradacyjne
tworzyw sztucznych pozwala na udoskonalenie poznanych dotychczas metod
z wykorzystaniem inzynierii genetycznej. Do tej pory przeprowadzono wiele modyfikacji
genetycznych w celu poprawy naturalnych zdolnos$ci mikroorganizméw do rozktadu
materiatdw syntetycznych (Liu et al., 2019) lub poprzez nadekspresje enzymow
zaangazowanych w ten proces w heterologicznym gospodarzu (Gamerith et al., 2017
Ribitsch et al., 2011; Xi et al., 2021). Istotnym etapem pracy zwigzanym z konstruowaniem
nowych szczepow w celu zewnatrzkomorkowej produkcji interesujacych nas biatek, jest
dobor szczepu bedacego organizmem gospodarza. W badaniach przeprowadzonych
W niniejszej pracy, mikroorganizmem wykorzystanym do sekrecji wybranych a/B-hydrolaz
byly niekonwencjonalne drozdze Yarrowia lipolytica. Kryteria doboru, jakie zostaty ustalone
podczas selekcji organizmu gospodarza, wigzaty si¢ z zalozeniem przeprowadzenia procesu
degradacji polimerow bezposrednio w hodowli mikroorganizmu, przy zapewnieniu
odpowiednich warunkéw srodowiskowych oraz z mozliwoscig wykorzystania uwolnionych
produktow degradacji jako zrodta wegla. Drozdze Y. lipolytica posiadaja zdolnosé¢
do asymilacji atypowych zrédet wegla, takich jak alkany czy poliole, moga rosnac¢
w szerokim zakresie pH a dodatkowo posiadajg status GRAS (generalnie uznane za

bezpieczne; ang. Generally Recognised as Safe) (Rzechonek et al., 2020).
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2.  Cel pracy

Celem pracy bylo zbadanie zdolnosci zmodyfikowanych genetycznie drozdzy Yarrowia

lipolytica do degradacji tworzyw sztucznych. Realizacja badan nad powyzszym tematem

prowadzona byta w oparciu o cele szczegotowe:

Inzynieria genetyczna drozdzy Y. lipolytica w celu uzyskania szczepow
funkcjonalnie ekspresjonujacych wybrane geny hydrolaz.

Okreslenie  zdolno$ci  uzyskanych  szczepow do  rozktadu  plastiku
z wykorzystaniem poli(e kaprolaktonu) (PCL) oraz poli(tereftalanu etylenu)
(PET) jako substratow modelowych.

Zweryfikowanie zdolno$ci drozdzy do wzrostu na terminalnych produktach
degradacji tworzyw sztucznych.

Optymalizacja procesu degradacji materiatow syntetycznych bezposrednio

w hodowli mikroorganizméw.
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3. Materialy i metody

Badania do niniejszej pracy wykonane zostaly z wykorzystaniem szczepow
Yarrowia lipolytica modyfikowanych genetycznie. Ponizszy rozdzial zawiera informacje
dotyczace wykorzystanych mikroorganizméw oraz podstawowych metod uzytych podczas
pracy laboratoryjnej. Szczegétowe informacje dotyczace zaimplementowanych protokotow

znajduja si¢ w publikacjach wchodzacych w sktad rozprawy doktorskie;j.
3.1. Mikroorganizmy

Szczepy drozdzy wykorzystane w pracy zostaly uzyskane z dzikiego szczepu Yarrowia
lipolytica A101 (Wojtatowicz and Rymowicz, 1991), w ktéorym dokonano delecji genu
dekarboksylazy 5'-fosforanu orotydyny (URA3) (AJD) (Mironczuk et al., 2015) a nastepnie
usuni¢to proteazy: kwasng (AXP; YALIOB05654g) oraz zasadowa (XPR2; YALIOF31889g)
(Janek et al., 2020). Otrzymany w wyniku powyzszych modyfikacji szczep AJD AXAA
(AJD 2) zostal wykorzystany do utworzenia szczepéw posiadajacych zdolnos¢ do ekspresji
gendéw kutynaz z Fusarium solani i Trichoderma reesei, PETazy z ldeonella sakaiensis
a takze do nadekspresji natywnej lipazy 2 (YALIOA20350g). Geny kutynaz oraz PETazy
wklonowane do Y. lipolytica zostaly zoptymalizowane kodonowo i posiadaja sekwencj¢
sygnalng XPR2 umozliwiajaca zewnatrzkomorkowa sekrecje wyprodukowanych enzymow
(Nicaud et al., 1989). Jako no$nik plazmidow zawierajacych wyzej wymienione geny
wykorzystano bakteri¢ Escherichia coli DH5a. Szczepy wykorzystane w badaniach zostaty

przedstawione w Tabela 1.

Tabela 1. Zestawienie szczepow wykorzystanych podczas pracy laboratoryjnej.

Szczep Genotyp Zrédlo

Escherichia coli

F~ endAl gIinV44 thi-1 recAl relAl
gyrA96 deoR nupG purB20 (Hanahan and
@80dlacZAM15 A(lacZYA- Glover, 1985)
argF)u169, hsdR17(rk mx*), A~

DH5a

Plazmid niosacy gen YALIOA20350g
pAD Lip2 pod promotorem UAS1B16- TEF, (Janek et al., 2020)
YALI0A20350g, amp"
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Plazmid niosacy zoptymalizowany

kodonowo gen kutynazy z Fusarium

pAD CUT_FS )
solani pod promotorem UAS1B16-
TEF, amp’ (Kosiorowska et
Plazmid niosgcy zoptymalizowany al., 2021)
kodonowo gen kutynazy z
pAD CUT_TR _ _
Trichoderma reseei pod promotorem
UAS1B16- TEF, amp"
Plazmid niosacy zoptymalizowany
kodonowo gen PETazy z Ideonella (Kosiorowska et
pAD PET_IS o
sakaiensis pod promotorem al., 2022)
UAS1B16- TEF, amp"
Yarrowia lipolytica
) (Wojtatowicz and
A101 Wild type )
Rymowicz, 1991)
(Mironczuk et al.,
AJD MATA, A101: ura3-302
2015)
AJD 2 MATA, A101, AAXP, AXPR2

(Janek et al., 2020)

AJD 2 pAD Lip2

Nadekspresja YALIOA20350g

AJD 2 pAD CUT_FS

Ekspresja kutynazy z Fusarium solani

AJD 2 pAD CUT_TR

Ekspresja kutynazy z Trichoderma

AJD 2 pAD Lip2/CUT_FS

reesei
Nadekspresja lipazy 2 (Kosiorowska et
(YALIOA20350q) i kutynazy z al., 2021)

Fusarium solani

AJD 2 pAD Lip2/CUT_TR

Nadekspresja lipazy 2
(YALIOA203509) i kutynazy

Trichoderma reesei

AJD 2 pAD PET_IS

Ekspresja PETazy z Ideonella (Kosiorowska et

sakaiensis al., 2022)
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3.2. Podloza i warunki hodowli

Bakterie E. coli hodowano w podlozu LB w temperaturze 37 °C przy cigglym
wstrzgsaniu 200 RPM. Bakterie niosgce plazmidy, hodowane byly w podtozu selekcyjnym
LB z dodatkiem ampicyliny w stezeniu koncowym 100 pgmL™. Drozdze kazdorazowo
wzrastaty w temperaturze 28 °C przy ciagglym wstrzasaniu 200 RPM. Inokulum Y. lipolytica
podtoza oraz hodowle z dodatkiem 0,5g folii z PCL oraz krzywe wzrostu szczepow
drozdzowych hodowano w podlozu YPD (1 % ekstrakt drozdzowy, 2 % pepton, 2 %
glukoza). Do badania profilu wzrostu drozdzy wykorzystano czytnik ptytek Spark Tecan
(Mannedorf, Szwajcaria), gestos¢ optyczng hodowli mierzono przy ditugosci fali 600 nm
co 30 min przy cigglym mieszaniu orbitalnym. Do izolacji RNA wykorzystano podtoze YNB
(Yeast Nitrogen Base, podtoze syntetyczne, Sigma Aldrich) z 2 % zawarto$cia glukozy. Testy
stref przejasnien przeprowadzone w Publikacji 1 wykonane zostaty na statym podtozu YNB
z 0,1 % dodatkiem zemulsyfikowanego poli(e-kaprolaktonu) (PCL) i 2 % agaru. Weryfikacje
zdolnosci degradacji proszku i folii PET (GoodFellow, ES306031/1; ES301445/7, Wielka
Brytania) przeprowadzono w podtozu YPD z 5 % zawartoscig glukozy i dodatkiem
odpowiednio 2 g i 1 g materialu plastikowego. OD startowe drozdzy w testach
sprawdzajacych profil wzrostu na ptytkach 96- dotkowych wynosito zawsze 0,05, dla hodowli
prowadzonych w ptytkach glebokodotkowych 0,1 natomiast w przypadku hodowli
w 0.3 L kolbach Erlenmeyera 0,5 (dla tworzywa PET) lub 1 (dla tworzywa PCL). Okre$lenie
gestosci hodowli inokularnej oznaczano metoda turbidymetryczng poprzez mierzenie gestosci
optycznej hodowli przy A= 600 nm z zachowaniem liniowo$ci otrzymywanych odczytow
z uzyciem spektrofotometru UV-vis (BIO-RAD, USA). Szczegdtowe dane dotyczace podtoz
selekcyjnych oraz protokotu przygotowania podt6z suplementowanych zawarte zostaly

w odpowiednich publikacjach.
3.3.  Modyfikacje genetyczne mikroorganizmow

InZynieria metaboliczna drozdzy wykonana w ramach niniejszej pracy opierala si¢
na wykorzystaniu bakterii E. coli jako nos$nika skonstruowanych plazmidéw zawierajgcych
wybrane geny oraz poézniejszej transformacji Y. lipolytica w celu zintegrowania genow
w genomie drozdzy. Heterologiczne geny zostaly zoptymalizowane kodonowo, poddane fuzji
z sekwencjg sygnalng XPR2 oraz zsyntezowane w laboratorium komercyjnym (Sigma
Aldrich, GeneWizzaird, Wielka Brytania).
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3.3.1. Transformacja E. coli

Komoarki kompetentne bakterii E. coli przygotowywano zgodnie z protokotem metody
chemicznej z wykorzystaniem chlorku wapnia (CaCl.) opisanego wczeéniej (Hanahan et al.,
1991). Bakterie transformowano metodg szoku cieplnego. Plazmidy niosgce geny kutynaz
z F. solani oraz T. reesei oraz PETazy z |. sakaiensis skonstruowano w oparciu o wektor pAD
(Mironczuk et al., 2017) z wykorzystaniem enzymow restrykcyjnych Sgsl oraz Nhel oraz
ligazy T4 (Thermo Fisher Scientific). Trawienie restrykcyjne oraz ligacja zostaty
przeprowadzone zgodnie z protokolem producenta. W celu weryfikacji poprawnosci
otrzymanych konstruktow, plazmidy wyizolowane z wykorzystaniem Kit-u Plasmid Mini

(A&A Biotechnology, Polska) zostaty zsekwencjonowane (Genomed, Polska).

3.3.2. Transformacja Y. lipolytica

Transformacja drozdzy Y. lipolytica przeprowadzona zostala z uzyciem metody
wykorzystujacej octan litu (LiAc) (Schiestl and Gietz, 1989). Skonstruowane wektory zostaty
zlinearyzowane przez zastosowanie enzymu restrykcyjnego Mssl a nastepnie wklonowane
do drozdzy w oparciu o metode rekombinacji z rDNA (rekombinacyjne DNA).
Transformanty wzrastaty na podtozu YNB z 2 % glukoza. Z wygenerowanych szczepow
wyizolowano genomowe DNA uzywajac Genomic Mini AX Yeast Spit Kit (A&A
Biotechnology, Polska) i zweryfikowano poprawnos¢ otrzymanych mutantow w oparciu
o0 standardowa reakcj¢ PCR. Ze wzgledu na uzycie genu markerowego URA3 jako czynnika
selekcyjnego, w szczepach z podwdjng ekspresja gendéw konieczne bylo przeprowadzenie
procesu przywracania auksotrofii wzgledem wuracylu. Proces ten odbywal sie
z wykorzystaniem tej samej metody transformacji drozdzy, jednakze zamiast kasety
ekspresyjnej stosowano plazmid pUB4-Crel a system uzyty w tym protokole byt oparty
na rekombinazie Cre-Lox (Fickers et al., 2003). Komoérki poddane transformacji wysiewano
na podtoze selekcyjne YPD z dodatkiem 0,25 gL "* Higromycyny B a nastepnie pasazowano
trzykrotnie na podtoze YPD. Weryfikacja poprawnosci delecji genu URA3 odbywata si¢
z wykorzystaniem podioza YNB z 2 % glukoza, na ktorym poprawne szczepy nie posiadaty

mozliwosci wzrostu.
3.4. Sprawdzanie poziomu ekspresji genéw (QRT-PCR)

Skonstruowane szczepy drozdzy zostaly zweryfikowane pod katem funkcjonalnej
ekspresji wklonowanych gendéw z uzyciem metody qRT-PCR. RNA izolowano z hodowli
24 godzinnych z wykorzystaniem Kitu Total RNA Mini Plus (A&A Biotechnology, Polska),
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nastgpnie traktowano je DNAza wolng od rybonukleaz. Synteza ¢cDNA (komplementarne
DNA) zostala wykonana z uzyciem Maxima First Strand Synthesis Kit (Thermo Fisher
Scientific). Do analizy qRT-PCR wykorzystano zestaw DyNAmo Flash SYBR Green gPCR.
Eksperymenty i analiza danych odbywata si¢ z uzyciem sprzetu CFX Connect
I oprogramowania CFX Maestro (BIO-RAD, USA).

3.5. Analiza filogenetyczna biatek

Analiza sekwencji domen nalezacych do rodziny o/B-hydrolaz w zidentyfikowanych
dotychczas kutynazach i lipazach zostata wykonana z wykorzystaniem wspotrz¢dnych domen
zaczerpnietych z Conserved Domain Database (Lu et al., 2020). W przypadku PETazy, ktorej
nie ustalono dotychczas dokladnej pozycji domeny, uzyto calej sekwencji aminokwasowe;j
enzymu. Program COBALT (Papadopoulos and Agarwala, 2007) zostat uzyty do wyréwnania
sekwencji a wizualizacja danych zostata przeprowadzona w CLC Sequence Viewer 8.0
(QIAGEN). Konstrukcja drzewa filogenetycznego opracowana zostata metoda najblizszego
sgsiada (NJ, ang. Neighbor Joining), odleglo$¢ pomiedzy badanymi sekwencjami obliczona
zostata z uzyciem modelu Jukesa-Cantora po oszacowaniu wiarygodnos$ci metoda

samoprobkowania (ang. bootstrap) na poziomie 1000 przyréwnan sekwencji.
3.6. Badanie aktywnos$ci enzymatycznej

Aktywnos$¢ enzymatyczna esteraz wyprodukowanych przez szczepy zostata okreslona
na podstawie hydrolizy octanu 4-nitrofenolu. Reakcje enzymatyczne byly prowadzone
w 50 mM buforze fosforanowym o pH 7.0 oraz 9.0. Substrat przygotowany zostal w st¢zeniu
100 mM poprzez rozpuszczenie w DMSO (dimetylosulfotlenek). Mieszaning bufor i octan
4-nitrofenolu  przygotowywano bezposrednio przed pomiarem. Kinetyczny pomiar
absorbancji prowadzono w temperaturze 37 °C przez 10 minut przy A= 405 nm
z wykorzystaniem czytnika mikroptytek Synergy H1 (BIO-RAD, USA). Jedna jednostka
enzymu hydrolizuje 1,0 pmola octanu 4-nitrofenolu do kwasu octowego i 4-nitrofenolu

W ciggu minuty.
3.7.  Warunki prowadzenia procesu degradacji tworzyw sztucznych

3.7.1. Degradacja PCL
Folie PCL przygotowano przez rozpuszczenie granulek poli(e-kaprolaktonu)
w dichlorometanie (Urbanek et al., 2017). Tak przygotowang mieszaning przeniesiono

na szklane ptytki Petriego w celu odparowania rozpuszczalnika. Wysuszone folie PCL zostaty
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pociete na fragmenty o masie 0,5 g 1 wysterylizowane poprzez ptukanie w 96 % etanolu
I poddane 30-minutowemu naswietlaniu promieniami UV. Hodowle drozdzy prowadzone
byly w 0,3 L kolbach Erlenmeyera w 30 mL podioza YPD i dodatkiem 0,5 g folii PCL.
Probki hodowli przeznaczone do analizy ilo$ci uwolnionego produktu rozkladu pobierane
byty co 24 h hodowli przez 72 h. Hodowle z ktérych pozyskiwano materiat do weryfikacji
ubytku masy folii PCL, prowadzone byly w takich samych warunkach przez 144 h. Probki
pobierane z hodowli byly wirowane przy 21000 G przez 10 minut w temperaturze
pokojowej, supernatant przenoszono do nowej probowki typu Eppendorf a nastgpnie mrozono

w -20 °C.

3.7.2. Degradacja PET

Zdolnos¢ zmodyfikowanych szczepow do degradacji materiatu PET oceniono przy
uzyciu hodowli na ptytkach glebokodotkowych (DWP). Szczep drozdzy produkujacy
kutynaze z F. solani, PETazg z |. sakaiensis oraz szczep kontrolny AJD 2 kultywowano
W 4 ml podtoza YPD z 5 % glukozg przez 168 godzin. Probki pobierano codziennie,
poczawszy od 72 h hodowli. Pobrane proby wirowano przy 10 000 G, przenoszono
supernatant a  nastgpnie mrozono w -20°C. Kazda hodowla zawierata
0,266 g sproszkowanego poli(tereftalanu etylenu) (PET) (potkrystaliczny; 300 pm;
GoodFellow ES306031/1, Anglia), uprzednio wysterylizowanego przez 10-minutowe
promieniowanie UV. Proszek PET dodawany byt do hodowli bezposrednio przed inokulacja
podtoza. Hodowle w matej skali laboratoryjnej wykorzystywano rowniez w celu skriningu
suplementow mogacych zwieksza¢ wydajnos¢ degradacji tworzywa sztucznego. Uprzednio
wysterylizowane poprzez filtracj¢ z uzyciem 0,22 pm filtrow strzykawkowych (Merck
Millipore) sole dodawano do podtoza YPD z 5 % zawartosécia glukozy. Sprawdzono wptyw
dodatku: jednowodnego siarczanu (VI) manganu (II)- MnSOs - H.O, siedmiowodnego
siarczanu (V1) cynku (11)- ZnSO4 - 7TH20, pigciowodnego siarczanu (V1) miedzi (I1)- CuSOs -
5H20, chlorku wapnia- CaCl,, siedmiowodnego siarczanu (V1) magnezu- MgSQOs - 7H20
w stezeniach koncowych 1 mM 1 2,5 mM. Sole dodawano do hodowli z roztworéow
skoncentrowanych o stezeniu 50 mM, a koncowe stgzenie suplementu obliczano
z uwzglednieniem hydratowos$ci wykorzystanych zwigzkow. W badaniach przesiewowych
wykorzystano rowniez oliwe z oliwek 1 olej rzepakowy, ktére zostaly uprzednio

wysterylizowane poprzez autoklawowanie.

Eksperymenty przeprowadzone w celu okreslenia zdolnosci zmodyfikowanych

szczepow drozdzy do degradacji tworzywa PET w wigkszej skali laboratoryjnej w kolbach
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Erlenmeyera o pojemnosci 0,3 L. Doswiadczenia wykonane z uzyciem hodowli wstrzgsanych
w kolbach prowadzono przez 240 h hodowli w 30 mL podtoza YPD z 5 % zawarto$cia
glukozy i 2 g proszku PET uprzednio wysterylizowanego przez 10 minut promieniowaniem

UV. Tworzywo sztuczne dodawano na poczatku hodowli. Probki pobierano codziennie
od 72 h hodowli.

Dos$wiadczenia prowadzone ze szczepem AJD 2 pAD CUT_FS wykonane w duzej skali
laboratoryjnej zostaly zrealizowane W reaktorze ze zbiornikiem mieszadtowym o objgtosé
catkowitej 5 L (BIOSTAT B-PLUS, Sartorius, Niemcy). Badania w bioreaktorze prowadzono
w objetosci roboczej 1,0 L w podtozu YPD z 5 % zawartoscig glukozy w temperaturze 28 °C.
Szybkosci napowietrzania i mieszania ustalono na 0,8 objetosci na minute (vvm) i 700 min™.
Warto$¢ pH na poziomie 8,5 utrzymywano automatycznie przez dodanie 20 % wodorotlenku
sodu (NaOH) i 10% kwasu chlorowodorowego (HCI). W razie potrzeby automatycznie
dodawano roztwor $rodka przeciwpienigcego (BEKCHEM S.C., Polska). Proszek PET,
uprzednio wysterylizowany przez 10 min naswietlania promieniami UV, dodano do hodowli
po 48 h kultywacji. Probki pobierano codziennie, poczawszy od 72 h trwania hodowli. Czas
trwania hodowli wynosit 240 h, co odpowiada 192 h bezposredniego rozktadu proszku PET

w hodowli.

Hodowle drozdzy z dodatkiem folii PET jako substratu wykonano w 0,3 L kolbach
Erlenmeyera w 50 mL podloza YPD z 5 % zawarto$ciag glukozy i prowadzono przez
4 tygodnie. Do doswiadczen wykorzystano przezroczysta, amorficzng foli¢ PET o grubosci
0,25 mm (GoodFellow ES301445/7, Anglia). Foli¢ PET poci¢to wczesniej na fragmenty
0 wymiarach 1 cmx 1 cm i sterylizowano przez 10 min za pomocg promieniowania UV. Folie
pobrane po hodowli zostaly dwukrotnie przemyte woda Mili-Q w celu usunigcia biomasy

drozdzy 1 pozostawione do wyschnigcia w temperaturze pokojowe;.

Hodowle wykonane z wykorzystaniem ptytek glebokodotkowych, 0,3 L kolbach
Erlenmeyera i bioreaktorach przeprowadzono w trzech powtdrzeniach biologicznych. Ilos¢
proszku PET dodawanego do hodowli zostata ustalona na podstawie badan przedwstepnych
pozwalajacych na ogdlne zoptymalizowanie warunkow hodowli pod katem ich

przygotowania.
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3.8.  Analiza chromatograficzna analitow obecnych w ptynie pohodowlanym

3.8.1. Wysokosprawna chromatografia cieczowa (HPLC)

Oznaczenie ilosci glukozy, glikolu etylenowego (EG) oraz e-kaprolaktonu zostata
przeprowadzona z uzyciem wysokosprawnej chromatografii cieczowej (HPLC). W tym celu
wykorzystano UltiMate 3000 UHPLC (Thermo Fisher Scientific, Waltham, USA) oraz
kolumn¢ HyperRez CarbH + z detektorem UV (£ = 210 nm) (Dionex, Sunnyvale, USA) i RI
(Shodex, Ogimachi, Japonia). Jako eluentu uzyto 25 mM kwasu trifluorooctowego (TFA).
Temperature kolumny ustawiono na 65 °C, a szybko$¢ przeptywu wynosita 0,6 ml min™.
Wzorce glukozy 1 EG zostaly przygotowane przez rozcienczenie analitow w wodzie Mili-Q,
natomiast e-kaprolakton przygotowano przez rozpuszczenie w metanolu (Chempur, Polska).
Probki do analizy ilo$ci glukozy oraz EG przygotowano poprzez rozcienczenie supernatantow
w wodzie miliQ, natomiast poziom uwolnionego produktu rozktadu PCL przygotowano przez
rozcienczenie w 99 % metanolu. Stezenie glukozy, EG oraz e-kaprolaktonu analizowano
w programie Chromeleon Chromatography Data System (Thermo Fisher Scientific, Waltham,
USA).

3.8.2. Ultrasprawna chromatografia cieczowa (UHPLC)

Analiza jakosciowa i ilosciowa supernatantu pochodzacego z procesu degradacji PET
zostata przeprowadzona z uzyciem ultrasprawnej chromatografii cieczowej (UPLC) przy
uzyciu systemu UltiMate 3000 UHPLC (Thermo Fisher Scientific, Waltham)
z zastosowaniem kolumny typu C18 (Hypersil Gold 100 x 2,1 mm, 3 um) z uniwersalng
kolumng ochronng (Hypersil Gold 10 % 2,1 mm, 3 um). Do gradientowej elucji uzyto dwoch
faz ruchomych: (A) acetonitryl z 0,1 % kwasem trifluorooctowym (v/v) i (B) H20 z 0,1%

kwasem trifluorooctowym (v/v). Szybko$¢ przeptywu wynosita 0,8 mLmin

, objetos¢
nastrzyku 1 pL, a temperatura kolumny 45 °C. Detekcja analitéw odbywala si¢ za pomoca
detektora UV (Dionex, Sunnyvale, USA) przy dlugosci fali 243 + 2 nm. Tozsamo$¢ analitow
potwierdzono dodatkowo analiza widma absorpcyjnego w zakresie 190-500 nm. Uzyta
metoda pozwala na calkowite rozdzielenie analitow w ciggu 7 min przy maksymalnym
cisnieniu 250 barow. Probki pobrane z doswiadczen przeprowadzonych w matej skali
laboratoryjnej, w 0,3 L kolbach Erlenmeyera oraz bioreaktorach odwirowywano przy 10 000
G przez 10 min. Supernatanty rozcienczano w 99,9% metanolu i odwirowywano przez
10 minut przy 10 000 G w temperaturze 10 °C. Roztworami wzorcowymi wykorzystane
w analizie produktow degradacji PET byly: roztwor kwasu tereftalowego (TPA) (CAS: 100-

21-0, Sigma Aldrich) roztwor kwasu mono(2-hydroksyetylo)tereftalowego (MHET) (CAS:
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1137-99-1, AChemBlock) przygotowanych poprzez rozpuszczenie w dimetylu sulfotlenku
(DMSO), i roztwor tereftalanu bis(2-hydroksyetylu) (BHET) (CAS: 959-26-2, Sigma) przez
rozpuszczenie w 99,9 % metanolu. Wzorce o stezeniu koncowym 10 gL przechowywano
w zamrazarce w temperaturze -20 °C. Krzywe standardowe sporzadzono na podstawie
roztworOw wzorcowych przez odpowiednie rozcienczenie analitow w 99,9% metanolu.

Analize danych przeprowadzono przy uzyciu programu Chromeleon 7.1.

3.8.3. Analiza statystyczna wynikow

Wyniki uzyskane z uzyciem metod chromatograficznych zostaly poddane analizie
statystycznej w celu okre$lenia istotnosci wpltywu zastosowanych dodatkow na ilos¢
uwolnionych produktéw rozkladu. Analize przeprowadzono przy uzyciu testu t-Studenta,
poprzez porownanie $rednich wynikéw uzyskanych w hodowli kontrolnej (bez dodatku
czynnika badanego) wobec konkretnej hodowli suplementowanej (test dwuwarstwowy;

o niero6wnej wariancji; *p < 0,5, **p < 0,01, ***p <0,005).
3.9. Skaningowa mikroskopia elektronowa (SEM)

W celu okreslenia zmian morfologii powierzchni podczas degradacji PET w hodowlach
ze zmodyfikowanymi szczepami drozdzy Y. lipolytica, wykorzystano skaningowy mikroskop
elektronowy (SEM) VEGA Tescan 3. Proby folii pobrane po hodowli zostaty poddane
napylaniu cienkiej warstwy ztota, w celu uniknigcia gromadzenia si¢ nadmiernego tadunku
elektrycznego. Warunkami napylania uzytymi w tym procesie bylo: nat¢zenie pradu 40 mA,
czas napylania: 60 s (Cressington, Sputter Coater 108). Mikrografy SEM otrzymano przy

uzyciu mikroskopu VEGA Tescan 3 i dedykowanego oprogramowania.
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4.  Komentarze do publikacji

4.1. Publikacja 1- Urbanek, A.K., Kosiorowska, K.E., Mironczuk, A.M., 2021. Current
Knowledge on Polyethylene Terephthalate Degradation by Genetically Modified

Microorganisms. Front. Bioeng. Biotechnol. 9, 1-15.

W Publikacji 1 zostat szczegdtowo opisany aktualny stan wiedzy zwigzanej z procesem
degradacji poli(tereftalanu etylenu), ze szczegdlnym uwzglednieniem organizmow
zmodyfikowanych genetycznie, bedacej rozszerzonym wstegpem teoretycznym do niniejszej

pracy doktorskiej.

Wstep Publikacji 1 zawiera kluczowe informacje przedstawiajgce skalg problemu
zanieczyszczenia $rodowiska odpadami tworzyw sztucznych. Zwrdocona zostala uwaga
na zagrozenie dla fauny i flory morskiej i nadmorskiej przez uwalniane mikro- i nano-plastiki,
ktore akumulowane przez organizmy moga powodowaé szereg zaburzen, takich jak
indukowanie odpowiedzi immunologicznej oraz zmiang integralno$ci bton i ekspresji genow.
Czg$ciowo problem nagromadzenia odpadow PET jest rozwigzywany przez recykling
skutkujacy wytworzeniem nowego PET lub odzyskanie sktadnikéw stuzacych do produkceji
tego materiatu tj. TPA 1 EG. W zwigzku z ograniczeniami powstajacymi podczas recyklingu
PET, takimi jak konieczno$¢ zastosowania wysokiej temperatury i katalizatorow na bazie
metali i cieczy jonowych, procesy te sa wypierane przez metody biologiczne. Okreslenie
zdolnosci do rozktadu PET przez enzymy z grupy hydrolaz, takich jak PETaza z ldeonella
sakaiensis czy kutynaz z Fusarium solani, Humicola insolens czy Thermobifida
cellulosilytica otworzyto nowe mozliwosci w zakresie zarzgdzania odpadami PET. Jednakze,
pomimo wiedzy na temat wielu enzymdw, istnieje wiele nierozwigzanych problemow
dotyczacych ich praktycznego wykorzystania do degradacji PET, takich jak niska stabilno$¢
termiczna lub problem z przeniesieniem procesu degradacji na skale przemystowa.
W odpowiedzi na te problemy, zaczgto rozwaza¢ wykorzystanie inzynierii biatka, aby

przezwycigzy¢ obecne ograniczenia.

W Publikacji 1 przedstawiono doglebng analiz¢ enzyméw poddanych modyfikacjom
oraz wptyw zastosowanych zmian na efektywno$¢ degradacji PET (P1; Tabela 1). Mozliwo$¢
wprowadzenia zmian w strukturze biatka wigze si¢ z koniecznoscig doglebnego poznania
struktury danego enzymu oraz zrozumienie zasady dzialania poszczegélnych reszt
aminokwasowych oraz mechanizmu ich dziatania w procesie hydrolizy wigzan estrowych

w procesie degradacji PET.
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Zaproponowane dotychczas zmiany w budowie biatka PETazy z |. sakaiensis dotyczyty
glownie modyfikacji w obrebie miejsca aktywnego, polegajacego na zmianie argininy
w miejscu 280 (R280) na alaning (A) w celu zwigkszenia kieszeni wigzacej substrat oraz
zamiane seryny w miejscu 121 (S121) na kwas asparaginowy (D) lub glutaminowy (E) wraz
ze zmiang kwasu asparaginowego (D) na histydyn¢ (H), co mialo na celu wprowadzenie
do czasteczki dodatkowych wigzan wodorowych skutkujacych zwigkszeniem stabilno$ci
enzymu. Interesujacym rozwigzaniem opisanym w Publikacji 1 jest zastosowanie narzedzia
Premuse, ktore przewiduje prawdopodobne zmiany struktury biatka wynikajgce z naturalnej
ewolucji tancucha aminokwasowego. Opisane w pracy mutanty uzyskane z wykorzystaniem

tej metody uzyskaty 40-krotny wzrost ilo$ci produktow degradacji w porownaniu z enzymem
natywnym.

Badania prowadzone w celu zweryfikowania mechanizmu degradacji PET przez
PETaze¢ produkowang przez bakteri¢ |. sakaiensis doprowadzily do odkrycia innego enzymu
wspotodpowiedzialnego za catkowita hydrolize PET- MHETazy. Inzynieria metaboliczna
MHETazy nie jest jeszcze tak zaawansowana jak w przypadku PETazy, jednakze w pracy
wskazano kilka przykladow przeprowadzonych modyfikacji struktury tego biatka,
skutkujacych zwigkszong efektywnoscig degradacji MHET, bedacego jednym z gléwnych,
lecz nieterminalnych produktéw rozktadu PET. Jedna z pierwszych mutagenez MHETazy
zostata przeprowadzona w trakcie prac nad okresleniem jej dokladnej struktury i dotyczyla
zmiany aminokwasoOw w obrgbie miejsca aktywnego enzymu. Przeprowadzone badania
ujawnity, ze jednym z kluczowych aminokwaséw odpowiedzialnych za wigzanie substratow
jest fenyloalanina w pozycji 495 (F495), ktérego zastgpienie alaning (A) spowodowato
powstanie wariantu biatka F495A. Badania wlasciwosci katalitycznych tego mutanta
wykazaty, ze szybkos$¢ obrotu MHET w porownaniu z enzymem typu dzikiego byta ponad

2-krotnie nizsza i wynosita okoto 5 s™.

Szeroki zakres badan modyfikacji struktury biatek zdolnych do hydrolizy wigzan
obecnych w PET zostal przeprowadzony na kutynazach. Jedna z zastosowanych zmian
w lancuchu aminokwasowym dotyczy kutynazy z Thermobifida cellulosilytica (Thc_Cut2),
w ktérej  sposrod 8 uzyskanych mutantdow znaczacy przyrost ilo$ci produktéw rozpadu
zanotowano dla Ala30Val, Arg29Asn_Ala30Val i Argl9Ser Arg29Asn_Ala30Val. Wyniki
doswiadczen przyblizonych w Publikacji 1 dotyczace zmian przeprowadzonych w kutynazach
wskazaty rowniez, ze nie kazda modyfikacja struktury biatka, pomimo zachowanych

parametrow kinetycznych mutanta, powoduje zwickszenie wydajnosci degradacji PET.
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W pracy opisano rowniez badania przeprowadzone z uzyciem kutynazy z F. solani, w ktérych
wykonano mutageneze ukierunkowang w regionie w poblizu miejsca aktywnego.
Wygenerowane w ramach cytowanej pracy mutanty L81A i L182A wykazaly odpowiednio
cztero- i pigciokrotny wzrost aktywnosci wobec widkien PET w pordwnaniu z enzymem
niezmodyfikowanym. Wprowadzona zmiana w strukturze tej kutynazy skutkujaca
zwigkszong aktywnos$cig wobec PET jest zwigzana z poprawa stabilnosci biatka oraz lepsza

zdolnoscig do wigzania substratu.

W artykule przegladowym wchodzacym w sktad rozprawy doktorskiej przytoczono
rowniez mozliwos¢ zastosowania biatek fuzyjnych, ktore dziatajac synergicznie wykorzystuja
cechy dwoch enzymoéw. Jednym z ciekawych rozwigzan, majacych na celu eliminacjg
problemu zwiazanego z powstawaniem MHET, ktory jest jednym z produktow czgsciowej
hydrolizy PET, byto utworzenie chimery biatek kutynazy z Thermobifida fusca (TfCut2) oraz
LC-kutynazy (LCC). W innych badaniach kutynaza z Thielavia terrestris NRRL 8126 zostata
potaczona z lipazg z Thermomyces lanuginosus, a nowe biatko fuzyjne zostalo wklonowane
do Pichia pastoris. Tworzywem modelowym na ktorym weryfikowano efektywnos¢
utworzonej dwufunkcyjnej lipazy-kutynazy byt PCL. Ubytek masy tworzywa przy
zastosowaniu utworzonej chimery byt znaczaco wyzszy niz ten w przypadku uzycia
pojedynczych enzyméw lipazy i1 kutynazy a takze ich mieszaniny. Przeprowadzona analiza
SEM folii PCL po traktowaniu chimerg Lip-Cut wykazata, ze powierzchnia folii PCL stata si¢
bardziej chropowata 1 zaobserwowano wigcej otworéw po 4 h traktowania enzymem

dwufunkcyjnym niz w przypadku innych enzymow po 48 h.

Podsumowujac, w Publikacji 1 przedstawiony zostal problem zanieczyszczenia
srodowiska odpadami plastikowymi oraz opis dotychczasowych doniesien na temat
biologicznych metod degradacji PET, co ttumaczy znaczenie badan, jakie zostaly podjcte

w ramach niniejszej rozprawy doktorskiej.

4.2. Publikacja 2- Kosiorowska, K.E., Polomska, X., Wang, G., Borodina, I,

Mironczuk, A.M., 2021. Efficient biodegradation of aliphatic polyester by
genetically engineered strains of the yeast Yarrowia lipolytica. Int. Biodeterior.
Biodegrad.. Volume 161, July 2021, 105232

Publikacja ta jest pierwszg pracg z cyklu badan nad zdolno$cig zmodyfikowanych
drozdzy Yarrowia lipolytica do rozktadu tworzyw sztucznych. W pracy po raz pierwszy
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opisano  szczepy niekonwencjonalnych  drozdzy Y. lipolytica  produkujacych
zewnatrzkomoérkowo kutynazy z Fusarium solani (CUT_FS) i Trichoderma reesei (CUT_TR)
oraz mutantéw posiadajagcych koekspresje tych genow z natywng lipazg 2 (Lip2).
Przeprowadzona w ramach badan bioinformatycznych analiza filogenetyczna enzymow
uzytych w pracy z 11 innymi o/p-hydrolazami ujawnita najblizsza homologi¢ biatka lipazy 2
z Y. lipolytica (AFH77825) z PETaza z ldeonella sakaiensis (6EQD_A), podczas gdy
kutynaza z T. reesei (ETS02914) wykazywala wysoka homologie (53,49 % identycznosci)
z kutynaza z Monilinia fructicola (AAZ95012) natomiast kutynaza z F. solani (AAA33334)
jest blisko spokrewniona (55,33 % identycznosci) z kutynaza z Humicola insolens (40YY_A)
(P2; Rys. 1A). Przedstawiona w Publikacji 2 (Rys. 1B) analiza porownawcza wybranych
sekwencji enzymdOw zwraca roOwniez uwage na obecno$¢ wysoko konserwatywnego regionu
we wszystkich badanych biatkach zlozony z 5 aminokwaséw. Funkcjonalnosé
wygenerowanych w ramach badan szczepoéw zweryfikowana z uzyciem metody qRT-PCR
wykazata, ze kazdy z utworzonych mutantéw jest zdolny do ekspresji wklonowanych genow
(P2 Rys. 2A). Dodatkowo mutanty uzyte w eksperymentach nie przejawiajg opOznien

we wzroscie w porownaniu ze szczepem kontrolnym AJD 2 (P2; Fig 2B).

W pracy wykorzystano jako tworzywo modelowe poli(e-kaprolaktonu) (PCL), ktory jest
biodegradowalnym tworzywem sztucznym wykazujacym wiele cech wspolnych z PET
(poli(tereftalanem etylenu)). Zdolno$¢ do degradacji PCL przez uzyskane szczepy drozdzy
oraz okreslenie warunkow pH optymalnych do prowadzenia hydrolizy wigzan estrowych
w wybranym tworzywie modelowym przeprowadzono z uzyciem spot-testow w trzech
réznych wariantach pH (4,0; 7,0; 9,0) w podtozu zawierajacym 0,1 % PCL. Rysunki,
na ktorych widac strefy przejasnien przedstawione w Publikacji 2 (Rys. 3) wskazuja, ze w pH
kwasnym jedynymi szczepami wykazujagcymi aktywnos$¢ hydrolityczng jest AJD 2 pAD
CUT_TR oraz podwojny mutant AJD 2 pAD Lip2 CUT TR, co jest zgodne
z wczesniejszymi doniesieniami dot. aktywno$ci kutynazy z T. reesei. Te same szczepy
sa rowniez aktywne w pH 7.0, jednakze w tych warunkach wyrdzniajaco efektywniejsze
wykazaly si¢ mutanty produkujgce kutynaze z F. solani oraz wariant podwojny AJD 2 pAD
Lip2_CUT_FS. W warunkach neutralnego pH mozna réwniez zauwazy¢ strefe przejasnien
pojawiajaca si¢ w przypadku zastosowania szczepu AJD 2 pAD Lip2, ktéry wykazuje
aktywnos¢ rowniez w pH 9.0. W alkalicznym pH réwniez zaobserwowano strefy przejasnien
tworzone przez szczepy produkujgce kutynaze z T. reesei oraz szczep AJD 2 pAD

Lip2_CUT_FS, cho¢ byly one mniejsze niz w pH 7,0. Szczep z pojedyncza ekspresja genu
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CUT _FS wykazal podobng wielkos$¢ strefy przejasnien do tej zaobserwowanej w pH 7,0.
Nastepnie by potwierdzi¢ aktywno$¢ enzymatyczng esteraz, przeprowadzono analize
aktywnosci enzymatycznej supernatantow zawierajacych wyprodukowane
zewnatrzkomoérkowo enzymy kutynaz i lipazy. Wyniki przedstawione na Rys. 4 w Publikacji
2 wskazaly, ze w przypadku obu kutynaz lepsza zdolno$¢ do hydrolizy wigzan estrowych
posiadaja w pH 9,0. Lipaza 2 z kolei wyzsza aktywno$¢ uzyskata w pH 7,0 i byla ona
na poziomie 3,66 UmL™. Co ciekawe, aktywno$¢ enzymatyczna szczepéw produkujacych
kutynaze z T. reesei byta wyzsza w pH 9,0, a mutant z podwojna ekspresja tego genu z Lip2
osiggnat nizszy wynik niz szczep AJD 2 pAD CUT TR. Ten wynik moze mie¢ zwigzek
z nizszg eckspresja genu CUT TR w szczepie koekpresjonujacym Lip2, zwigzanej
z ograniczong pulg czynnika transkrypcyjnego w komorce dla gendéw znajdujacych si¢ pod
tym samym promotorem hybrydowym UAS1B16-TEF. Przy zmniejszonej aktywnosci Lip2
w podanych warunkach sumaryczny wplyw obu enzymow obecnych w supernatancie
na hydroliz¢ PCL jest adekwatnie mniejszy i ma on bezposredni zwigzek z ilo$cig enzymu
CUT_TR obecnego w ptynie pohodowlanym. Wyrdzniajaca aktywnos$¢ enzymatyczng
zmierzong podczas badan byla ta okre§lona w supernatantach szczepéw AJD 2 pAD CUT FS
oraz AJD 2 pAD Lip2 CUT_FS wynoszaca odpowiednio 63 UmL™ oraz 63,5 UmL™,

Hodowle zmodyfikowanych szczepoéw Y. lipolytica zostaly przebadane pod katem
zdolnosci do degradacji folii PCL bezposrednio w hodowli mikroorganizmow. Efektywnos$¢
degradacji plastiku zostata okreslona na podstawie ubytku masy folii podczas 144 h hodowli
drozdzy z wykorzystanym polimerem oraz ilosci uwolnionego e-kaprolaktonu podczas
72 godzinnej kultywacji. Zgodnie z wynikami z wcze$niejszej czg$ci pracy, najlepsza
efektywno$¢ degradacji PCL uzyskano w hodowli ze szczepami AJD 2 pAD CUT FS oraz
AJD 2 pAD Lip2_CUT_FS, w ktorej procentowy ubytek masy plastiku zostal zmierzony
na poziomie przekraczajacym 90 %. Z kolei w probach wykorzystujacych AJD 2 pAD
CUT TR oraz AJD 2 pAD Lip2 CUT TR zmierzony spadek wagi wynosit odpowiednio
9,8 % i 15,8 %. Ilos¢ PCL kontrolowana co 24 h we wszystkich hodowlach wykazata
zmienno$¢ w poziomie tego analitu w zaleznosci od dlugosci hodowli. Najwyzsza zmierzona
ilos¢ e-kaprolaktonu zaobserwowana zostata dla supernatantu pochodzacego z AJD2 pAD
CUT _FS oraz AJD 2 pAD Lip2_CUT_FS po 48 h hodowli. Co ciekawe, po 72 h hodowli
stezenie &-PCL zmierzonego w ptynie pohodowlanym byla znacznie mniejsza, co moze

sugerowa¢ jego dalszg konwersje przez obecne w supernatancie natywne enzymy. Analiza
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chromatograficzna produktu rozpadu PCL podczas hodowli wskazala rowniez, ze szczep

kontrolny AJD 2 w bardzo matym stopniu degraduje ten polimer.

Wyniki uzyskane w Publikacji 2 wskazaly jednoznacznie, ze najwickszy potencjat
degradacyjny wykazywany jest przez szczepy AJD 2 pAD CUT_FS oraz
AJD 2 pAD Lip2_CUT_FS. W oparciu o te dane przeprowadzono badania rozktadu

poli(tereftalanu etylenu) (PET) przez wskazane szczepy.

4.3. Publikacja 3- Kosiorowska, K.E., Biniarz, P., Dobrowolski, A., Leluk, K.,

Mironczuk, A.M., 2022. Metabolic engineering of Yarrowia lipolytica for

poly(ethylene terephthalate) degradation. Sci. Total Environ. 831, 154841.

Publikacja 3  opisuje  wykorzystanie = zmodyfikowanego szczepu drozdzy
Y. lipolytica,posiadajacego zdolnos¢ do zewnatrzkomorkowej produkcji kutynazy z F. solani
(AJD 2 pAD CUT_FS), uzyskanego w poprzedniej pracy (P2), do rozktadu poli(tereftalanu
etylenu) (PET). Produktami degradacji PET sg tereftalan bis(2-hydroksyetylu) (BHET), kwas
mono(2-hydroksyetylo)tereftalowy (MHET), kwas tereftalowy (TPA) oraz glikol etylenowy
(EG) (P3; Rys. 1.) W badaniach wykorzystano analiz¢ ULPC do sprawdzania procesu
hydrolizy PET.

W pierwszej fazie badan, zdolno$¢ do degradacji PET sprawdzana byta na matej skali
laboratoryjnej; w plytkach glebokodotkowych, podczas ktérej zauwazono staty dobowy
przyrost ilosci TPA, natomiast iloSci MHET zmierzonego w pozyskanych probach bytly
zmienne, co jest zwigzane ze zdolnoscig do hydrolizy tego zwiazku przez enzym kutynazy
(P3; Rys. 2). Hodowle w matej skali laboratoryjnej wykorzystane zostaly rdéwniez
do sprawdzenia wptywu suplementéw w réznych stezeniach, takich jak sole nieorganiczne,
oliwa z oliwek i olej rzepakowy na poziom degradacji PET. Wyniki przedstawione
w materiatach dodatkowych do Publikacji 3 wskazaty, Zze jedynie dodatek chlorku wapnia
(CaClz) w koncowych stezeniu 2,5 mM miat istotny wpltyw na zwigkszenie ilosci
uwolnionego TPA przy jednoczesnym zmniejszeniu ilosci uwalnianego MHET,
co w poréownaniu do hodowli kontrolnych prowadzonych bez suplementacji daje podobny

sumaryczny wynik ilosci uwolnionych produktéow degradacji.

Hodowle przeprowadzone w ptytkach glgbokodotkowych potwierdzily zdolnos¢
szczepu AJD 2 pAD CUT_FS do hydrolizy PET na TPA oraz MHET. BHET oraz EG nie
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zostaly wykryte podczas analizy chromatograficznej, a pozniejsze badania uzupehiajace
wykazaly, ze ma to zwigzek ze zdolnoscia zmodyfikowanych drozdzy Y. lipolytica
do hydrolizy BHET do MHET oraz TPA i asymilacji EG podczas hodowli (P4). W oparciu
o wyniki uzyskane w hodowlach w matej skali laboratoryjnej, przeniesiono doswiadczenie
do wickszej skali laboratoryjnej z uzyciem 0,3 L kolb Erlenmeyera oraz zwickszono dtugosc
kultywacji drozdzy. Wyniki analizy supernatantéw pod wzgledem obecnego w nich stgzenia
produktow degradacji PET wskazaty, ze zarowno ilosci TPA, jak i MHET zwigkszaja si¢
wraz z czasem trwania hodowli, a najwiekszy dzienny przyrost uwolnionych analitow w obu
przypadkach nast¢puje miedzy 216 a 240 h kultywacji. Zgodnie z zalozeniami, warto$ci
zmierzonych stezen w hodowlach prowadzonych w kolbach sg wigksze od tych uzyskanych

w matej skali laboratoryjnej (P3; Rys. 3).

Degradacja PET prowadzona z uzyciem enzymdéw zdolnych do hydrolizy wigzan
estrowych obecnych w tym poliestrze wymaga zapewnienia $rodowiska umozliwiajacego
przeprowadzenie ataku nukleofilowego przez seryng obecna w centrum aktywnym kutynazy
na karbonylowy wegiel obecny w tancuchu polimeru. Ze wzgledu na ten fakt, w probkach
pobieranych z hodowli prowadzonych w ptytkach glgbokodotkowych oraz kolbach
Erlenmeyera, kazda probka zostata skontrolowana pod wzgledem pH, celem ustalenia trendu,
jaki wystepuje podczas kultywacji drozdzy Y. lipolytica w zastosowanym podtozu. Wyniki
przedstawione w materiatach dodatkowych do Publikacji 3 (P3; Sup. Rys. S2) wskazuja,
ze podczas hodowli drozdzy w malej skali alkalizacja podloza nastgpuje wolniej niz
w przypadku hodowli prowadzonych w kolbach, jednakze, warunki umozliwiajace zajscie
wydajnej hydrolizy zostaja zapewnione bez konieczno$ci zastosowania podloza

buforowanego.

Kolejnym etapem badan byto przeniesienie degradacji PET bezposrednio w hodowli
drozdzy do duzej skali laboratoryjnej, ktora wykonaliSmy z uzyciem bioreaktora o obj¢tosci
roboczej 1 L. Wykorzystanie reaktora laboratoryjnego pozwolito na petng kontrolg procesu
zwigzang z utrzymywaniem statego pH hodowli na poziomie 8,5, co odpowiada warunkom
optymalnym dla dziatania kutynazy. Zgodnie z wynikami uzyskanymi w hodowlach
bioreaktorowych, proéba zwigkszenia skali procesu zakonczyla si¢ powodzeniem. Stezenie
TPA zmierzone po 240 h przekroczyla 1,5 gL%, natomiast iloé¢ MHET wahata si¢ w czasie
hodowli a najwieksza ilo$¢ zmierzono po 216 h hodowli i wynosita ona 0,45 gL*

(P3; Rys. 4).
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Rownolegle do badan z uzyciem szczepu AJD 2 pAD CUT _FS prowadzono hodowle
kontrolne ze szczepem AJD 2, przy zastosowaniu takich samych warunkéw kultywacii.
W Zadnej z prob kontrolnych pobranych z hodowli prowadzonych w réznych skalach
laboratoryjnych nie stwierdzono obecno$ci produktow degradacji PET. Wynik ten wskazuje,
ze dzikie szczepy Y. lipolytica nie maja zdolnosci do dekompozycji tego tworzywa

sztucznego w danych warunkach.

Przeanalizowanie danych uzyskanych z hodowli w trzech ro6znych skalach
laboratoryjnych ukazato interesujacy fenomen zmiany stosunku ilosci uwolnionych
produktow degradacji (MHET oraz TPA) zaleznych od zastosowanej objetosci robocze;.
Zaobserwowano, ze stosunek TPA do MHET (TPA: MHET) mierzony w ostatnim dniu
hodowli w ptytkach glebokodotkowych wynosit 0,55:1, dla hodowli w kolbach 2,95:1, a dla
hodowli w bioreaktorach 4,63:1. Fakt ten sugeruje, ze oprocz korzySci wynikajacych
ze zwigkszonej efektywnosci procesu prowadzonego z uzyciem reaktoréw laboratoryjnych,
w eksperymentach prowadzonych z ich uzyciem powstawanie terminalnego produktu rozpadu

PET (TPA) jest faworyzowane.

W badaniach przeprowadzonych w ramach Publikacji 3 zdeterminowano rowniez
zdolno$¢ degradacji folii PET podczas diugotrwatej hodowli ze szczepem AJD 2 pAD
CUT FS. Podczas tej fazy pracy, probki folii pobrane po miesiecznej hodowli ze szczepem
kontrolnym (AJD 2) oraz mutantem zostaly poddane analizie z uzyciem skaningowego
mikroskopu elektronowego (SEM). Folia PET inkubowana w kulturze kontrolnej (P3;Rys.
5A) nie wykazuje znaczacych uszkodzen powierzchni. Widoczne sa na niej niewielkie
zarysowania, ktore prawdopodobnie powstaly podczas proceséw produkcji materiatu lub
przygotowywania folii do eksperymentu. Wynik ten $wiadczy, ze szczep kontrolny nie
wplywa na uszkodzenie polimeru. Probki folii pobrane z hodowli AJD 2 pAD CUT _FS
wykazujg widoczne zmiany w strukturze powierzchni tworzywa. Na powierzchni tworzywa

stwierdzono liczne uszkodzenia, nierownosci, peknigcia i ubytki.

Badania nad zdolno$cig degradacji PET przez szczep AJD 2 CUT FS wskazaly
na mozliwos¢ zastosowania go do bezposredniej hydrolizy tego polimeru podczas fermentacji
prowadzonej w 28 °C bez konieczno$ci wczesniejszej obrobki tworzywa sztucznego.
Dodatkowo, potaczenie naturalnej zdolnosci Y. lipolytica do utylizacji atypowych zrodet
wegla oraz ekspresji heterologicznej kutynazy zaowocowato degradacjg PET niewymagajacej

duzego naktadu kosztow.
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4.4. Publikacja 4- Kosiorowska, K.E., Moreno, A.D., Iglesias, R., Leluk, K., Mironczuk,
A.M., 2022. Production of Petase by Engineered Yarrowia Lipolytica for Efficient
Poly(Ethylene Terephthalate) Biodegradation. Sci. Total Environ. 846, 157358.

Publikacja 4 przedstawia badania zwigzane z inzynierig genetyczng drozdzy Yarrowia
lipolytica majacg na celu stworzenie szczepu zdolnego do zewnatrzkomorkowej produkcji
enzymu PETazy z bakterii Ideonella sakaiensis (6EQD_A) AJD 2 pAD PET_IS oraz
optymalizacj¢ procesu degradacji PET. Pierwszym etapem pracy byto sprawdzenie
funkcjonalno$ci wklonowanego genu z uzyciem metody qRT-PCR oraz poréwnanie profilu
wzrostu utworzonego szczepu ze szczepem kontrolnym (P4; Rys. 1). Nastegpnie
zweryfikowano zdolno$¢ szczepdéw drozdzy wykorzystanych w pracy (AJD 2 oraz AJD 2
pAD PET _IS) do wzrostu na produktach rozpadu PET, takich jak MHET, TPA oraz EG.
Uzyskane wyniki wskazuja, ze zar6wno szczep kontrolny jak i szczep zmodyfikowany nie
utylizuja TPA (P4; Rys. 2A). Zaobserwowano niewielki wzrost stg¢zenia tego zwigzku
w pozywce, jednak biorac pod uwage czas trwania hodowli (168 h), wzrost ten moze by¢
zwigzany z procesem parowania. Eksperyment majacy na celu sprawdzenie zdolnosci
degradacji MHET wykazal, ze szczep AJD 2 pAD PET IS calkowicie hydrolizowatl ten
zwigzek w czasie 96 godzin hodowli, pojawiat si¢ produkt jego rozktadu TPA. Natomiast
w hodowli kontrolnej, AJD 2, nie zauwazono spadku stezenia MHET(P4; Rys. 2B). Wyniki
wskazuja, ze PETaza z |. sakaiensis produkowana przez zmodyfikowany szczep Y. lipolytica
jest zdolna do efektywnej hydrolizy MHET bez koniecznosci obecnosci dodatkowych
enzymOw z rodziny hydrolaz. Badanie zdolno$ci wzrostu drozdzy w podtozu z dodatkiem
glikolu etylenowego wykazato, ze zarowno szczep kontrolny AJD 2, jak i AJD 2 pAD
PET IS maja zdolno$¢ do asymilacji tego zwigzku (P4; Rys. 2C). Przeprowadzone badania
mialy kluczowe znaczenie dla sprawdzenia, czy zastosowana metoda analizy ilosci produktow
rozpadoéw nie jest zafalszowana przez pobor badanego analitu obecnego w supernatancie

hodowli.

Po wykluczeniu asymilacji TPA przez szczepy AJD 2 oraz AJD 2 pAD PET_IS,
wykonano badania degradacji proszku PET bezposrednio w hodowli drozdzy Y. lipolytica.
Rownolegle badano wptyw dodatkéw na poziom degradacji PET, takich jak sole
nieorganiczne i oliwa z oliwek w réznych stgzeniach. Stopien degradacji oszacowany zostat
na podstawie ilosci uwolnionego TPA podczas hydrolizy tworzywa sztucznego. Zgodnie
z wynikami uzyskanymi we wcze$niejszym etapie badan, gdy zaobserwowano hydrolize

MHET do TPA przez enzym PETazy oraz asymilacj¢ EG, zwiazki te nie zostaty wykryte
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w ptynie pohodowlanym. Ponadto w Zzadnej z badanych probek nie zaobserwowano produktu
BHET, ktorego zdolno$¢ hydrolizy przez Y. lipolytica potwierdzilismy juz we wstgpnych
badaniach wykonanych na poczatku pracy w temacie degradacji PET przez te drozdze.
Badanie przesiewowe potencjalnych aktywatoréw hydrolizy PET, zostalo wykonane w matej
skali laboratoryjnej z uzyciem plytek glebokodotkowych. Uzyskane wyniki, wskazaty,
ze zwickszenie ilo$ci uwolnionego TPA podczas degradacji PET bezposrednio w hodowli
nastepuje w przypadku kultywacji suplementowanych MnSO4 - 7H20, przy koncowym
stezeniu soli wynoszgcym 1 mM oraz 2,5 mM, gdy zmierzona ilos¢ TPA wynosita
odpowiednio 30 mgL™? i 75 mgL™?. Istotny wptyw na hydrolize PET mial réwniez dodatek
1 mM CuSOs - 5H20, w ktérym stezenie TPA wynosito 62 mgL™?. Oprécz wymienionych
soli, pozytywny efekt na wydajno$¢ hydrolizy PET miat réwniez dodatek oliwy z oliwek
w koncowym stezeniu 1 % (P4; Rys. 3). Co ciekawe, zwigkszona ilo$¢ tego suplementu (2 %)
nie wplyngta pozytywnie na proces hydrolizy. Prawdopodobnie zaobserwowana roznica
ma zwigzek ze zdolnos$cig drozdzy Y. lipolytica do produkcji biosurfaktantow, ktora
stymulowana jest juz przy niskim stezeniu oliwy z oliwek (1 %), natomiast w wyzszym (2 %)
nastepuje ich przyleganie do $ciany komorkowej. Takie stezenie oliwy z oliwek moze
rowniez aktywowac natywne lipazy, ktore ,dzialajac synergicznie z PETazg, moga zwickszaé

poziom degradacji PET (Carniel et al., 2017; Papanikolaou et al., 2007).

Po przeprowadzeniu badan pilotazowych w celu wybrania potencjalnych suplementow,
ktore moglyby zwigkszy¢ degradacje PET w hodowli drozdzy, podjelismy probe zwigkszenia
skali procesu. W tym celu wykonane zostaly hodowle z wykorzystaniem 0,3 L kolb
Erlenmeyera. Przeniesienie procesu degradacji PET w hodowlach suplementowanych
na wigksza skale wykazato, ze istotny wptyw soli obserwowany w matlej skali laboratoryjnej,
w tym przypadku jest niwelowany. Wynik ten moze by¢ zwigzany z warunkami
napowietrzania i szybkos$cig wzrostu komoérek. W poréwnaniu z matg skalg, komorki drozdzy
kultywowane w kolbach miaty zapewnione lepsze warunki do wzrostu, a dodatek soli w tych
warunkach miat efekt odwrotny do wcze$niej obserwowanego. W przeciwienstwie do braku
pozytywnego wptywu soli na degradacje PET w hodowlach przeprowadzonych w kolbach,
dodatek oliwy z oliwek w koncowym stezeniu wynoszacym 1%, determinowat statystycznie
istotny wplyw na wzrost poziomu degradacji tego polimeru o 66 %. Podobnie jak
w przypadku Publikacji 3, badania supernatantow pozyskanych z kultywacji szczepu
kontrolnego AJD 2 w warunkach identycznych jak mutanta, nie wykazaly obecnosci

produktow degradacji, co potwierdza brak zdolnos$ci tego szczepu do degradacji PET.
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Ostatnim etapem badan wykonanych w ramach pracy przedstawionej w Publikacji 4
byta analiza powierzchni folii PET pozyskanych z miesigcznych hodowli z uzyciem szczepow
AJD 2 oraz AJD 2 pAD PET IS w podtozach z i bez suplementacji oliwg z oliwek. Struktura
folii pozyskanych z hodowli byla badana z uzyciem skaningowego mikroskopu
elektronowego (SEM). W przypadku uzycia szczepu AJD 2, podobnie jak w Publikacji 3, nie
zaobserwowano istotnych zmian na powierzchni tworzywa sztucznego. Dla hodowli szczepu
AJD 2 pAD PET_IS w hodowli bez dodatku oliwy z oliwek zaobserwowano natomiast
widoczne, rozlegte uszkodzenia powierzchni materiatu (P4, Rys. 5). Co ciekawe,
w przypadku zastosowania podtoza suplementowanego, folie pozyskane z hodowli mutanta,

oprocz widocznych wyztobien zawierajg takze kratery o nieregularnym ksztatcie.

Zaprezentowane W ramach niniejszych badan wyniki wskazuja na mozliwo$¢
zastosowania drozdzy Y. lipolytica jak dobrego kandydata do zewnatrzkomoérkowej produkcji
PETazy z |. sakaiensis, a wydajna hydroliza PET moze zosta¢ przeprowadzona bezposrednio
w hodowli zmodyfikowanych drozdzy. Przeprowadzone badania wykazaly rowniez,
ze sposrod wszystkich przetestowanych potencjalnych suplementéw hodowlanych, jedynie
dodatek okreslonego stezenia oliwy z oliwek do podtoza hodowlanego drozdzy moze istotnie
wplywa¢ na wzrost ilosci uwolnionego TPA. Widoczne zmiany powierzchni plastiku
powstate po hodowli z wygenerowanym mutantem wskazuja rowniez na brak konieczno$ci

wstepnej obrobki plastiku w celu efektywnej degradacji.
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5. Podsumowanie

Niniejsza rozprawa doktorska porusza istotny temat zwigzany z zanieczyszczeniem
srodowiska odpadami tworzyw sztucznych, ktorych nagromadzenie negatywnie wplywa
na wiele ekosystemOéw. Przedstawione propozycje rozwigzania problemu, zwigzane
sg z zastosowaniem metody recyklingu biologicznego z wykorzystaniem Yarrowia lipolytica.
Zastosowanie tych niekonwencjonalnych drozdzy jako organizmu gospodarza
do zewnatrzkomoérkowej produkeji enzymow z klasy hydrolaz zdolnych do hydrolizy wigzan
estrowych obecnych w materiatach plastikowych, wprowadza nowe mozliwosci w zakresie

tematyki degradacji tworzyw sztucznych.

Badania wykonane w ramach niniejszej pracy wskazuja, ze sposrod wygenerowanych
szczepdw drozdzy Y. lipolytica, najbardziej obiecujacymi sg Szczepy produkujace
zewnatrzkomorkowo kutynazg z F. solani oraz PETazg z |. sakaiensis. Przeprowadzone
eksperymenty wykazaty, ze szczep AJD 2 pAD CUT _FS moze wydajnie hydrolizowaé
zarOwno wigzania estrowe obecne w poliestrach alifatycznych (PCL) jak i aromatycznych
(PET). Szczep AJD pAD PET IS natomiast, skutecznie hydrolizuje wigzania obecne w PET,
a dodatkowa suplementacja hodowli oliwg z oliwek moze istotnie zwigksza¢ wydajnos¢ tego
procesu. Analiza SEM folii PET wskazala ponadto na istotng réznice w funkcjonowaniu
zastosowanych enzymow. Przy uzyciu kKutynazy zaobserwowano powierzchniowe dziatanie
enzymu, co ma zwigzek ze zwigkszeniem hydrofilowosci polimeru przez to biatko, natomiast
w przypadku PETazy odnotowano znaczng erozje powierzchni tworzywa spowodowang

dziataniem enzymu rowniez w wewnetrznej warstwie polimeru.

Zastosowane w pracy zmodyfikowane genetycznie drozdze Y. lipolytica rozszerzaja
perspektywe  wykorzystania ~ zaprezentowanej metody w  kolejnych  badaniach
optymalizujagcych proces rozkladu poliestrow. Mozliwo$¢ przeprowadzenia procesu
degradacji tworzyw sztucznych w niskiej temperaturze (28 °C), w stosunkowo krotkim czasie
oraz brak koniecznos$ci wstegpnej obrobki materialu plastikowego, wyr6zniaja zaproponowany
proces sposrod opublikowanych dotychczas doniesien w tym temacie. Dodatkowo badania
wykazaty mozliwos¢ zwiekszenia skali procesu niepowodujacej obnizenia efektywnosci
degradacji, a badania przesiewowe suplementacji hodowli solami nieorganicznymi
zdeterminowata brak konieczno$ci urozmaicania podloza hodowlanego dodatkowymi

komponentami.
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6. Whioski

Badania wykonane w ramach niniejszej pracy zwigzane byly z badaniem zdolno$ci

zmodyfikowanych drozdzy Yarrowia lipolytica do rozkladu tworzyw sztucznych.

Materiatami modelowymi, z wykorzystaniem ktorych podjeto probe okreslenia potencjatu

wygenerowanych szczepéw do dekompozycji plastiku byt: poli(e-kaprolakton) (PCL) oraz

poli(tereftalan etylenu) (PET). Po przeanalizowaniu uzyskanych danych, najwazniejsze

wnioski sg nast¢pujace:

1.

10.

Skonstruowane szczepy drozdzy Y. lipolytica funkcjonalnie ekspresjonujg
wklonowane geny kutynaz grzybowych oraz bakteryjnej PETazy.

Szczepy AJD 2 pAD Lip2, AID 2 pAD CUT_FS, AJD 2 pAD Lip2_CUT_FS,
AJD 2 pAD CUT_TR oraz AJD Lip2_CUT_TR byly zdolne do hydrolizowania
wigzan estrowych obecnych w poliestrach alifatycznych (PCL).

Sposréd dwoch przebadanych kutynaz grzybowych, lepszy potencjat w badaniach
degradacyjnych w testowanych warunkach wykazuje kutynaza z Fusarium solani.
Badania z wykorzystaniem PET wykazaly, ze szczepy AJD 2 pAD CUT_FS oraz AJD
2 pAD PET IS posiadaja zdolno$¢ do hydrolizy wigzan obecnych w tym poliestrze
aromatycznym bezposrednio w hodowli mikrobiologiczne;j.

Szczep kontrolny AJD 2 nie posiada zdolnosci degradacji PET.

Uzyte w pracy niekonwencjonalne drozdze Y. lipolytica posiadaja zdolnos¢
do asymilacji glikolu etylenowego (EG), ktory jest jednym z terminalnych produktow
rozpadu PET.

Zaden z przebadanych szczepow Y. lipolytica wykorzystany w badaniach nie
asymilowal TPA, natomiast hydroliza MHET zachodzita szybciej z wykorzystaniem
szczepu AJD 2 pAD PET_IS.

Uzyskane wyniki wskazuja, ze wraz ze zwigkszeniem objetosci roboczej hodowli,
stosunek ilosci TPA do MHET zmienia si¢ na korzy$¢ terminalnego produktu rozpadu
(TPA).

Istotny wptyw na zwigkszenie wydajnosci degradacji przez AJD 2 pAD PET IS zostat
zaobserwowany dla dodatku do poditoza hodowlanego oliwy z oliwek w koncowym
stezeniu 1 %.

Analiza struktury folii PET po dilugotrwatej hodowli z mutantami wykazata,

ze zarowno szczep AJD 2 pAD CUT FS jak 1 AJD w pAD PET IS powoduja liczne
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uszkodzenia powierzchni folii PET, ktoéra rézni si¢ rodzajem uszkodzen

w zalezno$ci od zastosowanego SzCzepu i suplementacji podtoza.
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moj udzial polegat na ustaleniu koncepcji oraz planu badan, krytycznej weryfikacji
manuskryptu pod katem istotnych tresci intelektualnych oraz ostatecznym zatwierdzeniu
wersji do publikacji.

Wkiad Katarzyny E. Kosiorowskiej w pracy nad przygotowaniem powyzszych manuskryptow
wigzal si¢ z przeprowadzeniem badan, analiza wynikow, wizualizacja danych, analiza

dotychczasowych doniesien naukowych i ich dyskusjg a takze w napisaniu manuskryptow.
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Current Knowledge on Polyethylene
Terephthalate Degradation by
Genetically Modified Microorganisms

Aneta K. Urbanek™, Katarzyna E. Kosiorowska' and Aleksandra M. Miroriczuk *

Department of Biotechnology and Food Microbiology, Wroctaw University of Environmental and Life Sciences, Wroctaw, Poland

The global production of polyethylene terephthalate (PET) is estimated to reach 87.16
million metric tons by 2022. After a single use, a remarkable part of PET is accumulated in
the natural environment as plastic waste. Due to high hydrophobicity and high molecular
weight, PET is hardly biodegraded by wild-type microorganisms. To solve the global
problem of uncontrolled pollution by PET, the degradation of plastic by genetically modified
microorganisms has become a promising alternative for the plastic circular economy. In
recent years many studies have been conducted to improve the microbial capacity for PET
degradation. In this review, we summarize the current knowledge about metabolic
engineering of microorganisms and protein engineering for increased biodegradation of
PET. The focus is on mutations introduced to the enzymes of the hydrolase
class—PETase, MHETase and cutinase—which in the last few years have attracted
growing interest for the PET degradation processes. The modifications described in
this work summarize the results obtained so far on the hydrolysis of polyethylene
terephthalate based on the released degradation products of this polymer.

Keywords: plastic degradation, genetic engineering, microorganisms, PET, protein

INTRODUCTION

Worldwide plastic production reached 348 million metric tons in 2017, and this number increases
annually by ~5% (PlasticEurope, 2019; Brahney et al,, 2020). Predictions about plastic waste
accumulation in ecosystems suggest that in 2050 cumulative plastic waste production will reach
over 25 billion tonnes, i.e., 3 times the current level (Geyer et al., 2017). The high resilience and
persistence of plastic, previously considered an advantage, nowadays leads to the uncontrolled
accumulation of waste in every ecosystem on the planet. Most plastics never completely disappear
and only get fragmented into smaller pieces. The formed microplastics (1 um—5mm) and
nanoplastics (<1 um) spread all over the globe, reaching pristine regions separated from human
activity. For instance, plastic particles have been found in the Arctic Polar Circle (Cozar et al., 2017),
Antarctica (Waller et al., 2017), the high mountains (French Pyrenees) (Allen et al., 2019), the
Mariana Trench (Gangadoo et al., 2020) and even in the rain in protected areas (Brahney et al., 2020).
Easily transported microplastics are extremely dangerous to marine and seacoast animals. It is
estimated that more than 800 animal species are affected by plastic waste, and around 90% of all
seabirds ingest plastic (Wilcox et al., 2015). Both nanoplastics and microplastics were found in
zooplankton and phytoplankton (Rummel et al., 2017), which are consumed by organisms from
higher levels of the food chain. Hence microplastics are consumed and accumulated by invertebrates
(Thompson et al., 2004). Moreover, it was shown that nanoplastics may reduce the survival of aquatic
zooplankton and penetrate the blood-brain barrier in fish and cause behavioural disorders (Mattsson
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etal,, 2017). A recent study showed that crop plants are capable of
effective uptake of microplastic and its transport from the roots to
the shoots (Li et al., 2020). As it turns out, the ubiquitous plastics
also affect the human body. The presence of microplastics was
found in the lungs (Pauly et al, 1998) and faecal samples
(Schwabl et al., 2019). In vitro studies have demonstrated the
ability of microplastics to induce an immune response, oxidative
stress, cytotoxicity, alteration of membrane integrity and
variation in gene expression (Maeza et al., 2021).

Most of the produced plastic material has a fossil origin.
Thermoplastic ~ materials such as polyethylene (PE),
polyurethane (PUR), polyvinyl chloride (PVC), polypropylene
(PP), polystyrene (PS) and polyethylene terephthalate (PET)
represent 80% of total global plastic usage (PlasticEurope,
2019). One of the most popular plastic materials used for
packing (such as the production of bottles) is PET. PET is a
polar, linear polymer of repeating units of aromatic terephthalic
acid (TPA) and ethylene glycol (EG). The PET monomer is
designated bis(2-hydroxyethyl) terephthalate (BHET). Owing
to excellent mechanical and thermal properties, PET is mainly
used for beverage bottles, foil, textile fibres and food containers
(Danso et al., 2019; Taniguchi et al., 2019; Hiraga et al., 2020). The
global production of PET reached 33 million metric tons in 2015
(Geyer et al.,, 2017) and is still increasing. The problem that has
arisen with such enormous production of PET is partially solved
by recycling. The main goal of recycling is to obtain new PET or
recover the primary components such as TPA and EG so that they
can be used as feedstock (Lange 2002). Nowadays, the recycling of
PET is mainly based on chemical and mechanical methods. For
instance, the mechanical recycling method for PET, melt
extrusion, results in the production of rPET fibres from PET
bottle waste (Park and Kim 2014), whereas the most common
chemical method, glycolysis, degrades PET to BHET with a yield
as high as 95% (Imran et al., 2013; Liu et al., 2020). Although these
methods are commonly used, they still have some limitations
such as spontaneous degradation during the lifetime of new PET
obtained after re-extrusion (Park and Kim 2014) or requirement
of high temperature (150-300°C) and catalysts in the glycolysis
reaction. Especially using catalysts (metal-based, organic or ionic
liquids) leads to the high cost of reagents and methodologies, a
negative environmental impact and sometimes to the limitation
to small-scale trials of reactions (Liu et al., 2020, Sang et al., 2020).
In recent years, biological methods have been developed
alongside the chemical and mechanical methods of PET
recycling. Biological methods are promising and eco-friendly
solutions for the decomposition of PET waste. Although PET
is labelled as non-biodegradable, much research succeeded in the
use of microorganisms or enzymes to break it down. A flagship
example is the discovery of the bacterium Ideonella sakaiensis
201-F6 and the enzymes PETase and MHETase (Yoshida et al.,
2016; Furukawa et al, 2019), which are the focus of many
scientists due to very promising aspects of future management
of PET. Other enzymes such as cutinases Thc_Cutl and
Thc_Cut2 from Thermobifida cellulosilytica DSM44535 (Acero
etal, 2011), cutinase FsC from Fusarium solani pisi (Egmont and
de Vlieg, 2000), cutinase HiC from Humicola insolens and lipase
CALB from Candida antarctica (Carniel et al., 2017) or cutinase

PET Biodegradation

TfH from Thermobifida fusca DSM43793 (Miiller et al., 2005) are
also the subject of numerous studies. To date, scientists have
verified 27 enzymes that degrade synthetic polymers (Danso et al.,
2019), among which enzymes involved in the degradation of PET
are typical serine hydrolases, e.g., cutinases (EC 3.1.1.74), lipases
(EC 3.1.1.3), and carboxylesterases (EC 3.1.1.1) (Roth et al,
2014). Despite the knowledge of many enzymes, there are
many unsolved issues regarding their practical use to degrade
PET such as low thermal stability or transfer on an industrial scale
(Sang et al., 2020). Much more investigation is needed for
mutational developments of the enzyme’s active site, which
may help to overcome the limitations.

The degradability of the polymer depends on different factors
such as shape, size, presence of various substituents, e.g., chloride
atoms or benzene rings, and it decreases with the increase in the
molecular weight (Kumari et al., 2019; Rose et al., 2020). The
bottlenecks in plastic biodegradation are their high
hydrophobicity, crystallinity, strong chemical bonds and high
molecular weight (Urbanek et al, 2018). In the past years, a
number of studies have been conducted in order to show that
many microorganisms and enzymes are capable of degrading
plastic. Researchers were mostly focused on the biodegradation
performed by wild-type strains, isolated directly from different
environments, especially from plastic contaminated areas.

Although this approach is justified due to the ubiquity of
microorganisms and their diverse biodegradability, current
studies should be more focused on improving these properties.
Published reports show that naturally isolated microorganisms
possess a limited capability for plastic degradation. Thus, more
efficient production of enzymes and the improvement of
enzymes activity that would target specific materials with
greater selectivity is a key to the improvement of the
biodegradation rate of plasticc. Employing metabolic
engineering provides powerful opportunities in this field
(Figure 1).

Here, we present the possibilities of genetic manipulation in
order to obtain mutant enzymes with improved catalytic activity
and thermostability in the hydrolysis of polyethylene
terephthalate (PET) and other polymers.

Enzymes Involved in PET Degradation

Mostly, the biodegradation of PET is possible by the enzymatic
activity of cutinases (EC 3.1.1.74) or PETase (EC 3.1.1.101) with
the cooperation of MHETase (EC 2.1.1.102). A number of
cutinases with PET biodegradable activity were found, e.g.,
cutinase from Humicola insolens (HiC), Thermobifida fusca
(TfCut2), leaf-branch compost (LCC) (Tournier et al., 2020),
and Ideonella sakaiensis (PETase and MHETase) (Yoshida et al.,
2016; Furukawa et al., 2019). Cutinases are able to hydrolyse both
ester bonds found in aliphatic and aromatic polyesters, hence
their wide application in degradation studies of a broad range of
plastic polymers (Sulaiman et al, 2012; Liu et al, 2019a). In
contrast, PETase can hydrolyse ester bonds present only in
aromatic polyesters (Austin et al., 2018). Enzymes involved in
PET degradation belong to the esterase subclass and possess a
catalytic triad characteristic for a/B-hydrolases (Ser-His-Asp).
Ester bond hydrolysis is provided due to the nucleophilic
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TABLE 1 | Genetic modifications of enzyme structure for enhancement of biodegradable abilities towards plastic.

Wild-type Wild-type Substrate Vector and Improvement in Mutatation’s References
enzyme/strain microorganisms specificity host activity information
PETase Ideonella sakaiensis PET Plasmid: pET28a; -R61A: 1.6 fold mutagenesis of six key Ma et al.
Host: E. coli -L88F: 2.0 fold residues around the (2018)
BL21 (DE3) -179F: 15.0 fold® substrate-binding groove in
order to: create space
around the active site;
increase the hydrophobicity
of the amino acids around
the active site; improve the
affinity of the amino acids
around the active site for PET
PETase Ideonella sakaiensis PET Plasmid: pET- -S131A: not detected structure-guided site- Liu et al.
21b; Host: E. coli  -D177A: not detected directed mutagenesis in: the  (2018a)
BL21-CodonPlus  -H208A: not detected active sites; substrate
(DE3) RIPL -W130A: increased binding pockets; the
-W130H: increased residues involved in
-M132A: decreased stabilizing the rigidity of the
-W156A: decreased active site
-A180l: no change marked
-Q90A: decreased
-S185H: increased
-S209F: decreased
-W68L: decreased
-Q153L: no change marked
-R94A: decreased
-N212A: decreased®
PETase Ideonella sakaiensis PET; PEF Plasmid: pET- -S238F/W159H: 4.13% site-directed mutagenesis to  Austin et al.
201-F6 21b(+); Host: higher® narrow the PETase active (2018)
E.coli C41(DEJ) site: S238 to provide new
n-stacking and hydrophobic
interactions to adjacent
terephthalate moieties:
His159 to allow the PET
polymer to sit deeper within
the active-site channel
PETase Ideonella sakaiensis PET Plasmid: pET32a; -S131A: decreased site-directed mutagenesis to  Han et al.
201-F6 Host: E. coli XL1-  -R103G: decreased determine apo- and complex  (2017)
Blue -C174S: decreased crystal structures of PETase
-C210S: decreased and to identify key residues
-W156A: decreased requires for catalysis by, for
-5185H: decreased instance, disruption intra-
-1179A: decreased molecular disulfide bridges
-W130A: decreased DS1 or substitution His
-W130H: decreased residue in the corresponding
-M132A: decreased position
-Y58A: 80.73% MHET
production; TPA production
decreased
-T59A: full activity in
producing MHET; TPA
production decreased”
PETase Ideonella sakaiensis PET Plasmid: -S160A: almost complete structural and site-directed Joo et al.
pET15b; pET15a; loss mutagenesis in order to (2018)
Host: E. coli -D206A: almost complete confirm the residues involved

Rosetta gami-B

loss

-H237A: almost complete
loss

-Y87A: 5% hydrolytic activity
-M161A: 52% hydrolytic
activity

-W185A: 5% hydrolytic
activity

in enzymatic catalysis and
substrate binding: three
catalytic residues S160,
D206 and H237 replacement
with A; four subsite | residues
Y87, W185, M161 and 1208
replacement with A; three
subsite Il residues W159,

(Continued on following page)
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TABLE 1 | (Continued) Genetic modifications of enzyme structure for enhancement of biodegradable abilities towards plastic.

Wild-type Wild-type Substrate Vector and Improvement in Mutatation’s References
enzyme/strain microorganisms specificity host activity information
-I208A: 46% hydrolytic S238, and N241
activity replacement with A, W159
-W159A: 8% hydrolytic and S238 residues
activity replacement with H and F;
-S238A: similiar hydrolytic deletion of additional
activity disulfide bond
-N241A: 18% hydrolytic
activity
-R280A: similiar hydrolytic
activity
-W159H: dramatically
decreased
-S238F: dramatically
decreased
-C203A/C239A:
dramatically decreased®
cutinase Thc_Cut2 Thermobifida PET Plasmid: -R19S: 3.4 fold site-directed mutagenesis of  Herrero Acero
cellulosilytica DSM44535 pET26b(+); Host:  -R29N: 17.6 fold amino acids located outside et al., 2013
E. coli BL21- -A30V: 17.0 fold the active site on the
Gold(DEJ) -QB5E: decreased Thc_Cut2
-L183A: 1.4 fold surface —exchange of
-R187K: 4.9 fold selected side chains with the
-double mutant R29N AB0V:  corresponding side chains of
8.4 fold more active Thc_Cut1
-triple mutant R19S R29N
A30V: 7.2 fold®
cutinase Fusarium solani pisi PET Plasmid: -L81A: 4.0 fold site-directed mutagenesis to  Aradjo et al.
pET25b(+); Host:  -L182A: 5.2 fold create more space in the (2007)
E. coliBL21 (DE3) -N84A: 1.7 fold active site of the cutinase
-V184A: 2.0 fold
-L189A: decreased’
cutinase Tfu_0883 Thermobifida fusca PET Plasmid: -1218A: 1.2 fold site-directed mutagenesis to ~ Silva et al.
pPET20b; Host: -Q132A/T101A: 1.6 fold' create space and toincrease  (2011)
E. coliBL21 (DE3) hydrophobicity of the
catalytic side
cutinase TfCut2 Thermobifida fusca KW3  PET Plasmid: not -G62A: 4.0 fold exchange of selected amino  Wei et al.
mentioned; Host: acid residues of active site in ~ (2016)
E. coliBL21 (DE3) a substrate binding groove of
TfCut2 with those present in
cutinase LCC
cutinase-type Saccharomonospora PET Plasmid: pGEM-  -S226P: 1.4 fold cloning a putative cutinase Kawai et al.
polyesterase (Cut190) viridis AHK190 T; pQE8OL; Host:  -S226P/R228S: 2.1 fold gene (cut190); site-directed  (2014)
E. coli DH5a; -S226P/R2285/T262K: 2.2  mutagenesis to substitute:
E. coli Rosetta- fold® $226 with P and R228 with
gami B (DE3) the neutral S, T262 with K to
enhance the salt-bridge
formation
LC-cutinase leaf-branch compost PET Plasmid: pHK; -C. thermocellum insertion of the signal peptide ~ Yan et al.
Host: E. coli DSM1313:pHK-LCC: 62%"  sequence of cellulose (2020)
DH5a; E. coli Cel48S and a constitutive
BL21 (DE3) promoter of gene
Clo1313_2638 (Pogzs) to
Clostridium thermocellum for
the secretory production
of LCC
(Continued on following page)
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TABLE 1 | (Continued) Genetic modifications of enzyme structure for enhancement of biodegradable abilities towards plastic.

Wild-type
enzyme/strain

LC-cutinase

LC-cutinase

cutinase TfCut2, LC-
cutinase, carboxyl
esterase TfCa

cutinase (Cut) and
lipase (Lip)

cutinase 1 (Thc_Cut1)

polyhydroxybutyrate
depolymerase (PA_PBM)
and polyamidase (PA)

Alkane hydroxylase

Wild-type
microorganisms

leaf-branch compost

leaf-branch compost

Thermobifida fusca KW3

Thermomyces
lanuginosus (Lip);
Thielavia terrestris NRRL
8126 (Cut)

Thermofida cellulosilytica

Alcaligenes faecalis
(PA_PBM); Nocardia
farcinica IMA 10152A (PA)

Pseudomonas sp. E4

dexpressed by kinetic parameters (kcat/KM,).
Pexpressed by PET, degradation efficiency towards PET, bottle.
“expressed by the loss in the absolute crystallinity.
Jexpressed by the production levels of MHET, and TPA.
Cexpressed hydrolytic activity using BHET, as a substrate.
Texpressed by released TPA, during hydrolytic activity towards PET.
9expressed as enzyme activity measured under standard conditions.
expressed by the weight loss of PCL, films.
'expressed as enzymatic depolymerization of post-consumer PET, waste.
Jexpressed by PET, degradation efficiency towards PET, films.
kexpressed by the weight loss of PBS, fims.

Vector and
host

Substrate
specificity
PET Plasmids:

PET21b(+);

PET26b(+); Host:
E. coliBL21 (DE3)

PET
PJ912; Host:

E. coli BL21 DE3;

P. pastoris

PET Plasmid: pET-

20b(+); Host:

E. coli BL21(DE3)

PVAC; PCL  Plasmid:
pPICZaA; Host:

E.coli DH5aq; P.

pastoris KM71H

PET, PBS,
PHBV
E. coli XL-10

cells; P. pastoris

KM71H

PUR Plasmid:

PET26b(+); Host:

E. coli XL10-

Gold; E. coli BL21

LMWPE

attack by the serine oxygen to the carbonyl carbon present in the
ester bond. Negatively charged aspartate stabilizes positively
charged histidine residue; thus the established charge transfer

Plasmid: PET28;

Plasmid: pMK-T;
pPICZaB; Host:

Plasmid: pUC19;
Host: E. coli BL21

Improvement in
activity

-WCCG: 90% in 10.5 h
-ICCG: 90% in 9.3 hi

-LCC-NG

-LCC-G: induction of
aggregation 10°C higher
than LCC-NG; improvement
in the catalytic performance
for PET hydrolysis; the rate
of aggregation was found to
be slower

=TfCa/LCC: 47.9% weight
loss/24 h

-TfCut2/LCC: 20.4% weight
loss/24 H

-Lip-Cut: 13.3, 11.8 and
5.7 times higher compared
to Lip, Cut and Lip/Cut
mixture, respectively

-Thc_Cut1_koAsn: no
significant differences (PET)®
-Thc_Cut1_koST: no
significant differences (PET)
9. 92% of weight loss (PBS)*

-fusion polyamidase
PA_PBM: 4 fold

-recombinant cell viable
even after the
biodegradation tests at 37
°C for 80 days

Mutatation’s
information

site-specific saturation
mutagenesis in the first
contact shell of groove;
replacing the divalent-metal-
binding site with a disulfide
bridge; mutations to improve
thermostability

site directed mutagenesis to
introduce three putative
N-glycosylation sites to
improve LCC resistance for
aggregation

site-directed mutagenesis
for immobilization of TfCa on
SulfoLink resin by addition an
oligopeptide of G-S-C at the
C-terminus of TfCa

construction of chimeric
lipase-cutinase (Lip-Cut)
system overexpressed in P.
pastoris to enhance the
synergistic action of both
enzymes

knock out of the three
glycosylation sites at N29,
N49, N161
(Thc_Cut1_koAsn) and S31,
T51, S163 (Thc_Cut1_koST)
by changing the nucleotide
sequence to investigate the
influence of glycosylation on
the activity and stability

C-terminal fusion of a
hydrophobic binding module
of PA_PBM to PA to target
the catalytic domain to the
polyester interface more
effectively

expression of alkane
hydroxylase gene (alkB) in
E.coli BL21 to mineralize
LMWPE

References

Tournier et al.
(2020)

Shirke et al.
(2018)

Barth et al.,
2016; Oeser
et al., 2010

Liu et al.,
2018b; Liu
et al., 2019b

Gamerith et al.
(2017)

Gamerith et al.
(2016)

Yoon et al.
(2012)

network enables serine to carry out a nucleophilic attack (Han
etal., 2017). So far, homology has been found in the sequences of
cutinases and PETase. Yoshida et al. (2016) observed 51%
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similarity in amino acid sequence with the hydrolase present in
Thermobifida fusca (TfH). Furthermore, similar to cutinase from
Fusarium solani, PETase from Ideonella sakaiensis has two
disulfide bridges that stabilize the structure of the enzyme
molecule. Moreover, as was demonstrated before, an additional
disulfide bond in PETase influences the thermal stability of the
enzyme (Matak and Moghaddam, 2009; Joo et al, 2018).
Phylogenetic analyses performed comparing these two
enzymes have also revealed the presence of a highly conserved
region recognized as a nucleophilic elbow that contains serine in
the central part of the consensus sequence (Joo et al., 2018).
Despite the similarities, an important difference is the width of
the active site cleft, in comparison with cutinase from TfH; this
slot is three times larger at its widest point in PETase (Austin
et al, 2018). Furthermore, the residues surrounding the
nucleophilic serine in the catalytic triad were found to be
considerably different, which affects the substrate selectivity
represented by these enzymes (Liu et al., 2018b).

Recently, many studies have been conducted to improve and
better understand the mechanisms of action of these enzymes,
especially PETase or MHETase (Oda 2021; Pinto et al,, 2021).
PETase is recognized as being responsible for hydrolytic
conversion of PET into oligomers of mono-2-hydroxyethyl
terephthalate (MHET), whereas MHETase hydrolyses MHET
into terephthalic acid (TPA) and ethylene glycol (EG)
(Figure 2). Thus, recombination and overexpression of those
enzymes may be crucial for more efficient degradation of PET as
well as monomer recycling (TPA and EG) and for bioconversion
to high-value compounds (Furukawa et al., 2019; Taniguchi et al.,
2019).

In mechanisms of enzymatic degradation of polyesters, such as
PET, apart from plastic properties, the protein structure plays a
key role. Especially, the regions on the surface outside the active
site of the enzymes and binding modules are essential, both in
interaction with the polymer and during the hydrolysis (Acero
etal., 2013). For instance, Liu et al. (2018a) assumed in their study
that the wide substrate-binding pocket of PETase is critical for
PET hydrolysis (Liu et al., 2018b). In contrast, Austin et al. (2018)
narrowed the binding cleft and observed improvement in PET
degradation (Austin et al., 2018). It should also be emphasized
that mutations are frequently used to create greater space in the
active sites to fit the large, inaccessible polymer particles and to
construct a more hydrophobic substrate-binding site (Araujo
et al., 2007). Silva et al. (2011) noted that levels of adsorption
to the PET surface are affected by the hydrophobic character of
the enzyme active site (Silva et al, 2011). Thus, almost all
modifications are related to the active sites of enzymes or their
external part (Table 1). Unfortunately, during the creation of
enhanced mutants, some obstacles arise. For instance, one of the
difficulties emerging during enzymatic degradation of PET by
PETase is the location of the enzyme inside the cells. It is
perceived as a limiting factor in direct contact of PETase with
the solid PET. The consequence is difficulty in establishing a
high-throughput screening method in the evaluation of the
hydrolysis rate by the modified strains. Fortunately, the
solution is an application of developed cell-free protein-
expression systems. The system is known as a useful tool in
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functional and structural proteomics for proteins that could not
be expressed in vivo in bacterial cells. Furthermore, the system
offers several advantages in comparison to traditional cell-based
expression methods. First of all, it allows for easy modification of
reaction conditions, shortening expression time or reducing the
volume of reaction. The productivity exceeds hundreds of
micrograms of protein per millilitre of reaction volumes.
Interestingly, in the light of the PET problem mentioned
above, application of a cell-free protein-expression system
allows for the direct contact of expressed protein with solid
PET, providing high-throughput screening of PET hydrolytic
enzymes (Murthy et al., 2004; Katzen et al., 2005; Ma et al., 2018).

Engineering of PETase

In 2016 Yoshida et al. published a report about the newly isolated
bacterium Ideonella sakaiensis 201-F6 that was able to use PET as
its major carbon and energy source (Yoshida et al., 2016). Because
knowledge of the protein structure is crucial for its further
modifications, shortly afterwards many reports about I
sakaiensis PETase (IsPETase, EC 3.1.1.101) structure were
published. It was shown that this enzyme is a hydrolase and
possesses a strictly conserved active site with a Ser-His-Asp
catalytic triad and contains an optimal substrate binding site
to hold four mono(2-hydroxyethyl) terephthalate (MHET)
moieties of PET. PETase enzyme exhibits an optimum pH
range of 7-9 and the stability between pH 6 and 10 (Liu et al,
2019b). For purified PETase enzyme applied on PET film, pH 9.0
was identified as optimal, whereas the optimum temperature was
estimated as 30°C (Han et al., 2017). PETase exhibits lower
activity on p-nitrophenol-linked aliphatic esters in comparison
to other cutinases, but towards PET the enzyme exhibits 5.5- to
120-fold higher activity compared to the other enzymes (Han
et al,, 2017; Joo et al.,, 2018). Attempts to improve the native
PETase enzyme from Ideonella sakaiensis, which requires a mild
environment for growth, are motivated by the relatively low
stability of this enzyme. Introducing modifications to the
amino acid chain may result in enhanced thermal stability by
this protein and could help it maintain activity for a longer time
(Joo et al., 2018). Mostly the enzyme’s improvement is focused on
site-directed mutagenesis. In the study of Joo et al. (2018) among
14 mutants, created by structural and site-directed mutagenesis,
only the variant IsPETase™****, where the arginine (R) in
position 280 was replaced with alanine (A), showed
increased activity of PETase. The activity towards PET film
as a substrate increased by 22.4% in 18 h and 32.4% in 36 h in
TPA and MHET release in comparison to IsPETase"’". This
mutant also expressed hydrolytic activity using BHET as a
substrate at a similar level compared to the wild-type PETase
(Joo et al., 2018).

The subsequent study focused on analysing the structure of the
PETase enzyme molecule, comparing it to other K/B-hydrolases
enzymes, and performing the most promising modifications that
could affect the thermal properties of this protein (Son et al,
2019). The possibility for enhancement of the PETase enzyme
was the introduction of two mutations that, as previously, would
allow the establishment of additional hydrogen bonds to stabilize
the molecule. For this purpose, an IsPETase variant possesses
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changes in serine (S) located at position 121 (to aspartic acid (D)
or glutamic acid (E)) and aspartate (D) (to histidine (H)) in
position 186 resulting in the S121D/D186H and S121E/D186H
mutants have been established.

In other studies, Son et al. (2019) have applied a previous
achievement of generating the PETase R280A mutant in the work
of Joo et al. (2018) and introduced it to the S121E/D186H mutant
described above. The study showed that the obtained triple
mutant (S121E/D186H/R280A) degrades PET 13.9-fold better
than the native protein and 2.3-fold than the previously
established R280A protein variant.

Next, Dai et al. (2021) proceeded with further prospectively
profitable changes to the structure of this protein variant. The
changes in the enzyme were based on the addition of hydrophobic
substrate-binding domains such as CBM (cellulose-binding
domain), PBM (poly(3-hydroxybutyrate)) binding domain and
HFB4 (hydrophobin) to the C-terminus end of PETase. Authors
supposed that the presence of CBM, PBM or HFB4 domain in the
protein structure could improve the enzyme binding to the
hydrophobic surface of PET molecules, which would be
associated with an enhanced level of plastic degradation by
these mutants. The effect of the implemented modifications was
tested based on the amount of PET degradation products (TPA
and MHET) released during the incubation with the novel
mutants compared to IsPETase DI21E/D186H/R280A
(IsPETaseEHA). The experiments showed that among the three
obtained mutants (IsPETaseEHA_CBM, IsPETaseEHA_PBM,
IsPETaseEHA_HFB4), only the protein containing an additional
CBM domain improves PET degradation. Increase in PET
breakdown products concentration was 2.28-fold increased in
comparison to the original mutant and was 251.5 uM of total
hydrolysis products. The two remaining variants significantly
reduced PET degradation capacity (Dai et al., 2021).

In the study Han et al. (2017) created 12 mutants in order to
identify key residues required for catalysis, most of them
showed decreased activity in production levels of MHET
and TPA compared to the wild-type PETase. Only variant
Y58A (possessing change in tyrosine (Y) at position 58 to
alanine (A)) exhibited 80.73% MHET production compared to
MHET released by wild-type PETase and T59A, which showed
full activity in producing MHET. However, in both cases, TPA
production decreased (Han et al., 2017). Ma et al. (2018) aimed
to create novel high-efficiency PETase mutants through
mutagenesis of six key residues around the substrate-
binding groove of PETase. By application of a rapid cell-
free screening system, they obtained three mutants. In
comparison with wild-type PETase, the R61A (exchange in
arginine (R) to alanine (A)), L88F (leucine (L) in position 88
changed to phenylalanine (F)), and I179F (isoleucine (I)
exchanged to phenylalanine (F)) mutants exhibited 1.4, 2.1
and 2.5 fold increases in the enzymaticaffinity to PET,
respectively. The strongest catalytic activity expressed by
TPA concentration and by weight loss of PET film
incubated with purified enzyme was shown by the I179F
mutant (6.38 mmolL™' of released TPA after 48h of
incubation and 22.5 mg per umol-L™' PETase per day). L88F
and R61A mutants reached 17.5 and 13.5 per umol-L ™' PETase
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per day, respectively, whereas the degradation rate of wild-type
PETase was only 8.2mg per pmol-L”' PETase per day.
Furthermore, scanning electron microscopy (SEM) was used
to observe the changes in the morphology of the PET film
surface after treatment with the I179F mutant in comparison
to the negative control. The surface of the PET film was
roughened and eroded, and a large number of holes were
observed (Ma et al., 2018). In the study of Liu et al. (2018b)
structure-guided site-directed mutagenesis was used to
improve PETase catalytic efficiency. Several mutants were
created with mutations in the active sites, substrate binding
pockets or in the residues involved in stabilizing the rigidity of
the active site. The hydrolytic activity of PETase was analysed
with respect to BHET. Only two mutants described as W130H,
where tryptophan (W) has been replaced by histidine (H) and
S209F possessing serine (S) exchange to phenylalanine (F),
showed increased activity. Interestingly, the authors
performed a PETase activity assay on PET drinking bottles.
Similarly, only two mutants, described as W130A and W130H,
had higher hydrolytic activity towards PET bottles in
comparison to unmodified PETase (Liu et al., 2018a).
However, PETase retains the ancestral a/f-hydrolase fold
with a core consisting of eight f§-strands and six a-helices
and exhibits a more open active-site cleft than cutinases.
Austin et al. (2018) narrowed the binding cleft via site-
directed mutagenesis of two active-site residues and
surprisingly observed improved PET degradation. They
created the double mutant S238F/W159H (with serine (S)
in position 238 replaced with phenylalanine (F) and
tryptophan (W) in position 159 exchanged to histidine (H))
that altered important substrate-binding interactions. The
$238 mutation provided new p-stacking and hydrophobic
interactions to adjacent terephthalate moieties, while the
conversion to His159 from the bulkier Trp allowed the PET
polymer to sit deeper within the active-site channel. Moreover,
in the study, it was demonstrated that the mutant could
degrade polyethylene-2,5-furandicarboxylate (PEF), which is
a PET replacement. The results suggested that PETase is not
fully optimized for crystalline PET degradation (Austin et al.,
2018).

Another modification of PETase was performed using the
Premuse tool(Meng et al., 2021), by which the selected putative
mutations in the protein structure could correspond to natural
future evolution in the amino acid chain of the protein. A
thorough in-silico analysis highlighted the potential positive
effect of the WI159H/F229Y mutation to boost the catalytic
capacity of PETase. The newly obtained PETase double
mutant having modified tryptophan (W) at position 159 to
histidine (H) and phenylalanine (F) at position 229 to tyrosine
(Y) showed higher thermal stability compared to the wild-type
enzyme and the single variants of the mutant proteins (W159H
and F229Y). The authors indicated that IsPETase W159H/F229Y
after 24 h reaction at 40 “C resulted in a 40-fold increased amount
of degradation products in comparison with the native enzyme,
however, the authors did not report the specific values of the
obtained concentrations of the released compounds (Meng et al.,
2021).
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Engineering of MHETase

The MHETase discovery occurred at a similar time as PETases,
but it is not as well studied an enzyme as PETase despite the fact
that they are cooperatively responsible for the degradation of PET
by Ideonella sakaiensis 201-F6 (Tanasupawat et al., 2016).
Structurally, MHETase is an o/p hydrolase that exhibits high
substrate specificity and its catalytic triad is formed by S225-
H528-D492. Additionally, the domain arrangement is similar to
those observed in feruloyl esterases but in contrast to them,
MHETase exists as a monomer instead of a dimeric structure
(Sagong et al., 2020). MHETase possesses optimum temperature
at 45°C and a wide range of pH activity between 6.5-9.0 (Palm
et al, 2019). Similar to other hydrolases, MHETase performs a
nucleophilic attack on the carbonyl carbon via serine (Pinto et al.,
2021).

The metabolic engineering of MHETase is not yet as strongly
advanced as that of PETase described in detail in the previous
section. Nevertheless, we can highlight several examples of
previous studies in which modifications in the amino acid
sequence of this protein have been undertaken. One of the
earliest MHETase mutagenesis was carried out during the
work on the determination of its exact structure and involved
an amino acid change within the active site of the enzyme. Palm
et al. (2019) have generated a number of mutants to identify key
amino acid residues in terms of enzyme activity. Their study
revealed that one of the key amino acids responsible for substrate
binding is Phe495, whose replacement with alanine (A) resulted
in the formation of the F495A protein variant. Studies of catalytic
properties of this mutant have shown that the turnover rate of
MHET compared to the wild-type enzyme was more than 2 times
lower and was about 5 s-1 (Palm et al., 2019).

The subsequent study involving engineering MHETase to
enable its degradation of BHET was conducted by Sagong
et al. (2020). Investigations performed by these researchers
indicated that MHETase can bind to BHET as substrate,
however, the hydrolysis activity is very low. Studies with
targeted mutagenesis indicated an important role of
hydrophobic residues Leu254, Trp397, Phe415 and Phe495 in
substrate binding and enzymatic catalysis. Sagong et al. (2020)
have performed several mutations that significantly affected
BHET binding by the created mutants. All of them were based
on mutagenesis at phenylalanine position 424 (F424), and for
three mutants (F424N, F424V, and F424I), a significant, more
than 3-fold increase in activity against BHET relative to native
MHETase was observed. Additional arginine point mutation at
position 411 to lysine (R411K) was also found to result in a 1.7-
fold increase in activity against BHET substrate compared to the
wild-type enzyme. Based on the results, further mutagenesis was
performed incorporating the revealed properties of the single
mutants, which resulted in the formation of double protein
variants (R411K/F424N, R422K/F424V, and R411K/F424I).
The relative activity to BHET for the resulting mutants was
8.7, 10.5 and 11.1%, respectively than the native MHETase
possessing 1% relative activity towards this substrate. Further
studies on the MHETase mutants were conducted based on a
previous report by Palm et al. (2019) in which an important role
for the S416A mutation was identified. The resulting R411K/
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S416A/F4241 triple mutant was shown to be 15.3-fold more active
against BHET than wild-type MHETase. Activity assays against
amorphous PET film were performed on the triple mutant in two
variants: without prior hydrolysis of IsPETaseEHA and after
incubation with the modified PETase enzyme (see the
paragraph on PETase protein engineering above for a detailed
description of this mutant). As expected, neither the wild-type
MHETase nor the enhanced triple mutant showed activity against
PET films without prior IsPETaseEHA pre-treatment.
Interestingly, the researchers found that with the use of PET
film pre-treated for 10 days with IsPETaseEHA, both the wild-
type MHETase enzyme and the triple mutant R411K/S416A/
F4241 showed activity against PET film. Specified values obtained
in this study after 72 h was about 8 uM of released degradation
products by mutant variant, while for the control (wild-type
MHETase) it was 4 uM (Sagong et al., 2020).

Modification of Cutinases
Cutinases (EC 3.1.1.74) are similar to PETase. They belong to the
a/B hydrolases group and possess the classical catalytic triad Ser-
His-Asp. In nature, cutinases are produced by plant pathogens to
hydrolyse the polyesters of the cutin and the suberin layers. In
addition, cutinases are able to catalyse reactions with various
polyesters and other substrates such as long-chain triacylglycerols
or waxes (Nyyssola, 2015). Cutinases possess a wide spectrum of
pH optima, where most prefer neutral or alkaline pH. For the
thermophilic bacteria Thermobifida fusca, researchers indicate a
range of pH at 6.8-9 with optimum pH at 8.0 at an optimum
temperature of 50-55 °C (Acero et al., 2011; Hegde and Veeranki,
2013). In the case of fungal cutinase using the example of cutinase
from Fusarium solani, the optimum enzyme condition was
determined in the range of pH 7.5-10 (Chen et al, 2008;
Baker et al,, 2012) and the optimum temperature range for
this cutinase has been indicated at 25°C (Baker et al.,, 2012),
30°C (Chen et al., 2008) and 40°C (Pio and Macedo, 2009).
Since cutinases are universal and efficient esterases, their
modification toward PET degradation has been done (Acero
et al, 2013). The effect of site-directed mutagenesis, which
exchanges selected surface-located amino acids between two
polyester  hydrolases from  thermobifida  cellulosilytica
DSM44535, has been studied. As a result, six single mutants,
one double mutant and one triple mutant were obtained. The
degradation level of amorphous PET films was tested by
enzymatic hydrolysis with the use of derived cutinases and
quantification of the released degradation products (TA-
terephthalic  acid and  MHET-mono-(2-hydroxyethyl)
terephthalate). Incubation of PET with unmodified cutinase
Thc_Cut2 as a control was provided. PET hydrolysis was
performed for 2 days at 50°C at pH 7.0 with the 200 ugmL-1
of enzyme on pre-washed PET films with Triton-X 100 (Acero
et al., 2013). The pre-treatment of non-ionic surfactant used in
this study may lead to a decrease in the hydrophobicity of the
polymer surface and consequently facilitate the binding of the
enzyme with the substrate (Caparanga et al., 2009; Mohanan
et al., 2020). Kinetic parameters for the mutants compared to the
Thc_Cut2 (9s-1mM-1) were performed, as a result, mutants
carrying Arg29Asn (15 s-1mM-1) and/or Ala30Val (153 s-1mM-
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1) exchanges showed considerably higher specific activity and
higher kcat/KM values on soluble substrates. However, it should
be noted that a triple mutant enzyme with Argl9Ser introduction
negatively influenced all the parameters (Acero et al, 2013).
Experiments performed on PET film, based on the
measurement of TA and MHET released during hydrolysis
showed that there is no significant increase in MHET
concentration. However, an increased amount of TA released
during PET degradation compared to Thc_Cut2 occurred for
Ala30Val, Arg29Asn_Ala30Val and
Argl9Ser_Arg29Asn_Ala30Val mutations. The highest TA
concentrations measured in this experiment were 400 and
370 mM for Arg29Asn_Ala30Val and
Argl9Ser_Arg29Asn_Ala30Val, respectively. Interestingly, the
introduced GIn65Glu mutation resulted in a 36% decrease in
the concentration of the amount of breakdown products for 3PET
and completely inhibited PET degradation, despite the fact that
kinetic parameters did not remarkably differ compared to the
The_Cut2.

In other studies, a cutinase from Fusarium solani pisi was
genetically modified to enhance its enzymatic activity. Site-
directed mutagenesis targeted the region near the active site
and as a result, two mutants with enhanced activity towards
polyester fibres were obtained, named L81A and L182A. They
showed an activity increase of four- and five-fold, respectively,
when compared with the wild type, for PET fibres. The authors
explained the increase in activity of these mutations by higher
stabilization of TT and better accommodation of the substrate
(Aragjo et al., 2007).

Another successful improvement of the enzymatic
degradation of PET was presented in the study of Silva et al.
(2011). The active site of cutinase Tfu_0883 from Thermobifida
fusca was modified by site-directed mutagenesis to increase the
affinity of cutinase to PET and the ability to hydrolase it. The
mutation I218A (isoleucine (I) replacement to alanine(A)) was
designed to create space and the double mutation Q132A/T101A
possessing glutamine (Q) and tyrosine (T) replaced with alanine
(A) was designed both to create space and to increase
hydrophobicity. The activity of both single and double
mutants exhibited considerably higher hydrolysis efficiency
towards PET fibres—a double mutant exhibited 1.6-fold
increased hydrolysis activity (Silva et al., 2011).

In a similar study conducted by Wei et al. (2016), mutagenesis
was used to increase the activity of the cutinase TfCut2 from
Thermobifida fusca. By exchanging selected amino acid residues
of the active site in a substrate-binding groove of TfCut2 with
those present in LCC, mutants with increased PET hydrolytic
activity were obtained. The most active mutants were G62A,
possessing glutamine (G) replaced by alanine (A) and G62A/
1213S where additional exchange of isoleucine (I) by serine (S)
was done. As a result, a 2.7-fold increase in weight loss of PET
films was obtained compared to the wild-type enzyme. Moreover,
kinetic analysis based on the released PET hydrolysis products
confirmed the superior hydrolytic activity of G62A with a
fourfold higher hydrolysis rate constant and a 1.5-fold lower
substrate-binding constant than those of the wild-type enzyme
(Wei et al., 2016). Next, the mutant TfCut2 G62A obtained by
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Wei et al. (2016) was a subject of the interesting study of
Furukawa et al. (2019). In the study, it was found that low-
crystallinity PET (IcPET) hydrolysis may be increased by the
addition of a cationic surfactant that attracts enzymes near the
IcPET film surface via electrostatic interactions. This approach
was applicable to the mutant TfCut2 G62A/F209A and wild-type
TfCut2. As a result, the degradation rate of TfCut2 G62A/F209A
in the presence of the cationic surfactant (dodecyl trimethyl
ammonium) increased 12.7 times over that of wild-type
TfCut2 in the absence of the surfactant. A positive effect of
surfactant addition was evident for the native enzyme as well as all
mutants used except H129E/F209S. The long-duration reaction
showed that IcPET film had the fastest biodegradation rate of
IcPET film so far (97 + 1.8% within 30 h) (Furukawa et al., 2019).
It was also noted that the addition of a cationic surfactant, as well
as the increased reaction temperature, results in enhanced
hydrophobic interactions between the enzyme and the plastic
surface, and consequently increases the amount of enzyme bound
to the IcPET surface (Furukawa et al., 2019). Moreover, higher
temperature raises the mobility of the polymer chain, which
further facilitates the binding of the enzyme to the substrate
(Ronkvist et al., 2009).

Tournier et al. (2020) found that leaf-branch compost cutinase
(LCC) demonstrated the highest thermostability and was at least
33 times more efficient than other enzymes tested in their study.
In differential scanning fluorimetry experiments it was shown
that LCC is thermally stabilized in the presence of calcium ions.
To avoid salt supplementation, the authors focused on improving
the activity and thermostability of LCC by enzyme engineering.
By using the alternative strategy of replacing the divalent metal
binding with a disulfide bond the researchers obtained thermal
stabilization of LCC without dependence on calcium ions.
Moreover, by site-direct saturation mutagenesis, they tested
209 mutants. Most of the modified variants showed less than
1% specific activity in comparison to the wild-type LCC, but the
F2431 and F243W mutations, in which phenylalanine (F) at
position 243 was replaced with isoleucine (I) or tryptophan
(W), showed elevated activity. The obtained cutinase variants
gained specific activity by 27 and 18%, respectively. Finally, they
obtained an enhanced PET hydrolase that was able to
depolymerize over 90% PET into monomers in over 10 h (10.5
and 9.3 h for mutants WCCG (F243W/D238C/S283C/Y127G)
and ICCG (F2431/D238C/S283C/Y127G), respectively with the
use of 3 mg of enzyme per 1 g of PET. The productivity of ICCG
mutant was determined at 16.7 g of terephthalic acid per litre per
hour at 72°C, which is a 98-fold increase compared to TfCut2
investigated before (Wei et al,, 2019). Wild type LCC enzyme
achieved only 53% of conversion after 20 h, which corresponds
with its lower thermostability in comparison to the mutants.
Although X-ray crystallography showed no substantial difference
between parental LCC and ICCG, molecular-dynamic
simulations revealed that mutations introduced in ICCG
facilitated the catalytic binding of 2-HE(MHET)3 compared
with parental LCC (Tournier et al., 2020).

Kawai et al. (2014) created a Cut190 (S226P/R228S), a double
mutant enzyme for PET degradation. They cloned the cutinase
gene (cutl90) from Saccharomonospora viridis AHK190 and
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expressed it in Escherichia coli Rosetta-gami B (DE3). It was
observed that the substitution of Ser226 with Pro and Arg228
with Ser yielded the highest activity and thermostability of the
new enzyme. Also, they noted that the presence of the Ca>" ion
enhanced the enzyme activity and thermostability in comparison
to both the wild-type enzyme and mutant Cutl90. Circular
dichroism suggested that the Ca®** changes the tertiary
structure of Cut190 (S226P/R228S) (Kawai et al., 2014). High-
level expression of LCC was also achieved due to insertion of the
signal peptide sequence of cellulose Cel48S and a constitutive
promoter of the gene Clo1313_2638 (P2638) in Clostridium
thermocellum. Improved degradation of commercial PET films
was observed and maximum weight loss (approximately 62%)
was achieved after 14 days of incubation at 60°C (Yan et al., 2020).

Genetic engineering may also be a solution to many problems
related to the stability of enzymes. For instance, Shirke et al.
(2018) underlined that aggregation is emerging as a major factor
that reduces LCC kinetic stability. In its native state, LCC is
highly prone to aggregation owing to electrostatic interactions.
Since LCC precipitates even at room temperature and low
concentrations, the purification and storage of enzymes
require salt concentrations that vary with protein
concentration. Moreover, efficient PET hydrolysis requires a
temperature around 70°C, which is very close to the temperature
of LCC structure loss. To overcome these problems, Shirke et al.
(2018) proposed the expression of native LCC in Pichia pastoris,
resulting in the production of glycosylated LCC (LCCG). They
introduced three putative N-glycosylation sites, which
improved resistance to aggregation even at high-temperature
conditions, leading to a 10°C increase in the thermal aggregation
point and a significant increase in kinetic stability. Furthermore,
glycosylation resulted in improved catalytic PET hydrolysis
(Shirke et al., 2018). On the other hand, Gamerith et al.
(2017) aimed to investigate the influence of glycosylation on
the activity and stability of cutinase 1 (Thc_Cutl) from
Thermobifidia cellulosilytica. They expressed Thc_Cutl and
two glycosylation site knockout mutants, Thc_Cutl_koAsn
and Thc_Cutl_koST, in P. pastoris. However, the created
mutants hydrolysed aromatic (PET) and aliphatic (PHBV
and PBS) polyester powders at very different rates based on
quantification of released products by HPLC. Thc_Cutl_koST
was the most effective among all enzymes. The highest TPA
yield was obtained for Thc_Cutl_koST mutant, which caused
hydrolysis of 24% of the starting PET powder amount. Due to
the fact that the Thc_Cutl_koST mutant exhibited higher
protein production yield in engineered P. pastoris yeast, this
variant was used in further studies on PHBV and PBS
degradation. The authors did not observe significant
differences in PHBV degradation between Thc_Cutl and
Thc_Cutl_koST mutants, due to the similar amounts of 3-
HBA (3-hydroxybutyric acid) at around 0.5 mM after 96 h of
incubation. A similar trend was observed by investigating a PBS
film weight loss, where a 92% decrease in the mass of polymer
film was obtained for the applied mutant and 41% for Thc_Cutl
within 96 h of hydrolysis (Gamerith et al., 2017).

Although the main focus in genetic engineering of
microorganisms and enzymes with biodegradation activity is

PET Biodegradation

directed towards PET, some studies present results for other
plastics. For instance, the alkane hydroxylase gene (alkB) from
Pseudomonas sp. E4 was expressed in E. coli BL21. A recombinant
strain secreted recombinant alkane hydroxylase (AH) and was
able to mineralize 19.3% of the low molecular weight
polyethylene (LMWPE) to CO, after incubation in the
compost for 80 days at 37°C, while the recipient cell was not
active at all toward LMWPE biodegradation (Yoon et al., 2012).

Synergistic Activity of Chimeric Enzymes

Chimeric enzymes, also known as fusion proteins, are proteins
formed by combining two or more unrelated genes that originally
encoded distinct proteins. The resulting proteins exhibit the
attributes of all the proteins used in the fusion and constitute
a single, combined molecule. Suitably designed hybrid proteins
offer many opportunities due to their wide range of properties
and can be used in many fields (Yu et al, 2015). Thus, the
application of multiple enzyme systems for the biodegradation of
plastic seems to be a very promising solution. It is reasonable to
assume that enzymes might be used synergistically with other
enzymes in polymer degradation due to the complementary
properties of both enzymes in both catalysis pattern and
substrate specificity (Liu et al., 2019b). A prime example is the
connection of two enzymes in the biodegradation of PET. It is
known that during PET degradation, accumulating MHET is an
important factor that limits the efficiency of hydrolysis. To avoid
this problem, the recombinant expression and purification of
TfCut2 from Thermobifida fusca KW3 and LC-cutinase (LCC)
were proposed. In the study of Barth et al. (2016) the dual system
was LCC or TfCut2 combined with immobilized TfCa on the
SulfoLink resin—which was generated by the addition of
oligopeptide of glycine-serine-cysteine at the C-terminus via
site-directed mutagenesis. The introduction of the C-terminal
oligopeptide did not cause a significant reduction in its hydrolytic
activity against p-NPB, BHET and MHET. The immobilized
enzyme maintained approximately 94% of its initial activity at
60°C, whereas free TfCa resulted in a complete loss of activity at
55 °C. Moreover, the usage of a dual enzyme reaction system with
LCC or TfCut2 caused a 47.9% or 20.4% weight loss, respectively,
of the PET films after a reaction time of 24 h (Barth et al., 2016).
An artificial chimeric enzyme was also constructed by Liu et al.
(2018a). In their study lipase (Lip) from Thermomyces
lanuginosus and cutinase (Cut) from Thielavia terrestris NRRL
8126 were used for the construction of bifunctional lipase-
cutinase (Lip-Cut) by end-to-end fusion and overexpression in
Pichia pastoris (Liu et al., 2018b). Lip-Cut exhibited a more
efficient degradation ability towards poly(e-caprolactone)
(PCL). The weight loss of PCL films was 13.3, 11.8, and
5.7 times higher (at 6 h) than those obtained by Lip, Cut and
the Lip/Cut mixture, respectively. GC-MS analysis revealed that the
main products produced during hydrolysis were 6-hydroxyhexanoic
acid and 3-caprolactone. Moreover, SEM analysis showed that the
surface of the PCL film became rougher and more holes were
observed after 4 h of treatment with bifunctional Lip-Cut than in
the case of other enzymes after 48 h (Liu et al., 2019a). Gamerith et al.
(2016), using C-terminal fusion, fused a hydrophobic binding
module of polyhydroxybutyrate depolymerase (PA_PBM) from
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Alcaligenes faecalis to polyamidase (PA) from Nocardia farcinica
IMA 10152A. The fusion polyamidase (PA_PBM) indeed resulted in
a more active enzyme on commercial polyurethane copolymers as
indicated by the release of 4,4'-diaminodiphenylmethane (MDA)
and different oligomers (Gamerith et al., 2016).

An interesting improvement of PET degradation was the two-
enzyme system described by Knott et al, 2020. In that study, the
authors constructed an MHETase: PETase chimeric protein
covalently linking the C-terminus of MHETase to the N-terminus
of PETase of varying glycine-serine linker lengths (8, 12 or 20 aa
residues). All chimeric proteins exhibit improved PET and MHET
turnover relative to the free enzymes. Hydrolysis of amorphous PET
incubated with 0.25 mg of PETase and 0.5 mg of MHETase per gram
of PET resulted in the release of 0.25 mM MHET and TPA by PETase
and 0.45 mM MHET when co-incubated with the two enzymes. The
use of the MP8, MP12 and MP20 chimeras increased the amount of
TPA released threefold (1.4, 145, and 1.5mM, respectively).
Interestingly, the chimeric constructs linking the C-terminus of
PETase to the N-terminus of MHETase were not capable of
expressing the protein (Knott et al., 2020).

Another enhancement of PETase based on the implementation
of hybrid proteins to increase its activity and thermal stability was
performed by Chen et al. (2021). The work conducted by these
researchers involved the addition of an amino acid chain containing
glutamic acid (E) and lysine (K) to the C-terminus of the PETase
enzyme, which resulted in the formation of different PETase-EK
fusion protein variants (5, 10 and 30 kDa). Thermal stability assays
performed for the obtained mutants compared to the native PETase
showed that each of the obtained proteins exhibited better stability
(80% activity after 6 h incubation at 40°C) than the native enzyme
(65% activity after incubation under the same conditions). The
ability to degrade PET was verified by the number of released
degradation products during incubation with amorphous PET
film and PET bottle film. The experiment demonstrated that
each mutant caused a significantly higher level of PET
degradation (on both plastic type materials used) compared to
the wild-type enzyme. The best results were obtained with
PETase-EK30, which after 6 days of incubation at 40°C resulted
in the release of 302.4 and 1462 uM total MHET and TPA after
incubation with amorphous PET film and PET bottles, respectively.
The incubation with the native enzyme resulted in the release of 32.8
and 13.9 uM of MHET and TPA for the appropriate substrates,
correspondingly. It is worth noting that for the native enzyme, from
day 1 of incubation to day 6, the amount of products released did not
change significantly. In the case of the mutants, a progressive
increase in the amount of breakdown products was noted from
day 1 to day 4 of incubation, while between days 4 and 6 the
measured concentrations were at equivalent amounts (Chen et al,,
2021).

Prospective Applications of Modified
Microorganisms and Engineered Proteins in

PET Waste Management

Since 1964 production of plastic has increased twentyfold, but
almost 50 years after the introduction of the recycling process,
only 14% of plastic packing is collected for reuse. PET used in
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bottles has the highest recycling rate, but globally only 7% of it is
recycled bottle-to-bottle. Most of the plastic products after a
single use are landfilled, and 32% escape the collection system to
the natural environment (Ellen MacArthur Foundation and
World Economic Forum, 2014; http://www3.weforum.org/
docs/WEF_The_New_Plastics _Economy.pdf). The growing
amount of plastic waste has forced the scientific community to
look at this global issue. So far the published reports have shown
that naturally isolated microorganisms possess a limited
capability for plastic degradation, and it might take decades
before microbes adapt to use plastic as a carbon source. The
published data on genetically modified microorganisms or
chemically engineered enzymes suggest that this direction
offers a promising method for plastic waste management.
Nowadays, through the chemical engineering of enzymes such
as modification of the active site or by introducing new bonds, we
can avoid cofactor supplementation with the simultaneous
multifold improvement of their activities, reduction of the
reaction time and increase of their thermal stability. The latter
factor might be crucial since hydrolysis of PET needs a higher
temperature than the glass transition temperature (Tg), which is
67-81°C. A highly interesting approach that can be applied to
PET degradation technology in the future is the concept of nano-
immobilization of enzymes to improve their tolerance to
temperature and pH. The first attempts to use immobilized
enzymes have been recently achieved successfully (Jia et al,
2021). Another perspective, which should be included in the
discussion, is the possibility of reuse of the products of PET
degradation (such as EG and TPA) to synthesize a new PET with
similar properties as a virgin PET. This will result in reduced
demand for fossil substrates for plastic synthesis and
simultaneously may be a branch where the use of immobilized
enzymes can bring additional benefits. Prospectively, due to
restrictions and concerns over the use of GMOs worldwide,
safer and easier to safely handle modified proteins may
become an alternative to the long-known bioremediation or
biological recycling, which seems to be a distant goal when
using GMMs. The application of enzymatic recycling with the
use of enhanced mutants of PETase cutinase may be one solution
in the future to reduce the level of contamination, and to our
knowledge, such application is one of the latest developments in
this field (Singh et al., 2021).

An interesting attempt was made by Roberts et al. (2020),
where a microbial consortium of Pseudomonas and Bacillus
species was applied to synergic PET degradation. Such a study
may bring additional perspective about applying an enzymatic
cocktail as a possibility to provide ester bond hydrolysis in PET
formulated with engineered hydrolases. Despite the fact that
microorganisms able to produce PET-degrading enzymes and
capable of growing degradation products as the sole carbon
source can be found in nature, the efficiency of PET hydrolysis
is generally low. The other perspective that can be taken into
consideration in further application attempts of genetic
engineering and protein modification methods is related to
the successful attempt to obtain microalgae capable of
producing PETase enzyme (Kim et al., 2020). The use of an
improved mutant of this protein in similar studies could
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greatly enhance the research conducted in this area and bring
interesting adaptive solutions for photosynthesizing
eukaryotes.

In the future probably we will be able to use plastic wastes as a
low-cost substrate for genetically modified microorganisms to
produce value-added products such as enzymes, fatty acids,
organic acids and others. As emphasized in this review,
genetically modified microorganisms are a promising alternative
for the plastic circular economy.

CONCLUSION

As the production of plastics is still increasing, enzymatic
hydrolysis of PET and other plastic is gaining importance and
interest from researchers. This way of degradation of plastic is
evaluated as an environmentally friendly, novel strategy for the
recycling of post-consumer plastic materials. Thus, in order to
better adapt the enzymes to synthetic polymers, the use of
genetic engineering may be a key to solving the plastic
pollution problem. However, the engineering of novel
hydrolases exhibiting highly efficient and specific catalytic
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properties towards PET materials remains a challenge. All
findings presented above may provide further options to
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The increased production and consumption of plastic materials in today’s world has caused a huge number of
environmental problems, the solution of which is now crucial to improving the state of nature of our planet. In
this study, we expressed cutinases from Fusarium solani f. sp. pisi and from Trichoderma reesei, individually or in
combination with overexpression of the native lipase Lip2 in the yeast Yarrowia lipolytica. The engineered strains
showed biodegradation activity toward polyester in the pH range between 4.0 and 9.0. The highest esterase
activity was observed at pH 9.0 for the strain overexpressing cutinase from F. solani and lipase from Y. lipolytica,
it reached 63.5 U ml ™!, moreover this strain was capable to degrade 0.5 g of polycaprolactone film within 144 h

of shake flask culture. The obtained results showed that natural capability of Y. lipolytica combined with
metabolic engineering results in a highly efficient biodegradation process.

1. Introduction

Plastic production has increased every year since 1950, and it
reached 359 million tonnes in 2018 (PlasticsEurope Market Research
Group (PEMRG)/Conversio Market & Strategy GmbH, 2019). Despite
the fact that plastics have revolutionized the global industry in every
field this increase has had a negative impact on the global ecosystem.
Recently, large-scale research has focused on finding a solution to the
ever-increasing level of plastic pollution (Ilyas et al., 2018). The
research focuses on the biodegradation of plastic by microorganisms and
improvement of this process. The capability of plastic biodegradation by
microorganisms depends on the type of material, its surface, size and
physicochemical properties (Sarjit et al., 2015). In the natural envi-
ronment, factors such as the hydrophobicity and surface irregularities of
plastic particles affect the adhesion of microorganisms on the surface of
material (Howell and Behrends, 2006).

Plastics have been characterized as biodegradable, i.e., those that
can be completely degraded by microorganisms and non-biodegradable.
Poly-e-caprolactone (PCL) is a biodegradable aliphatic polymer with the
melting point at 59-60 °C. The biodegradation time of this polymer is
2-5 years in the external environment (Cameron and Kamvari-
Moghaddam, 2012). Many studies have been carried out to investigate
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E-mail address: Aleksandra.mironczuk@upwr.edu.pl (A.M. Mironczuk).
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the degradability of PCL material by microorganisms. The decomposi-
tion of PCL has been proven by cutinase-producing microorganisms such
as F. solani (Shi et al., 2020) and Cryptococcus (Ghosh et al., 2013). It
was shown that cutinases from Humicola insolens, Pseudomonas men-
docina, F. solani, Thermobifida cellulosilytica and Thermobifida fusca
are able to hydrolyze aromatic polyesters such as PET (Herrero Acero
et al.,, 2011). Polyethylene terephthalate (PET) is non-biodegradable,
one of the most common aromatic polyester with annual worldwide
production reaching 50 million tonnes (Bornscheuer, 2016).

Microbial degradation of plastic materials by different strains of
bacteria, fungi and yeast is possible due to enzymes from the hydrolase
class such as cutinases, lipases and PETases. In addition, interesting
results were obtained using nitrifying bacteria, which produce signifi-
cantly less extracellular polymeric substances (EPS) and soluble meta-
bolic products (SMP) compared to the production of these compounds
by heterotrophs (Sepehri and Sarrafzadeh, 2018). Many genetic modi-
fications have been made to improve natural abilities of microorganisms
for plastic degradation (Liu et al., 2018) or by overexpression of the
enzymes involved in this process in the heterologous host (Gamerith
et al., 2017; Ribitsch et al., 2011). A suitable host for heterologous
protein expression is the yeast Yarrowia lipolytica. This is a well-known
unconventional non-pathogenic yeast. Due to the ability to assimilate
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various hydrophobic carbon sources, such as n-alkanes, fatty acids or
polyols, Y. lipolytica is used in the bioremediation processes of soil
contaminated with oils, fuels or aromatic compounds. To date there has
been done many research about environmental applications of Y. lip-
olytica. Vasiliadou et al., in 2017 noted the ability of Yarrowia lipolytica
yeast to produce lipids with altered fatty acid content. Additionally,
authors indicated the ability of this yeast to assimilate polyunsaturated
fatty acids, which can be used in the treatment of hydrophobic wastes
and food processing wastewater with high content of oils (Vasiliadou
et al., 2018). Other studies have shown the ability of Yarrowia lipolytica
to grow on medium supplemented with olive mill wastewater (OMW),
characterized by a high chemical and biological oxygen demand and a
high concentration of phenolic compounds (Sarris et al., 2017). Another
study conducted on a medium with OMW, indicated that Y. lipolytica
can grow on this waste after dilution to appropriate concentrations of
phenolic compounds. Furthermore, Yarrowia lipolytica with appropriate
supplementation can utilize this waste for the production of biomass,
mannitol and citric acid and effectively remove phenolic compounds
(Dourou et al., 2016).

Y. lipolytica produces native lipases, enzymes from the subclass of
esterases which enable them to utilize triacylglycerides and might be
helpful in hydrolysis of ester bonds in plastic polymers (Miller and Alper,
2019). Moreover, it possesses a wide range of molecular tools, which
allows for efficient genetic modification (Abdel-Mawgoud et al., 2018;
Holkenbrink et al., 2018; Schwartz et al., 2016; Wong et al., 2017). Due
to these properties, Y. lipolytica is a promising microorganism in
biodegradation of plastic materials.

In this study, we aimed to degrade plastic using genetically engi-
neered strains of Y. lipolytica. Here, we functionally overexpressed
heterologous genes encoding cutinases from Fusarium solani f. sp. pisi
and Trichoderma reesei and the native Y. lipolytica lipase Lip2. The
catalytic triad of both cutinases is composed of Ser-His-Asp amino acids
(Roussel et al., 2014). The catalytic triad of cutinase from Fusarium
solani f. sp. pisi includes Ser 120, His 188 and Asp 175 (Baker et al.,
2012). The cutinase from the T. reesei catalytic triad consists of Ser 164,
His 229 and Asp 216 (Roussel et al., 2014). An active site in native lipase
from Y. lipolytica corresponds to the catalytic triad present in lipases
and includes Ser 162, Asp 230 and His 289 (Fickers et al., 2011; Wierckx
et al., 2018). Cutinase from Fusarium solani f. sp. pisi (CUT_FS) has a pH
range of 3-11 and optimum of pH 6-9. The CUT_FS temperature range is
20-70 °C with optima at 30 and 40 °C (Baker et al., 2012; Chen et al.,
2008). Cutinase from Trichoderma reesei (CUT_TR) has two pH optima
(4.0 and 7.3). This enzyme is active between pH 3 and 8 and loses sta-
bility at a temperature over 60 °C (Roussel et al., 2014). Moreover, both
cutinases have a lid covering the active site of the enzyme (Chen et al.,
2013; Roussel et al., 2014) and the presence of a biosurfactant in the
reaction environment is necessary. Native lipase Lip2 has an optimal
hydrolysis temperature of 37 °C and pH 7.0 with functional pH range of
5.5-9.0 (Yu et al., 2007). The enzyme exhibits stability between 25 °C
and 55 °C and pH profile 3.5-9. Since Y. lipolytica is known as a bio-
surfactant producer, and it produces many native lipases (Miller and
Alper, 2019), these features can overcome this limitation in the efficient
action of both cutinase enzymes.

In this study, we compared the capability of the obtained strains to
hydrolyze plastics using PCL as a model compound. To increase their
enzymatic abilities, we overexpressed the enzymes simultaneously for
the synergic activity. We focused on two different cutinases with various
pH optimal activity and native lipase. Finally, we demonstrated that
simple co-expression of cutinase from F. solani and lipase from Y. lip-
olytica results in rapid and efficient biodegradation of aliphatic poly-
ester during a short-term fermentation process.
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2. Materials and methods
2.1. Microorganisms and media

In this study we used strains derived from the wild type Yarrowia
lipolytica A101 (Wojtatowicz and Rymowicz, 1991).

Strains used in this study are shown in Table 1. For Escherichia coli
strains LB medium was used. YPD (1% yeast extract, 1% peptone, 2%
glucose) was used as inoculum medium for Y. lipolytica strains. For RNA
isolation strains were inoculated in YNB minimal medium with 2%
glucose. Shake flask experiments for esterase activity assay were pro-
vided in 0.3 L Erlenmeyer flasks in YPD medium at 28 °C at 200 RPM.
Spot tests were conducted on YNB minimal medium with 0.1% e-cap-
rolactone. Emulsification of e-caprolactone was performed according to
the protocol described previously (Kitamoto et al., 2011). pH of agar
plates was adjusted before sterilization using phosphate buffer solutions
appropriately at pH 4.0, pH 7.0 and pH 9.0.

2.2. Cloning and transformation protocols

Restriction enzymes used in this study were purchased from Fast-
Digest Thermo Scientific (USA). Digestion was conducted according to
standard protocols. Target genes were amplified using Phusion high fi-
delity DNA polymerase (Thermo Fisher Scientific) by PCR reaction. T4
DNA Ligase (Thermo Fisher Scientific) was used in ligation reactions
conducted at room temperature for 10 min. Constructed plasmids were
isolated using the Plasmid Mini Kit (A&A Biotechnology, Poland). The
Genomic Mini AX Yeast Spit kit (A&A Biotechnology, Poland) was used
for genomic DNA (gDNA) isolation from yeast. Transformants of E. coli
and Y. lipolytica were checked using standard PCR reaction with Taq
polymerase (PCR Mix, A&A Biotechnology, Poland).

Table 1
Strains and plasmids used in this study.

Strain Genotype Source

Escherichia coli

DH5x F~ endAl gInV44 thi-1 recAl relAl gyrA
96 deoR nupG purB20 ¢p80dlacZAM15
A(lacZYA-argF)U169, hsdR17 (rgmg), A~
plasmid carrying the UAS1B16- TEF
promoter, YALIOA20350g and XPR2
terminator, amp®

Plasmid carrying UAS1B16-TEF promoter,
codon optimized cutinase gene from
Fusarium solani f.sp. pisi fungi and XPR2
terminator, amp®

Plasmid carrying UAS1B;c -TEF promoter,
codon optimized cutinase gene from
Trichoderma reesei and XPR2, amp”
Yarrowia lipolytica

(Hanahan and
Glover, 1985)

PAD Lip2 Janek et al. (2020)

PAD Cut_FS This study

PAD Cut_ TR This study

Al101 Wild type Wojtatowicz and
Rymowicz (1991)
AJD MATA, A101: ura 3-302 (Mironczuk et al.,
2015)
AJD AAAX AJD, AAXP (YALIOB05654g), AXPR2 Janek et al. (2020)
(AJD2) (YALIOF31889g)
AJD2 pAD Overexpression YALIOA20350g in AJD2 Janek et al. (2020)
Lip2
AJD2 pAD Overexpression of cutinase from F. solanif.  This study
Cut_FS Sp. pisi
AJD2 pAD Overexpression of cutinase from T. reesei This study
Cut_ TR
AJD2 pAD Overexpression of Lip2(YALIOA20350g) This study
Lip2/ and cutinase from F. solani f.sp. pisi
Cut_FS
AJD2 pAD Overexpression of Lip2(YALIOA20350g) This study

Lip2/ and cutinase from T. reesei
Cut TR
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2.3. Strain construction

All plasmids used in this study were prepared based on the pAD
vector (Mironczuk et al., 2017). Cutinase genes (cutinase from F. solani
f. sp. pisi 741 bp and from T. reesei 722 bp) were codon-optimized for
Y. lipolytica and fused to the XPR2 signal sequence from this yeast for
protein secretion. Genes were cloned into the pAD vector using SgSI and
Nhel sites, resulting in pAD_CUT_FS and pAD_CUT_TR plasmids. All
plasmids containing overexpression cassettes were sequenced (Gen-
omed, Poland). The newly obtained vectors were digested with Mssl,
resulting in linear expression cassettes with Y. lipolytica rDNA, which
avoided bacterial DNA integration in the Y. lipolytica genome.
Y. lipolytica transformation was described previously (Mironczuk et al.,
2019). Strains containing two genes, cutinase and lipase, were restored
before the second transformation using the Cre-Lox recombinase system
(Fickers et al., 2003).

2.4. RNA isolation and qRT-PCR

For RNA isolation shake flask cultures were inoculated in YNB me-
dium with 2% glucose. After 24 h of incubation at 28 °C at 200 RPM
samples were collected and centrifuged for 5 min at 15 000 RPM. RNA
extraction was done using a Total RNA Mini Plus kit (A&A Biotech-
nology, Poland). Isolated RNA was treated with DNase (RNase-free)
(Thermo Scientific) enzyme under the conditions recommended by the
manufacturer. Biochrom WPA Biowave II (Biochrom Ltd., UK) was used
for RNA quantity measurement. Isolated RNA samples were stored in a
freezer at —80 °C. For cDNA synthesis the Maxima First Strand cDNA
Synthesis kit (Thermo Fisher Scientific) was used. The DyNAmo Flash
SYBR Green qPCR Kit was used for qRT-PCR analysis. The sequences of
primers used in qRT-PCR are shown in Supplementary Data. The
experiment was carried out in CFX Connect, and data analysis was
performed in CFX Maestro Software (BIO-RAD, USA).

2.5. Growth curves

The growth of the strains was tested using Spark Microplate Reader
(Tecan Group Ltd., Mannedorf, Switzerland). For inoculum preparation
strains were grown for 24 h in YPD medium. Cultures were centrifuged
at 5000 RPM for 3 min and washed twice with sterile Milli-Q water. The
experiment was performed in 96-well plates in 200 pl of YPD medium
with cell culture standardized to ODggp 0.1. Each strain was grown in
three repetitions at 28 °C under orbital constant agitation. Optical
density of cultures was measured at 600 nm every 30 min for 48 h.

2.6. Spot-test experiments

Emulsion of PCL for the spot test was prepared as described before
(Urbanek et al., 2017). Briefly, agar plates congaing 0.1% PCL were
prepared using YNB medium with pH standardized to 4.0, 7.0 and 9.0
and mixed with the appropriate volume of 0.5% PCL emulsion. Inoc-
ulum cultures were prepared in YPD medium in 0.3 L Erlenmeyer shake
flasks at 28 °C at continuous agitation 200 RPM and washed twice in
sterile Milli-Q water before OD standardization to 0.1.5 pl of the stan-
dardized cell suspension was applied in triplicate on each plate and
incubated for 72 h at 28 °C.

2.7. Enzyme assay

Cultures for esterase enzyme activity assay were conducted in 0.3 L
shake flasks in YPD medium at 28 °C at 200 RPM. The overnight cultures
were grown in YPD medium in flasks. Then inocula were spun down and
washed twice with sterile Milli-Q water. Initial ODgq for each strain was
standardized to 1.0. The experiment was carried out in YPD medium.
Samples (500 pl) were collected after every 24 h for 3 days, then were
centrifuged at 15 000 RPM for 10 min. Supernatants were transferred to
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a new Eppendorf tube and frozen at —20 °C for the next experiment.

The enzymatic activity was determined using esterase activity assay
with 100 mM p-nitrophenyl acetate dissolved in DMSO. As a reaction
environment, 50 mM phosphate buffer at pH 7.0 and pH 9.0 was used. 5
pl of each supernatant was used in each reaction. Buffer and p-nitro-
phenyl acetate were mixed directly before measurement. The total re-
action volume was 150 pl. Absorbance was measured at 37 °C at A = 405
nm for 10 min using a BioTek Microtiter Plate Reader. The enzymatic
activity was determined by measuring the amount of p-nitrophenol
produced at 37 °C for 10 min. The calculated enzyme activity is pre-
sented in units. One unit hydrolyzes 1 pmol of substrate per minute
under specific reaction conditions.

2.8. Shake flask experiment

The ability of the constructed strains to degrade PCL films was tested
in a shake-flask experiment in YPD medium adjusted to pH 4.0, pH 7.0
and pH 9.0 in a 0.3 L Erlenmeyer flask. PCL films were prepared by
dissolving poly-e-caprolactone granules in dichloromethane and poured
into glass petri dishes to evaporate the solvent. Dried PCL films were cut
into 0.5 g fragments and sterilized by washing in ethanol and subjecting
to UV radiation for 30 min. The inoculation cultures were performed by
incubation of overnight culture in YPD broth at 28 °C and 200 RPM.
Cells were centrifuged at 3000 RPM for 3 min and washed twice with
sterile water. Initial ODgq( for each experimental flask was standardized
to 1.0. An amount of 0.5 g of PCL film was added to each flask containing
30 ml YPD medium with the proper inoculant. A control experiment for
plastic was carried out with the same procedure but without inoculation.
For HPLC analysis samples were collected every 24 h. Samples were
collected every 24 h for 72 h. PCL films were collected after 144 h of
culture, rinsed with distilled water, dried and weighed. Weight loss
percentage analysis was calculated by comparing the weight of PCL film
before and after cultivation (Urbanek et al., 2017).

2.9. Analysis of PCL film hydrolysis product

Samples taken during the shake flask experiment were analyzed with
the UltiMate 3000 UHPLC System (Thermo Fisher Scientific, Waltham,
USA) using a HyperRez CarbH + column with a UV (A = 210 nm)
(Dionex, Sunnyvale, USA) and RI detector (Shodex, Ogimachi, Japan).
25 mM trifluoroacetic acid (TFA) was used as an eluent. Column tem-
perature was set to 65 °C and the flow rate was 0.6 ml min~'. As a
standard 1% e-caprolactone dissolved in methanol was used. The data
were analyzed in the Chromeleon Chromatography Data System
(Thermo Fisher Scientific, Waltham, USA).

2.10. Phylogenetic analysis

The sequences of domains belonging to the a/p-hydrolase super-
family identified in cutinases and lipases were analyzed. Domain co-
ordinates were taken from Conserved Domain Database (CDD; Lu et al.,
2020). The exact position of the domain within PETase has not been
established; therefore the entire enzyme sequence was analyzed. Se-
quences were aligned in COBALT (Papadopoulos and Agarwala, 2007)
available at the NCBI webpage (https://www.ncbi.nlm.nih.gov/tools/c
obalt/re_cobalt.cgi). CLC sequence viewer v.8 (QIAGEN Digital In-
sights) was used for graphical visualization of the alignment and for
construction of the phylogenetic tree using the neighbor-joining (NJ)
method with Jukes-Cantor protein distance measure after 1000 boot-
strap replications (Lu et al., 2020; Papadopoulos and Agarwala, 2007).
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3. Results

3.1. Sequence analysis and cloning of cutinases from F. solani f.sp. pisi
and T. reesei and lipase from Y. lipolytica

Y. lipolytica is known as an unconventional yeast able to use a hy-
drophobic carbon source such as alkanes or fatty acids. Its natural ability
to produce biosurfactants increases the hydrophilicity of organic com-
pounds, enabling this yeast to assimilate hydrophobic substrates. This
feature combined with resistance to high osmotic pressure and low pH
makes Y. lipolytica a very good host that can be used in the degradation
of plastics.

First, to avoid heterologous proteins degradation, we overexpressed
the native lipase Lip2 (YALIOA20350g) and two heterological cutinases
from F. solani f. sp. pisi (K02640.1) and T. reesei (XM006964471.1) in a
Y. lipolytica strain with deleted acid extracellular protease AXP
(YALIOB05654g) and alkaline extracellular protease XPR2
(YALIOF31889g) (AJD AAAX) (Janek et al., 2020), hereafter named
AJD2. Based on previously published amino acid sequences of various
hydrolases, we analyzed the sequences of three tested enzymes, since it
is important to identify the differences and commonalities for each
enzyme. We assessed the relationship between the amino acid sequence
domains of enzymes from the abhydrolase superfamily in 14 species of
microorganisms. As seen in Fig. 1A, Lip2 from Y. lipolytica (AFH77825)

A
75— Cut- Aspergillus oryzae / 3GBS_A

Cut- Aspergillus nidulans / ABF50887
Cut- Humicola insolens / 40YY_A
Cut- Fusarium solani pisi / AAA33334
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showed the closest phylogenetic homology to PETase from Ideonella
sakaiensis (6EQD_A) (Yoshida et al., 2016), whereas cutinase from
T. reesei (ETS02914) showed high homology (53.49% identity) with
cutinase from Monilinia fructicola (AAZ95012) (Wang et al., 2002).
Cutinase from F. solani (AAA33334) is closely related (55.33% identity)
to the cutinase from Humicola insolens (40YY_A) (Kold et al., 2014;
Soliday et al., 1984). Cutinases from F. solani and H. insolens have a
common ancestral protein with cutinase from Colletotrichum gloeospor-
ioides (AAL38030) (protein homology 48.89% and 58.51% respectively)
(Chen et al., 2007; Farah Diba et al., 2001). AAA33334 is homologues
with cutinases from Aspergillus oryzae (3GBS_A) (50.50% identity) and
Aspergillus nidulans (ABF50887) (48.74% identity) (Bauer et al., 2006;
Zhigiang et al., 2009). These proteins are found in three clades in which
two monophyletic groups can be distinguished, and due to the relatively
strong differentiation of homologues, we will be able to assess the effi-
ciency of hydrolysis of ester bonds present in PCL. As seen in Fig. 1b, a
highly conserved region has been found in all 14 compared amino acid
sequences. It consists of 5 amino acids, the arrangement of which can be
represented by G-X1-S-X2-G. In the case of cutinases compared in this
alignment, the X1 position is occupied by tyrosine and X2 by glutamine.
In lipases we can detect the presence of histidine in X1 and leucine in X2
position. In PETase tryptophan can be found in X1 and methionine in the
X2 position. Considering the similarities found in the nucleophilic elbow
between the cutinases and the lipase selected for this research, and the

57z Cut- Colletotrichum gloeosporioides / AAL38030

1871

Cut- Trichoderma reesei / ETS02914
[ Cut- Monilinia fructicola / AAZ95012

1,200
Note: Branches shorter than 0,0728 are shown as having length 0,0728

PETase- Ideonella sakaiensis / 6EQD_A
Lip- Rhizopus delemar / EIE86673

o5 Lip- Yarrowia yakushimensis / CDX09923

100500 Lip2- Yarrowia lipolytica / AFH77825
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Fig. 1. Phylogenetic relationship between amino acid sequences of abhydrolase superfamily domains found in different cutinases (Cut) and lipases (Lip) of selected
yeasts and molds. Accession numbers are given after the slash. The phylogram was constructed with the neighbor-joining (NJ) method and verified by 1000 bootstrap
replications. The bootstrap percentage is presented on each node. B) Fragment of the COBALT alignment (Papadopoulos and Agarwala, 2007) visualized with CLC
sequence viewer (QIAGEN Digital Insights) of domains belonging to abhydrolase superfamily detected on amino acid sequences of different cutinases (Cut), lipases

(Lip) and PETase of the selected microorganisms.
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enzyme PETase, they are highly likely to be able to hydrolyze ester
bonds in non-biodegradable materials such as polyethylene tere-
phthalate (PET).

3.2. Expression levels of CUT_ TR, CUT FS and Lip2 and growth of the
engineered Y. lipolytica

To prove functional overexpression of Lip2 and expression of
CUT_TR and CUT _FS of the selected genes we evaluated their expression
levels using the qRT-PCR method. For this reason, RNA from the engi-
neered strains was isolated, and Y. lipolytica AJD was used as a control.
All genes used in this study were cloned under the UAS1B;4-TEF hybrid
promoter with the highest activity observed after 24 h of growth
(Blazeck et al., 2013). Fig. 2A shows that all overexpressed genes present
elevated expression. The expression level of native lipase in the control
strain is low and it is the result of the native promoter’s activity. Relative
gene expression for the overexpressed lipase was at a similar level in all
three engineered strains. The results show that CUT_FS was expressed
more highly in single gene overexpression than in co-expression with
Lip2. CUT_TR was expressed at a similar level both in single gene
overexpression and in co-expression with Lip2. The expression level of
Lip2 in the constructed strains is significantly higher than in the control
strain which suggests that the gene is functionally overexpressed and the
amount of lipase produced by AJD pAD Lip2 strain will be greater than
the control strain.
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Fig. 2. Relative quantification of RNA transcript in the control strain (AJD) and
the engineered Y. lipolytica strains overexpressing cutinase from F. solani pisi
(CUT_FS), cutinase from T. reesei (CUT_TR) and/or native Y. lipolytica lipase
Lip2 using RT-PCR (A). As a reference gene actin was used. All tested strains
were grown in YNB medium supplemented with glucose. All samples were
analyzed in triplicate and the standard errors were estimated using CFX
Maestro Software (BIO RAD, USA). Growth curves (B) of Y. lipolytica strains on
YPD medium. Experiments were performed at 28 °C with continuous shaking
using Spark Microplate Reader (Tecan Group Ltd., Mannedorf, Switzerland).
A101 - dark blue, AJD - grey, AJD2 — orange, AJD2 pAD Lip2 - yellow, AJD2
pAD CUT_FS - light blue, ADJ2 pAD CUT_TR - green, AJD2 pAD Lip_CUT_FS -
black, AJD2 pAD Lip_CUT _TRred.
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Because metabolic engineering of the microorganisms might delay
growth and reduce the ability to produce the target protein (Ko et al.,
2020), we tested the difference in growth between the genetically
modified strains and control strains (AJD, AJD2). The strains were
grown in YPD medium for 48 h. As shown in Fig. 2B, all of the strains
showed an extended lag phase. However, all of the engineered strains
have a similar growth profile with the exponential phase occurring until
18 h of culture. The highest growth was observed after 20 h. That result
confirms that there are no differences in growth level between the
genetically modified strains and the control strains.

3.3. Degradation of polymers by the engineered Y. lipolytica strains

The previous experiments showed that the engineered strains are
capable of functional overexpression of the cutinases and lipase; more-
over, their growth rate remained unchanged in comparison to the con-
trol strain. Thus, the next step in our research was evaluation of their
degradation abilities. To test them we used emulsified poly-e-capro-
lactone (PCL) as a model for aliphatic polyester with ester bonds in its
structure, similar to polyethylene terephthalate (PET).

Previous research showed that the optimal temperature and pH are
important factors for efficient hydrolysis on plastic polymers (Eberl
et al., 2009; Marten et al., 2003; Pischedda et al., 2019). For this reason,
here we used two cutinases with various optimal pH values. Therefore,
in this study a wide range of pH conditions were used (4.0, 7.0, 9.0) to
confirm the ability of Y. lipolytica to produce active enzyme at various
pH levels. The test was performed at 28 °C, corresponding to the optimal
temperature for Y. lipolytica growth.

The ability of the obtained strains to degrade PCL was evaluated by
clear zone analysis in a spot test experiment. The results are shown in
Fig. 3. All the tested strains were spotted onto YNB supplemented with
0.1% PCL. pH was standardized to 4.0, 7.0 and 9.0 according to the
previously described optimum pH range for cutinases. In agreement
with the assumption, the clear zone method confirmed that strains
overexpressing CUT_TR and Lip2_CUT_TR show the highest hydrolytic
activity at pH 4.0 (Fig. 3). On the plate with pH 4, other tested strains did
not show any activity. At pH 7.0, the biggest clear zones were observed
for the strains AJD2 pAD-CUTFS and AJD2 pAD Lip2 CutFS.
Compared to the control strain a significant difference is also visible for
AJD2 pAD_CUT_TR and AJD2 pAD_Lip2_CUT TR strains, but the latter
with co-expression of lipase and cutinase from T. reesei has lower
enzymatic activity than the strain with single gene expression of
CUT_TR. The double-gene overexpressing strain AJD2 pAD .-
Lip2_CUT_TR creates slightly bigger clear zones than AJD2 pAD Lip2.
Clear zones created by the strain AJD2 pAD_CUT_FS both at pH 7.0 and
pH 9.0 are similar in size. It was found that the strain with single lipase
gene overexpression (AJD2 pAD_Lip2) created the biggest zone at pH
9.0. In addition, the clear zone created by the control strain (AJD) was
biggest at pH 9.0 compared to the other pH conditions used in this study,
which corresponds with presence of the native lipase gene. According to
the AJD2 pAD_CUT_TR feature, the clear zones are also noticeable at pH
9.0, but they are smaller than those obtained under other conditions. As
shown in Fig. 3, native lipase showed the highest hydrolytic activity
towards PCL emulsion at pH 9.0. Our study provides considerable evi-
dence that Y. lipolytica can efficiently produce enzymes that show ac-
tivity at various pH levels already after 72 h of incubation.

3.4. Esterase activity of strains overexpressing CUT_TR, CUT_FS and Lip2

Previous results showed that overexpression of the cutinases and
lipase in Y. lipolytica results in PCL degradation. Thus, to test the enzy-
matic activity of the engineered strains, we measured the level of their
esterase activity by monitoring the hydrolysis of p-nitrophenyl acetate.

The test was carried out only at pH 7 and 9. Here, we did not perform
tests at pH 4.0, due to the fact that nitrophenol is colorless below pH 5.0
and the obtained results would not be reliable at this pH. The results
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Fig. 3. Degradation of PCL emulsion on the YNB agar plates by the tested Y. lipolytica strains at pH 4.0, 7.0 and 9.0. The images were taken after 72 h of incubation

at 28 °C.

obtained in the esterase activity assay for the engineered strains at pH
7.0 (Fig. 4A) showed that strains containing cutinase from F. solani f. sp.
pisi has the highest enzymatic activity, and reaches 4.58 U ml ™! for both
AJD2 pAD_CUT _FS and AJD2 pAD_Lip2 CUT_TR strains. This result in-
dicates that lipase overexpression does not have a significant impact on
the esterase activity at pH 7.0 after 72 h of culture. Esterase activity at
neutral pH is at similar level in AJD2 pAD_Lip2, AJD2 pAD_CUT_TR and
AJD2 pAD_Lip2_CUT_TR strains and reaches approximately 0.3 U ml~>.
Interestingly, it was observed that strains overexpressing CUT_TR and
Lip2 had significantly higher esterase activity measured at pH 7.0 after
24 h of cultivation (data not shown). AJD2 pAD Lip2, AJD2 pAD -
CUT_TR and AJD2 pAD_Lip2_CUT _TR obtained accordingly 3.66 U ml’l,
0.51 Uml~! and 3.80 U ml ™%, respectively. We did not observe a similar
phenomenon for the strains overexpressing CUT_FS. The decrease in
lipase and CUT_TR activity during the cultivation time may be related to
the low stability of these enzymes under these conditions. In the control
strain (AJD), the native lipase activity is noticeable after 48 h of culti-
vation (data not shown).

The results obtained for each of the modified strains at pH 9.0 were
significantly higher than those obtained for the control strain. The
highest activity for AJD2 pAD CUT_FS and AJD2 pAD_Lip2 CUT_FS
strains at pH 9.0 reached 63 U ml~! and 63.5 U ml™! respectively
(Fig. 4B). Strains overexpressing cutinase from T. reesei achieved the
activity at the level of 20 U ml~! and 13.7 U ml~%, for a single gene and
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Fig. 4. Esterase activity of the tested Y. lipolytica strains at pH 7.0 (A) and 9.0
(B) after 72 h of cultivation in YPD medium.

co-expression with Lip2, respectively. This experiment is further evi-
dence that heterologous proteins secreted by Y. lipolytica retain their
functionality at different pH levels and show high enzymatic activity.

3.5. Shake-flask experiments with the engineered Y. lipolytica strains

To investigate the capability of the engineered strain to degrade
plastic, we performed shake-flask experiments, with PCL films, to esti-
mate the percentage weight loss during cultivation and to detect the
products of PCL hydrolysis such as of e-caprolactone and 6-hydroxyhex-
anoic acid. Cultures were grown for 144 h with in YPD medium with
addition of 0.5 g of PCL film. The percentage weight loss was calculated
based on the average weights of the PCL film from three biological
replicates. The results were calculated against a control sample incu-
bated under the same conditions but without the presence of microor-
ganisms. The highest percentage weight loss was observed for strains
AJD2 pAD_CUT_FS and AJD2 pAD Lip_CUT_FS (above 90%) (Supple-
menteary Material, Fig. S2). Strains with CUT_TR and Lip_CUT TR
overexpression also decompose PCL films, but the percentage weight
loss is much lower at 9.8% and 15.8% respectively. Interestingly, in this
experiment, the synergistic effect of cutinases and Lip2 is clearly visible.
In the case of co-expression of these two genes, the percentage weight
loss shown by AJD2 pAD _Lip2 CUT TR was higher than AJD2 pAD_-
CUT_TR. The visual comparison of the PCL films after incubation with
the CUT_FS and Lip2_CUT_FS overexpressing strains in our study, very
clearly shows the difference in the appearance of PCL films, and the
results are in agreement with the obtained weight loss (Graphical
Abstract).

However, the percentage weight loss of PCL films during incubation
with the engineered Y. lipolytica strains, may lead to misconceptions
about the effectiveness of the method used to biodegrade plastic. A
major source of uncertainty in this method is the fact that polymers
release micro- and nano-plastics during decomposition processes (Wei
et al., 2020). In this study we investigated e-caprolactone release during
PCL biodegradation by high performance liquid chromatography anal-
ysis (HPLC). As shown in Fig. 5, amounts of e-caprolactone vary over the
cultivation period. Results after 24 h of cultivation can be found in
Fig. 5A. The highest amount of e-caprolactone was observed in AJD2
pAD_CUT_FS and AJD2 pAD_Lip2_CUT _FS samples, 5.55 g L' and 3.32
g L1, respectively. For the strain overexpressing CUT_TR, only 0.06 g
L7! of this compound was noted in the supernatant. The CUT_TR and
Lip2 co-expressing strain caused the release of a slightly larger amount
of e-caprolactone compared to the single overexpression strain, which
was 0.09 g L1, Interestingly, a greater amount of e-caprolactone was
found in the supernatant of the AJD control strain than in the strain
overexpressing native lipase. Fig. 5B presents amounts of e-caprolactone
released after 48 h of cultivation. It is clearly visible that the sample
derived from the AJD2 pAD_Lip2 CUT FS strain contained the highest
amount of e-caprolactone, which reached almost 8 g L1, In the super-
natant from the AJD2 pAD CUT_FS strain a similar amount of this
released e-caprolactone as after 24 h of cultivation was observed. A
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Fig. 5. Hydrolysis of PCL films during shake-flask experiments at 28 °C. Con-
centration of e-caprolactone monomers in the supernatant. The samples (in
triplicate) were taken after 24 (A), 48 (B) and 72 (C) of incubation. Error bars
represent standard deviations.

similar amount of e-caprolactone was also found in the samples from the
AJD2 pAD_Lip2, AJD2 pAD_CUT_TR, AJD2 pAD Lip2 CUT_TR strains
and the control strain. The amount of e-caprolactone obtained for AJD
and AJD2 pAD _Lip2 was twice as high compared with samples collected
after 24 h of cultivation. After 72 h of cultivation (Fig. 5C), a large
decrease in the amount of e-caprolactone in the samples from AJD2
PAD_CUTFS and AJD2 pAD_Lip2 CUT_FS was observed; probably
further hydrolysis of e-caprolactone occurred. In the strain with
co-expression of native lipase and cutinase from F. solani the amount of
e-caprolactone found in the supernatant was 2.5 times higher than in the
AJD2 pAD _CUT_FS sample. The amount of e-caprolactone measured
after 72 h for the AJD2 pAD_CUT_TR and AJD2 pAD_Lip2 CUT TR
strains compared to the samples collected after 24 and 48 h of culture
was also lower. The results obtained for the control strain indicated that
0.12 g of L ™! e-caprolactone was in the supernatant after 72 h, which
was the highest amount recorded for the AJD strain throughout the
entire cultivation period. The results obtained in this analysis clearly
show that the AJD2 pAD_CUT_FS and AJD2 pAD _Lip2 CUT_FS strains
degrade PCL most efficiently. After 48 h of cultivation, the synergistic
effect of native lipase and cutinase from Fusarium solani, resulting in a
higher biodegradation efficiency of PCL by the co-expressing strain Lip2
and CUT_FS, is clearly visible. Moreover, the control strain, AJD, also
degraded PCL, releasing the most e-caprolactone (0.12 g L) after 72 h
of cultivation. This amount is slightly greater than that of the AJD2
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pAD_Lip2, AJD2 pAD_CUT TR and AJD2 pAD_Lip2 CUT TR strains,
which did not reach a similar value at any of the examined samples.

In summary, our experiment showed that the engineered strains of
Y. lipolytica during 72 h of cultivation are capable degrading PCL films
into monomers.

4. Discussion

Growing amount of plastic wastes forces the scientist to find the
solution of this global issue. Several microorganisms have been reported
to be capable of plastic degradation, but their natural capabilities are
limited. Up to now, an evidence for a significant effect of enzymes from
the hydrolase class of cutinases, lipases and PETase has already been
reported (Carniel et al., 2017; Herrero Acero et al., 2011; Kawai et al.,
2019; Shi et al., 2020; Yoshida et al., 2016). For this reason we func-
tionally overexpressed three different hydrolases, cutinase from F. solani
f. sp. pisi, cutinase from T. reesei and native lipase Lip2, in the yeast
Y. lipolytica. To prove, we tested the gene expression in the engineered
strains, interestingly, we observed the differences between expressed
genes. However, the obtained results are related to the level of tran-
scription factors in a cell, and it might result in lower gene expression in
strains containing two overexpressed genes under the same
hybrid-promoter. A similar phenomenon was observed in all strains with
co-expression used in this study. Previous studies have shown that
functional co-expression of two genes can be performed and the level of
gene expression of the cloned genes may differ between strains with
single gene overexpression (Dobrowolski and Mironczuk, 2020; Tai and
Stephanopoulos, 2013).

As mentioned before the optimal temperature and pH are important
factors for efficient hydrolysis on plastic polymers. To test this, we
performed esterase activity assays at various pH to measure the activity
of the expressed enzymes. The results obtained in our experiments are
consistent with previous results documenting optimal pH for cutinases
from F. solani f. sp. pisi (7.0 and 9.0) and T. reesei (4.0 and 7.0) (Mar-
uyama et al., 2003; Poulsen et al., 2005; Roussel et al., 2014). The level
of lipase activity in the control strain (AJD) is consistent with the pre-
vious studies. So far, documented activity of the native Y. lipolytica
lipase after 72 h at pH 7.0 was below 0.5 U ml~! with the cultivation
carried out in the bench fermenter and olive oil supplementation
(Alonso et al., 2005). Lipase activity determined by Yu et al. on the
purified Lip2 from Y. lipolytica indicated pH 8.0 as the most optimal one.
At pH 7.0 and 9.0 lipase activity was respectively 50% and 85% lower
than at pH 8.0 (Yu et al., 2007).

Next, to determine the level of polyester degradation we performed a
shake flask experiments with the PCL films. The material was sterilized
by washing in ethanol and subjected to UV irradiation for 30 min. These
methods might have an influence on the structure of the plastic material,
but with a short exposure of PCL to these factors, no negative effects on
the morphology have been found in previous studies (Horakova et al.,
2020). Poly-e-caprolactone was used in our experiment as a model
substrate, due to the fact that hydrolysis of this compound may indicate
a potential use in the degradation of more complex compounds such as
polyethylene terephthalate (PET). It is known that this substrate was
used as a model polymer in other studies (Almeida et al., 2019; Danso
et al., 2018; Nyyssola et al., 2013). The highest degree of degradation
was observed for strains AJD2 pAD CUT _FS and AJD2 pAD Lip_CUT_FS.
In contrast to other studies (Shi et al., 2020), we did not note any sig-
nificant weight loss change after PCL films’ exposure for 144 h in AJD2
pAD_Lip2 culture. However, we observed a decrease in lipase activity
after 24 h of cultivation, which may cause this effect. The investigation
by Shi et al. was carried out with purified lipase enzyme with established
activity up to 45 U ml 1. Also cutinase from F. solani f. sp. pisi in 45 U
ml~! enzyme solution resulted in weight loss of around 85% after 72 h of
incubation, but the published photographs do not indicate such signif-
icant degradation of the PCL films by this enzyme (Shi et al., 2020).

A major source of uncertainty during measurement the weight loss of
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polyester’s film is the fact, that polymers might be fragmented into
micro- and nano-plastics during decomposition processes. To avoid this
inaccuracy, we measured the level of the released e-caprolactone during
fermentation process. This compound was detected in all tested samples,
however the highest level was observed for strain expressing CUT_FS.
Before, the presence of PCL degradation products using both the natural
abilities of microorganisms and incubation with purified enzymes was
described. As reported by Hoshino and Isono in 2002, complete
biodegradation of PCL by lipase F hydrolase from Rhizopus oryzae into
monomers is possible after 100 days of incubation with the purified
enzyme, and it was shown that dimers were the main decomposition
products of PCL (Hoshino and Isono, 2002). Presence of e-caprolactone
was detected in HPLC analysis by Oda et al., in 1995 in a PCL degra-
dation experiment with PCL depolymerase produced by the filamentous
fungus P. lilacinus D218. However, that experiment was carried out for
1 h with purified enzyme solution. In our study we cultivated the
engineered strains with polyesters films, what significantly reduce time
and the cost of the process.

In summary, our experiment showed that the engineered strains of
Y. lipolytica overexpressing CUT_FS and Lip2 during 72 h of cultivation
are capable degrading PCL films into monomers.

5. Conclusion

The obtained results showed that co-expression of the heterologous
cutinase and native lipase in yeast Y. lipolytica results in efficient poly-
ester degradation at 28 °C. The secreted enzymes remain stable, active
with capability to degrade of 0.5g PCL during 144 h of cultivation. The
obtained results are a good starting point for further optimization of
hydrolysis of non-biodegradable polyesters such as PET.
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Figure S1. The alignment of amino acid sequences of domains belonging to abhydrolase
superfamily detected in different cutinases, lipases and of full sequence of PETase chain A.
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Red and blue colors indicate highly and less conserved positions, respectively. Grey amino
acids are not conserved. Sequence accesion numbers are given after slash.1. Cut- Fusarium
solani pisi / gb / AAA33334, 2. Cut- Aspergillus nidulans / gb / ABF50887, 3. Cut-
Aspergillus niger / emb / CAL00335, 4. Cut- Monilinia fructicola / gb /AAZ95012, 5. Cut-
Moesziomyces (Pseudozyma) antarctica / dbj/ GAC73680, 6. Cut- Cryptococcus sp. / dbj/
BAKS82405, 7. Cut- Colletotrichum gloeosporioides / gb / AAL38030, 8. Cut- Humicola
insolens / pdb/ 40YY_A, 9. Cut- Aspergillus oryzae / pdb /3GBS_A, 10. Cut- Trichoderma
reesei / gb / ETS02914, 11. Lip- Yarrowia lipolytica / emb /CAB91111, 12. Lip2- Yarrowia
lipolytica / gb / AFH77825, 13. Lip- Yarrowia yakushimensis / emb /CDX09923, 14. Lip-
Rhizopus delemar / gb / EIE86673, 15. PETase- Ideonella sakaiensis /6EQD_A

Table S1. RT-PCR primers sequences used in this study.

Name Sequence 5°-3’

gACT_F GAGTCACCGGTATCGTTC
gACT_R GCGGAGTTGGTGAAAGAG
gLip2_F TCCTTCTGAGGCCGCAGTTC
gLip2_R TTGCGAGTCGGGCGTACTTC
qCut_FS_F TCGCCCTCACCACTTTACTG
qCut_FS_R AATCGTCTCGGGTGGTTCTG
qCut_TR_F ACCGCCTTCACTATTCTGAC
qCut_TR_R GTGTCACCGATGGGCATCAC
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HIGHLIGHTS

Overexpression of cutinase in Y. lipolytica
results in PET films degradation.

The process does not require the PET pre-
treatment.

Y. lipolytica is able to degrade PET at 28 °C
during the fermentation.

Differences in the ratio of released degra-
dation products were observed.

The PET film samples after cultivation
possess numerous damages on the surface.
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ABSTRACT

Polyethylene terephthalate (PET) is the most widely used plastic, whose global production scale causes serious prob-
lems due to it being highly non-biodegradable. The present work provides a novel approach to plastic degradation
studies, which involves direct degradation of PET in the culture of a modified Y. lipolytica yeast strain extracellularly
producing cutinase from Fusarium solani. In this study, we successfully accomplished a scale-up of the degradation pro-
cess in culture, which is promising from the perspective of wider application of the developed method in the future.
Additionally, we tested the effect of various supplements, which may increase the PET degradation efficiency in the
culture of the Y. lipolytica pAD CUT FS strain. The ability of PET decomposition was verified by the amount of the re-
leased degradation products, such as terephthalic acid (TPA) and mono-(2-hydroxyethyl)-terephthalic acid (MHET),
during cultivation. We observed that the quantities of TPA and MHET released during the PET degradation process
were increasing daily, and were 1.51 gL.™ ! and 0.45 gL. ™, respectively after 240 h of the bioreactor fermentation.
Analysis of the PET film by electron microscopy indicated that there was abundant damage on the surface of the ma-
terial. This study also demonstrated that the engineered Y. lipolytica strain is able to degrade PET at 28 °C during fer-
mentation. The results obtained in this study using amorphous PET powder provide a wide range of possibilities for
application of the cutinase-secreting strain of Y. lipolytica on the more difficult to degrade highly crystalline PET
films, PET bottles and PET melts.

1. Introduction

range of applications is very extensive. One of the world's most commonly
used plastic polymers is polyethylene terephthalate (PET). Due to the wide-

The development and improvement of plastic production technology in spread use of this material, both the production and the waste generation
the last century has significantly affected industrial progress and improved are constantly increasing. Recycling processes help combat the accumula-
the quality of life, and due to its mechanical and thermal properties, its tion of plastic waste; however, in 2018, only about 9% of PET trash was

* Corresponding author.

recycled (Garcia et al., 2021). Over time the accumulation of plastic debris
in coastal areas, seas, and oceans has become a serious threat to the health

E-mail address: aleksandra.mironczuk@upwr.edu.pl (A.M. Miroficzuk). and lives of wildlife (Jambeck et al., 2015). PET was classified as a non-
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biodegradable polymer, for which estimated calculations for PET half-life
parameters based on the SSDR method (specific substrate degradation
rate) have shown that it can take over 2500 years (Chamas et al., 2020). Ad-
ditionally, the process of plastic degradation in the environment is influ-
enced by PET properties such as the crystallinity and the environmental
conditions (landfill, soil, marine) under which the degradation occurs (Li
et al., 2016; Pirzadeh et al., 2007). Other factors affecting the degradation
time of PET are the high hydrophobicity of this polymer and the high mo-
lecular weight, impeding the transfer of the molecule into the cell
(Moharir and Kumar, 2019; Oberbeckmann and Labrenz, 2020). Moreover,
the effective enzymatic decomposition of PET occurs at a temperature close
to the glass transition temperature, which in the case of this polymer is
75-80 °C due to the increased mobility of the polymer chain (Kawai
et al., 2014; Priya et al., 2021). The process carried out at this temperature
requires an energy supply and only a few known enzymes are stable under
this condition for a long time. Degradation of PET using hydrolytic enzymes
leads to the release of hydrolysis products such as BHET (bis(2-
hydroxyethyl) terephthalate), MHET (mono-(2-hydroxyethyl) terephthalic
acid), TPA (terephthalic acid) and EG (ethylene glycol) (Mohanan et al.,
2020). The exact scheme along with an example chromatogram of the
tested compounds is shown in Fig. 1. One possibility to solve the problem
of plastic waste accumulation is its biodegradation by microorganisms
since some of them are able to secrete hydrolytic enzymes that break the
ester bond present in PET. For this reason, many studies have focused on
the identification and application of the enzymes from the esterase subclass
in the biodegradation of this polyester. In several studies the authors have
proposed the use of cutinases from Thermobifida fusca, Fusarium oxysporum
and Fusarium solani pisi as promising enzymes in the context of PET degra-
dation (Furukawa et al., 2019; GroR} et al., 2017; Nimchua et al., 2007).
Subsequently, researchers have made attempts to enhance PET degradation
by modifying the structure of the cutinase enzyme (Joo et al., 2018; Son
et al., 2019; Tournier et al., 2020).

The aim of this study was to investigate the Y. lipolytica AJD 2 pAD
CUT_FS strain capability to decompose PET directly in the culture by
analysing the concentration of the released degradation products of this
polymer. Our results indicate that efficient PET degradation is possible
without the necessity of conducting the process at temperatures
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Table 1
Strains used in this study.
Strain Genotype Source
Yarrowia lipolytica
AJD 2 MATA, A101, AAXP, AXPR2 (Janek et al., 2020)
AJD 2 pAD MATA, A101, AAXP, AXPR2, (Kosiorowska et al., 2021)
CUT_FS overexpression of cutinase from

Fusarium solani f.sp. pisi (CUT_FS)

approaching the glass transition temperature. In our work, we also per-
formed a scale-up of the degradation process to evaluate the possible appli-
cation of the proposed method on a large scale. The obtained results are a
good starting point for further study on plastic degradation by the
engineered Y. lipolytica strains. Furthermore, the ability of this yeast to as-
similate atypical carbon sources may offer interesting possibilities of uptake
of the degradation products released during cultivation, thus allowing them
to continuously grow and simultaneously produce PET degrading enzyme.

2. Materials and methods
2.1. Microorganisms and media

The strains used in this study AJD 2 (Janek et al., 2020) and AJD 2 pAD
CUT_FS are derived from the wild type Yarrowia lipolytica A101 strain and
are listed in Table 1. The codon optimized cutinase gene fused with the
XPR2 signal sequence was cloned into the pAD (Mironiczuk et al., 2017)
vector, resulting in the construct of the pAD CUT _FS plasmid. Subsequently,
the obtained vector was digested using the MssI restriction enzyme and
cloned into the Y. lipolytica strain without acidic and alkaline proteases
(AAXP (YALIOB05654g), AXPR2 (YALIOF31889g)), further named as the
AJD 2 strain. Detailed cloning, transformation protocols, and strain con-
struction of Y. lipolytica AJD 2 pAD CUT_FS were described previously
(Kosiorowska et al., 2021).

Media for inoculation and RNA isolation used in our study were YPD
(1% yeast extract, 2% peptone, 2% glucose). YP medium with 5% glucose
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Fig. 1. Enzymatic degradation of poly(ethylene terephthalate) (PET) and chromatographic distribution of its degradation products: TPA (terephthalic acid), MHET (mono(2-
hydroxyethyl) terephthalic acid), and BHET (bis(2-hydroxyethyl) terephthalate) on a C-18 column.
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was used for shake cultures conducted in deep well plates (DWP), 0.3 L Er-
lenmeyer flasks, and bioreactors.

2.2. RNA isolation and qRT-PCR

The cultures for RNA isolation were grown in 10 mL of YPD medium in
100 mL flasks at 28 °C and 200 RPM. Samples for RNA isolation were col-
lected after 24 h of incubation and the isolation of RNA was carried out
using the Total RNA Mini Plus Kit in accordance with the manufacturer's
protocol (A&A Biotechnology, Poland). For qRT-PCR, isolated RNA sam-
ples were treated with DNase (Thermo Scientific) and ¢cDNA synthesis
was achieved with the Maxima First Strand cDNA Synthesis kit (Thermo
Fisher Scientific). The qRT-PCR analysis was carried out using the DyNAmo
Flash SYBR Green qPCR Kit (Thermo Fisher Scientific). Primers qCUT_FS_F
(5’-TCGCCCTCACCACTTTACTG-3’) and qCUT _FS R (5-AATCGTCTCGG
GTGGTTCTG-3’) resulted in the product size of 105 bp. The results were
normalized to the actin gene amplified with the primers qACT_F (5’-
GAGTCACCGGTATCGTTC-3") and qACT R (5’- GCGGAGTTGGTGAAAG
AG-3). Samples were analysed in triplicate in CFX Connect and the data
analysis was carried out in CFX Maestro Software (BIO-RAD USA).

2.3. Growth curves

The growth analysis of strains was carried out using a Synergy H1 Mi-
crotiter Plate Reader (BioTek, USA). The inoculation culture was grown
for 24 h in a YPD medium at 28 °C and 200 RPM. Cultures were centrifuged
at 3000 RPM for 5 min and washed twice with Milli-Q water. The experi-
ment was conducted in 96-well plates in 200 pL of YP medium with 50
gL~ ! of glucose. Yeast strains standardized to ODgg 0.1 were grown in trip-
licate at 28 °C with constant orbital agitation with measurement of optical
cell density at 600 nm every 30 min for 72 h.

2.4. Deep well plate experiment

The ability of the engineered strain to degrade plastic was evaluated
using a deep well plate (DWP) culture. The yeast strain overexpressing
cutinase from F. solani pisi and the control AJD 2 strain were maintained
in 4 mL of YP medium with 5% glucose for 168 h at 28 °C and 200 RPM.
Samples were taken daily starting from 72 h of culture. Each culture
contained 0.266 g of poly(ethylene terephthalate) (PET) powder
(semi-crystalline; 300 pm; GoodFellow ES306031/1, England) previ-
ously sterilized for 10 min under a UV lamp added at the culture start
time. Deep well plates were also used to screen for supplements that
may increase plastic degradation. For this purpose, 50 mM aqueous
salt solutions were prepared using hydrated salts: MnSO4 x H,O,
ZnSO,4 X 7H,0, CuSO,4 X 5H,0, CaCl,, MgSO4 x 7H,0. The molarity
of stocks was calculated concerning the dehydrated salts. Salts were
sterilized using 0.22 pum syringe filters (Merck Millipore). Olive oil and
canola oil previously sterilized in an autoclave were also used in the
study. Experiments on the small laboratory scale were performed in
triplicate. Statistical analysis was carried out to determine the signifi-
cance of the effect of the additives used on the amount of decomposition
products released. Analysis was carried out using Student's t-test and the
significance of the difference between the mean results obtained in the
control culture and the adequate supplemented culture was tested
(two-tailed; unequal variance; #p < 0.5, =xp < 0.01, ***p < 0.005).

2.5. Shake flask and bioreactor studies

Experiments performed to determine the ability of the modified
yeast strain to degrade plastic on a larger laboratory scale were con-
ducted in 0.3 L Erlenmeyer flasks and a 5-L stirred-tank reactor
(BIOSTAT B-PLUS, Sartorius, Germany). The shake flask experiment
was carried out for 240 h of continuous agitation of culture at 200
RPM and 28 °C. For culture growth 30 mL of YP medium containing
50 gL.~ ! of glucose and 2 g of PET powder previously sterilized for
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10 min with UV radiation was used. The plastic material was added at
the beginning of culture. Samples were collected daily starting from
72 h of culture. The bioreactor studies were conducted in the working
volume of 1.0 L. YP with 50 gL~ ' of glucose at 28 °C. Aeration and
stirring rates were set at 0.8 vessel volume per minute (vvm) and 700
min~'. The pH of 8.5 was maintained automatically by the addition of
20% sodium hydroxide (NaOH) and 10% hydrochloric acid (HCI). Anti-
foam solution (BEKCHEM S.C., Poland) was automatically added if
necessary. PET powder previously sterilized by 10 min of exposure to
UV light was added after 48 h of culture and samples were taken daily
starting after 72 h of culture duration. The culture duration was 240 h,
which corresponds to 192 h of direct degradation time of PET powder
in the culture. Cultures in shake flask and bioreactor experiments were
conducted in three biological replicates.

2.6. Analytical methods

Samples taken from small-scale experiments (200 pL), shake flask
experiments (500 pL) and bioreactor studies (4 mL) were centrifuged
at 10,000 G for 10 min. The supernatants were diluted in 99.9% metha-
nol (Chempur) and centrifuged for 10 min at 10,000 G and 10 °C. A stan-
dard solution of terephthalic acid (TPA) (CAS: 100-21-0, Sigma-
Aldrich) was prepared by dissolving in dimethyl sulfoxide (DMSO)
and mono(2-hydroxyethyl) terephthalic acid (MHET) (CAS: 1137-99-
1, AChemBlock) and bis(2-hydroxyethyl) terephthalate (BHET) (CAS:
959-26-2, Sigma) by dissolving in 99.9% methanol. Standard solutions
in a final concentration of 10 gL~ ' were stored in the freezer at —20
°C. The standard curve was prepared based on the standard solutions
by appropriate dilution of the analytes in 99.9% methanol. Quantitative
and qualitative analyses were performed using Ultra Performance Liq-
uid Chromatography (UPLC) with the UltiMate 3000 UHPLC System
(Thermo Fisher Scientific, Waltham) using a C18 type column (Hypersil
Gold 100 x 2.1 mm, 3 pm) with a universal guard column (Hypersil
Gold 10 x 2.1 mm, 3 pm). The two mobile phases used for gradient
UPLC elution were (A) acetonitrile with 0.1% trifluoroacetic acid (v/
v) and (B) H>O with 0.1% trifluoroacetic acid (v/v). The gradient sepa-
ration program used in this study is shown in Table S1. The flow rate
was 0.8 mLmin ™', the volume injection was 1 pL and the column tem-
perature was 45 °C. Detection of the analytes was done by a UV detector
(Dionex, Sunnyvale, USA) at 243 + 2 nm. The identity of the analytes
was additionally confirmed by absorption spectrum analysis in the
range of 190-500 nm. The developed method allows the complete sep-
aration of analytes within 7 min at a maximum pressure of 250 bar.
An example chromatogram and the retention time of the standard mix-
ture containing 10 mgL ™! of each of the analytes TPA, MHET, and BHET
are shown in Fig. 1. Data analysis was performed using Chromeleon 7.1.

2.7. SEM

To determine the surface morphology changes during PET degradation
in the culture of the modified Y. lipolytica yeast strain, a shake flask exper-
iment was performed. Yeast cultures were incubated in 50 mL of YPD with
a glucose content of 5% for 4 weeks at 28 °C and 200 RPM. A 0.25 mm thick
transparent amorphous PET film (GoodFellow ES301445/7, England) was
used for the experiments. PET film was previously cut into 1 cm X 1 cm
pieces and sterilized for 10 min by UV irradiation.

To verify the influence of the microorganism's activity on the polymer
plastic surface, a scanning electron microscope was utilized. The investiga-
tion was conducted in three trials ascribed as AJD 2 and AJD 2 pAD CUT _FS
under several magnifications (500 x and 4000 x). No special pre-
investigation treatment procedure was applied except thin gold layer
sputtering, to avoid build-up of excessive electric load. Sputtering condi-
tions were as follows: current 40 mA, sputtering time: 60 s (Cressington,
Sputter Coater 108). SEM micrographs were obtained using a VEGA Tescan
3 microscope and dedicated software.
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3. Results and discussion

3.1. Quantification of cutinase gene expression level and growth of the engineered
Y. lipolytica strain

In our previous study, we obtained a yeast strain capable of functional
overexpression of cutinase from F. solani pisi. The Y. lipolytica AJD 2 pAD
CUT.FS derived in that research can successfully degrade poly-e-
caprolactone (PCL) during shake culture studies (Kosiorowska et al.,
2021). Here, we focused on investigating the ability of the engineered
Y. lipolytica strain to degrade the poly(ethylene terephthalate) (PET) polyes-
ter. The relative cutinase expression level in the engineered strain AJD 2
PAD CUT _FS was tested and shown in Supplementary Fig. 1A.

The functional overexpression of cutinase from F. solani pisi has been
assessed before (Kosiorowska et al., 2021); thus now we have checked
the stability of CUT_FS expression in Y. lipolytica. To accomplish that,
total RNA was isolated and the relative expression of the cutinase gene
was tested from Fusarium solani pisi in the modified strain and compared
to the control strain. Even though the genetic modification may impair
the growth of the host, as shown the growth profile of the strain overexpres-
sing cutinase from Fusarium solani compared to the control strain (AJD
2) does not differ (Supplementary Fig. 1B). As shown in Sup. Fig. 1B, AJD
2 pAD CUT_FS and AJD 2 strains possess a similar growth profile character-
ized by an extended lag phase. The exponential growth phase occurred up
to 20 h of culture. The growth deceleration associated with depletion of
the carbon source exhibited a prolonged late log phase.

3.2. Degradation of poly(ethylene terephthalate) by the engineered Y. lipolytica
strain

First, to investigate the ability of the Y. lipolytica strain AJD 2 pAD
CUT_FS to degrade PET the assays were performed on a small laboratory
scale. The experiment was conducted in shake culture with the addition
of PET powder; samples were taken every 24 h starting from 72 h of culti-
vation and the concentration of PET degradation products was determined
by UPLC analysis. The amount of PET powder added to the culture was de-
termined by previously conducted studies on optimizing the amount of sub-
strate in the culture for the highest amount of breakdown products being
released (data not shown). The results shown in Fig. 2 indicate that degra-
dation products such as terephthalic acid (TPA) and mono(2-hydroxyethyl)
terephthalic acid (MHET) are released during yeast culture with PET
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Fig. 2. PET degradation products (TPA and MHET) released during low scale shake
AJD 2 pAD CUT FS culture performed in deep well plates (DWP) in YP medium with
50 gL~ ! of glucose and 0.26 g of PET powder. The culture was incubated at 28 °C
with continuous agitation at 200 RPM. The samples were analysed in triplicate.
Standard deviation is shown by error bars.
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powder. It was observed that the amount of degradation products increased
in time. The highest concentrations of TPA and MHET compounds were
observed after 168 h of culture and were 46.96 mgL. ™' and 79.28 mgL ™!
respectively. Fig. 2 shows that the largest daily increase in the concentra-
tion of hydrolysis products occurred between 144 h and 168 h of culture.
These results may be related to the culture pH (shown in supplementary
material Fig. S2A), which varied around 4.0 at the first checkpoints (72 h
and 96 h), and a significant increase was observed at 126 h of culture.
The highest daily increase in the amount of released degradation products
was observed on the last two days of sampling when the pH was constant at
8.0, which corresponds to the optimal pH for cutinase activity. In contrast
to the other research (Kawai et al., 2019; Xi et al.,, 2021), bis(2-
hydroxyethyl) terephthalate (BHET) and ethylene glycol (EG), which are
also products of PET hydrolysis, were not observed. The ability of the con-
trol strain to degrade PET was also evaluated; however, no PET degradation
products were detected in the supernatants after culture with the
Y. lipolytica AJD 2 strain (data not shown).

It was found that cutinases do not require the addition of cofactors for
an efficient enzymatic reaction (Chen et al., 2013). However, several stud-
ies have been published that suggest the positive effects of salt ions on
cutinase activity against synthetic polyesters (Kawai et al., 2014; Senga
et al., 2020). Due to the ability of lipases to degrade PET as described pre-
viously, we also used olive oil and canola oil as supplements to induce ex-
tracellular lipase production in Y. lipolytica (Fabiszewska et al., 2014).
The results of culture supplementation with different concentrations of
salt, olive oil, and canola oil are shown in supplementary material Fig. S3.
The results obtained in this experiment indicate that the addition of
2.5 mM calcium chloride (CaCl,) had the greatest impact on the amount
of TPA released while reducing the amount of MHET released compared
to control cultures conducted without supplementation. Also, a larger
amount of TPA was observed when a total salt concentration of 2.5 mM
MnSO,4, 1 mM CaCls,, and 2.5 mM MgSO, was applied. Interestingly, in
the case of 2.5 mM MnSO,4 and 2.5 mM MgSO,, the amount of MHET was
significantly lower compared to the control.

Next, we increased the scale of the culture to 0.3 L (Erlenmeyer flasks).
For this reason, the time of PET powder incubation with the Y. lipolytica
strain AJD 2 pAD CUT _FS was extended to 10 days (240 h). The samples
were collected every 24 h, and the amounts of TPA and MHET were mea-
sured. The results are shown in Fig. 3. As expected, we observed a trend
of increasing amounts of PET hydrolysis products with the duration of
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Fig. 3. Amount of PET degradation products (TPA and MHET) released during AJD
2 pAD CUT FS culture performed in 0.3 L Erlenmeyer flasks in YP medium with 50
gL~ ! of glucose and 2 g of PET powder. The culture was incubated at 28 °C with
continuous agitation at 200 RPM. The samples were analysed in triplicate.
Standard deviation is shown by error bars.
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culture. The highest levels of PET degradation products were observed on
the last day of culture, i.e., after 240 h, and were 0.81 gL~ ' of TPA and
0.28 gL.™ ! of MHET. Similar to the small-scale culture, the largest daily in-
crease in the amount of TPA and MHET was observed in the supernatant at
the last two measurement points, between 216 h and 240 h. The pH in the
shake flask cultures remained constant between 8.04 at 72 h of culture and
8.72 at 240 h (Fig. S2B). Similar to the culture performed in deep well
plates, no PET degradation products were detected in the supernatant
from the shake flask culture of the control strain (AJD 2).

As we successfully increased the scale of PET decomposition to 30 mL of
culture, in the following step, we conducted a bioreactor experiment in a
working volume of 1 L. Due to the problem caused by foam formation
and the high risk of culture contamination connected with maintaining
PH constant at the level of 8.5, sterile PET powder was added to the culture
at 48 h of fermentation. The pH of the culture at 8.5 was determined based
on previous experiments on the enzymatic activity of the supernatant from
the strain used in this study (data not shown). Fig. 4 shows the level of the
PET degradation products (TPA and MHET) released during the bioreactor
study. At the beginning of the bioreactor study, the level of the released
degradation products was similar to the small scale (by 168 h of culture,
the amount of TPA measured for the flask experiment was 0.19 gL~ ?,
that in the bioreactor culture was 0.14 gL.~?, and the MHET concentrations
were 0.14 gL. " and 0.09 gL.~*, respectively). The obtained results show
that at the final measurement point (after 240 h of culture) the amount of
TPA was almost double compared to the flask culture and was 1.51 gL ™.
The amount of MHET varied during the culture duration; the highest
amount of this compound was observed at 216 h of culture and was 0.45
gL~ . Interestingly, at the end of the process, we observed a decreasing
amount of MHET in the supernatant. This phenomenon might be related
to the further hydrolysis of this compound to TPA, the amount of which sig-
nificantly increased between 216 and 240 h of culture.

Differences in monomer ratios according to the used process scale and
the culture duration were also noted. It was observed that the ratio of
TPA to MHET (TPA:MHET) measured on the last day of culture in deep
well plates was 0.55:1, for flask cultures 2.95:1, and for bioreactor cultures
4.63:1. This result may be related to the findings of other researchers who
have noted that the ratio of released hydrolysis products depends on the
concentration of the enzyme acting on the PET (Vertommen et al., 2005).
The Y. lipolytica yeast used in this study grew more slowly in the cultures
conducted in deep well plates due to oxygen depletion, which directly
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Fig. 4. Amount of PET degradation products (TPA and MHET) measured in the
supernatant during AJD 2 pAD CUT_FS culture performed in a bioreactor. The
cells grew in 1 L of YP medium with a glucose concentration of 50 gL.~* for 240
h. PET powder addition in the amount of 33 g of PET was added after 48 h of
culture. The samples were analysed in triplicate. Standard deviation is shown by
error bars.
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affected the biomass growth and consequently the level of extracellular
cutinase production (Mironczuk et al., 2019). The delayed growth of
yeast under these conditions can also be seen by analysing pH changes dur-
ing the culture. There is slower alkalinization of the medium in cultures
conducted in deep well plates compared to the cultures grown in 0.3 L Er-
lenmeyer flasks (Sup. Fig. 2). Additionally, it was noted that the ratio of
TPA to MHET was higher in favour of MHET up to 144 h of culture in
both shake flasks and the bioreactor, which is also related to the amount
of cutinase continuously produced by the yeast. These results indicate
that it is more favourable for the PET degradation process to use bioreactor
studies, not only due to the greater rate of PET degradation demonstrated
by a higher concentration of degradation products but also to direct the hy-
drolysis process towards the final degradation product, which is TPA. The
data obtained are broadly consistent with other studies, which have
shown that degradation products such as TPA, MHET, and small amounts
of BHET are released during PET degradation by cutinase from Fusarium
solani (Vertommen et al., 2005). In the data obtained in our experiment a
trace level of the BHET compound was detected only in bioreactor cultures
after 144 h of culture (data not shown).

In the last decade, the use of cutinases in plastic degradation studies has
attracted much attention from researchers. Several studies have shown that
abroad range of cutinases can hydrolyse the ester bonds present in aliphatic
polyesters such as poly-e-caprolactone (PCL) and aromatic polyesters such
as PET (Eugenio et al., 2021; Kosiorowska et al., 2021). Recent research
has focused on PET degradation using concentrated and purified cutinase
enzyme solutions (Eugenio et al., 2021; Gamerith et al., 2017b; Xi et al.,
2021). Other researchers investigated the degradation of PET directly
with the microorganism possessing PET-hydrolysing activity (Yan et al.,
2021) and the effect of culturing microorganisms in consortia on PET and
BHET (Roberts et al., 2020).

Many studies have documented the ability of microorganisms to de-
grade PET, both wild and genetically modified strains (Gamerith et al.,
2017b; Roberts et al., 2020). The studies are mainly based on the use of pu-
rified enzymes in the PET degradation process. To date, cutinase from
Thermobifida fusca has been used in partial textile processing to modify
PET fibres (Zimmermann and Billig, 2010). Moreover, engineered LCC
cutinase from T. fusca has been industrially applied to PET degradation
(Tournier et al., 2020). Cutinase from F. solani pisi has also been function-
ally expressed in Pichia pastoris (Kwon et al., 2009; Ping et al., 2017) or Ba-
cillus subtilis (Brockmeier et al., 2006). An interesting experimental
demonstration of PET degradation using cutinases from different fungi
was conducted by Ronkvist et al. in 2009. The research showed that
cutinase from Humicola isolens caused 97 + 3% weight loss of low crystal-
linity PET film after 96 h of incubation at 70 °C, while incubation of this
substrate with cutinase from Fusarium solani conducted at 40 °C caused
weight loss of 5%. In our research, we did not study the weight loss of plas-
tic due to the release of the micro- and nanoplastics during degradation be-
cause this may give a misleading indication of the efficiency of the
undertaken process, a problem that has already been highlighted in previ-
ous reports (Wei et al., 2020). In a subsequent report, researchers used ge-
netic engineering methods to overexpress thermophilic cutinase (LCC) in
the thermophilic anaerobic bacterium Clostridium thermocellum. The batch
culture of C. thermocellum strain overexpressing LCC for 14 days at 60 °C re-
sulted in a 60% decrease in plastic mass, and the total amount of degrada-
tion products (TPA and MHET) released during this process was 12 mM
(Yan et al., 2020). The use of a higher temperature in the PET decomposi-
tion process allows the polymer chains to be more mobile and flexible,
allowing better access for the enzymes to the ester bonds (Ronkvist et al.,
2009). It is worth noting that these conditions are more suitable regarding
energy consumption during the process. Another cutinase-like enzyme,
Cut190*, derived from Saccharomonospora viridis, an enzyme whose stabil-
ity is regulated by calcium ion concentration, can successfully perform
BHET hydrolysis. The largest amount of MHET released during this study
was obtained by adding the 4 mM BHET substrate to the reaction and
was about 275 pM MHET. Optimal temperature conditions obtained in
the same study indicated that the best temperature for BHET hydrolysis
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using Cut190* is 60 °C and the amount determined was about 165 pM of
MHET (Hantani et al., 2018). In recent years, there have been several stud-
ies comparing the effects of hydrolases that can degrade PET. In one of the
reports performed on PET fibres, researchers compared hydrolases from Fu-
sarium oxysporum LCH I and Fusarium solani pisi. The ability of PET degrada-
tion was determined based on the amount of TPA released during the 168 h
incubation of plastic material with the 80 U enzyme hydrolysing activity.
The amount of TPA released for PET incubation with F. oxysporum was
over 16 pgmL~! and for the hydrolysis with F. solani it was over 9
pgmL~! (Nimchua et al., 2007). Another study investigated the hydrolysis
ability of PET films by purified cutinase enzymes from Thermobifida
cellulosilytica and its mutants. Incubation of cut PET films previously
washed in Triton X-100, at 50 °C with 200 pgmL~* of the enzyme was car-
ried out for 2 days. The amount of degradation products released for the un-
modified enzymes was approximately 260 yM TPA and 20 pM MHET for
The_Cutl, for Thce_Cut2 85 pM TPA and 80 pM MHET. For the
Arg29Asn_Ala30Val double mutant, the measured amount of TPA was
400 mM and that of MHET was 45 pM. For the triple mutant
Arg19Ser_Arg29Asn_Ala30Val, the amount of TPA released was approxi-
mately 375 pM and that of MHET was 40 pM (Acero et al., 2013). The
other study regarding modification in the protein structure of cutinase to
enhance PET degradation was carried out by Wei et al. in 2016. Several mu-
tants of the protein derived from Thermobifida fusca KW3 were obtained in
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this research and its activity was compared to the original TfCut2 enzyme.
PET fibres degradation was conducted for 50 h with 50 pg of the purified
enzyme at 65 °C (Wei et al., 2016). Successive researchers improved the
The_Cutl protein from Thermobifida cellulosilytica by fusing it with a poly-
mer binding module from Alcaligenes faecalis depolymerase. E. coli was
used as the host organism to produce the fusion protein and control pro-
teins (The_Cutl and Thc_Cut2). The efficiency of PET degradation was
checked by incubating 5 pM of the purified enzyme with PET membranes
at 50 °C. The measured concentrations of the degradation products were:
for The_Cutl 6 pM TPA, The_Cut2 2.4 uM TPA and 4.2 pM MHET, and
The_Cutl_PBM 6.5 uM TPA (Gamerith et al., 2017a). Another cutinase
that has been tested for its ability to degrade PET is produced by Humicola
insolens. The purified HiC enzyme was incubated at 70 °C with post-
consumer PET for 96 h and the total concentration of the released TPA,
MHET, and BHET compounds was 129 mM (Eugenio et al., 2021). An inter-
esting approach was recently presented by Yan et al., 2021. In this study,
Microbacterium oleivorans and Thermobifida fusca were applied to PET
film, and the total concentration of PET degradation products released
after 15 h was 90 nM and 217 nM, respectively (Yan et al., 2021). Consec-
utively, a PE-H hydrolase from Pseudomonas aestusnigri and its mutant PE-H
Y2508 were tested for hydrolytic activity using amorphous PET film and a
commercial PET bottle as substrates. The plastic was incubated with 500
nM purified enzyme at 30 °C and the highest measured amount of MHET
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Fig. 5. PET films SEM images after 4 weeks of incubation with AJD 2 (Fig. 6A) and AJD 2 pAD CUT_FS (Fig. 6B) strains in 50 mL of YP medium with 50 gL~ of glucose.
Cultivation was performed at 28 °C in 200 RPM in 0.3 L Erlenmeyer flasks. Magnification used to visualize the surface of plastic material was 500 X and 4000 X .

Properties and the scale can be found under the relevant image.
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released was 5 mgL. ™! for PE-H Y250S using PET film as substrate
(Bollinger et al., 2020). In a study presented by Xi et al., 2021, B. subtilis
was used as a host organism for BhrPETas hydrolase and LCC cutinase pro-
duction. Amorphous PET powder was used as the substrate and the reaction
was carried out for 20 h with the purified enzyme at 70 °C. The total amount
of PET degradation products released in the BhrPETase-producing strain
CBS2AhrcA was 6.3 mM and LCC was 5.85 mM (Xi et al., 2021). The quoted
results concerning the ability of the aforementioned enzymes to degrade
PET are shown in the comparative table (Supplementary Table 1).

Indeed, as can be seen from an analysis of previous works on PET deg-
radation, studies to date have focused on the use of purified proteins
under optimum temperature conditions for incubation of the plastic. The ef-
ficiency of polymer decomposition was estimated, among other methods,
by analysing the concentration of released degradation products. In our
work, we have developed the possibility of efficient PET degradation di-
rectly in the culture of an organism capable of extracellular production of
cutinase. The PET degradation approach used in our work has not been im-
plemented before. Therefore, this study is an important contribution to the
extension of research involving the application of fermentation methods to
the degradation of plastic waste.

3.3. Surface morphology changes

Next, we analysed the morphology of the surface of PET films cultivated
with the engineered strain during shake flask experiments, by scanning elec-
tron microscope (SEM). The available literature classifies PET-degrading hy-
drolases into enzymes that increase the hydrophilicity of the polymer surface
with no apparent change in the surface morphology and enzymes that cause
significant erosion of the plastic surface (Kawai et al., 2019). Here, we
analysed the samples of plastic films after culture with the control strain
(AJD 2) and the engineered strain (AJD 2 pAD CUT_FS) under 500 X and
4000 x magnification. The samples of plastic material for SEM analysis
were collected after long-term shake flask culture conducted for 4 weeks at
28 °C and 200 RPM. A visual representation of the changes in surface mor-
phology is shown in Fig. 5. PET film incubated in the control culture
(Fig. 5A) does not exhibit significant damage on the surface. Small scratches
can be seen on it, which probably occurred during the production processes
of the material or the preparation of the films for the experiment. It can be
clearly confirmed that incubation of the plastic with the AJD 2 strain does
not affect the damage of the polymer. The surface appearance of the PET
film after shake flask culture with a modified Y. lipolytica strain overexpres-
sing cutinase is entirely different (Fig. 5B). Many abrasions are already visible
at a magnification of 500 X ; the surface of the plastic is damaged, covered
with large irregularities, small cracks, and cavities. These results are in agree-
ment with other studies that have shown that during 40-day culture at 30 °C
using Bacillus and Pseudomonas bacteria, numerous defects occur on the sur-
face of PET film (Roberts et al., 2020). Similar observations to ours were de-
scribed by Markandan and Umamaheswari in 2021. The test performed in
their study showed that the PET surface became rough after 30 days of poly-
mer incubation at 37 °C in culture with Bacillus licheniformis and Bacillus
cecembensis (Markandan and Umamaheswari, 2021). The apparent changes
in the morphology of PET film obtained in our study, after incubation at
low temperature, allows us to apply the presented method for direct degrada-
tion of plastic during fermentation, which makes future research on PET deg-
radation very optimistic.

In summary, this study confirms the ability of the applied Y. lipolytica
modified yeast strain to degrade PET directly in the culture.

4. Conclusion

The main aim of this study was to investigate the ability of AJD 2 pAD
CUT_FS to hydrolyse PET during fermentation and to determine the degra-
dation efficiency along with the possibility of adapting the degradation pro-
cess on a large scale. The study demonstrated that the engineered strain of
Y. lipolytica is able to degrade PET at 28 °C during the fermentation process.
Furthermore, we found that the PET film is also degraded under the applied
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conditions. Combining the natural capability of Y. lipolytica for atypical car-
bon source utilization and expression of heterologous cutinase results in a
low-cost process of plastic degradation. The results obtained in this study
allow for future design and optimization of the PET degradation process
in fermentation. The present results suggest that the applied novel solution
may be an interesting direction for further research on the improvement of
the PET degradation process.
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ARTICLE INFO ABSTRACT

Editor: Damia Barcelo There has been a growing interest in poly(ethylene terephthalate) PET degradation studies in the last few years due to

its widespread use and large-scale plastic waste accumulation in the environment. One of the most promising enzy-

Keywords: matic methods in the context of PET degradation is the use of PETase from Ideonella sakaiensis, which has been reported
PETase_ o to be an efficient enzyme for hydrolysing ester bonds in PET. In our study, we expressed a codon-optimized PETase
;’gg’():;?yllf:?:':;ph thalate) gene in the yeast Yarrowia lipolytica. The obtained strain was tested for its ability to degrade PET directly in culture,
PET degradation and a screening of different supplements that might raise the level of PET hydrolysis was performed. We also carried

out long-term cultures with PET film, the surface of which was examined by scanning electron microscopy. The effi-
ciency of PET degradation was tested based on the concentration of degradation products released, and the results
showed that supplementation of the culture with olive oil resulted in 66 % higher release of terephthalic acid into
the medium compared to the mutant culture without supplementation. The results indicate the possibility of ethylene
glycol uptake by both strains, and, additionally, the PETase produced by the newly engineered strain hydrolyses
MHET. The structure of the PET film after culture with the modified strain, meanwhile, had numerous surface defects,
cracks, and deformations.

Plastic waste
Genetic engineering

1. Introduction

Plastics are now one of the most widely produced materials for commer-
cial and industrial use. Those synthetic compounds are mainly used in the
packaging, construction, automobile, and electrical industries. Globally, 367
million tonnes of primary plastics were produced in 2020, and poly(ethylene

* Corresponding author.
E-mail addresses: Katarzyna.kosiorowska@upwr.edu.pl (K.E. Kosiorowska),
David.Moreno@ciemat.es (A.D. Moreno), Raquel.Iglesias@ciemat.es (R. Iglesias),
Karol.leluk@pwr.edu.pl (K. Leluk), aleksandra.mironczuk@upwr.edu.pl (A.M. Miroficzuk).

http://dx.doi.org/10.1016/j.scitotenv.2022.157358

terephthalate) (PET) contributed to 8.4 % of this amount and was mainly
used in the production of plastic bottles (Plastics Europe — Association of
Plastics Manufacturers, 2020; PlasticsEurope Market Research Group
(PEMRG)/Conversio Market &amp and Strategy GmbH, 2021). The high
production level of plastics directly impacts the quantity of plastic waste
generated nowadays. In 2020, 29 million tonnes of post-consumer plastic
trash were collected in Europe, of which 34.6 % have been recycled. Encour-
agingly, the amount of plastic dumped in landfills fell from 12.9 to 6.9 million
tonnes from 2006 to 2018, while the amount of plastic recycled doubled
(PlasticsEurope Market Research Group (PEMRG)/Conversio Market &amp
and Strategy GmbH, 2021).
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PET is a thermoplastic polymer categorized as non-biodegradable.
Despite this, investigations into the feasibility of enzymatic degradation
of PET have identified several enzymes capable of hydrolysing the ester
bonds present in PET. The possibility of PET degradation has been con-
firmed by CALB lipase from Candida antarctica, cutinases from Fusarium
solani, Humicola insolens, and Thermobifida fusca, and PETase from Ideonella
sakaiensis (Carniel et al., 2017; Tanasupawat et al., 2016; Then et al., 2015;
Tournier et al., 2020). The action of PET degrading enzymes is to break
the internal bonds present in the polymer, resulting in the release of bis
(2-hydroxyethyl) terephthalate (BHET), mono-(2-hydroxyethyDterephthalic
acid (MHET), terephthalic acid (TPA) and ethylene glycol (EG) (Mohanan
et al., 2020). To improve the efficiency of PET degradation by enzymes, stud-
ies conducted so far have mostly focused on the use of genetic engineering
methods to obtain higher enzyme secretion enabling further purification of
the protein (Kim et al., 2020; Shi et al., 2021; Wang et al., 2020). Following
reports that the most efficient enzymatic degradation of PET occurs at tem-
peratures close to the glass transition temperature of 75 °C due to the greater
mobility of the polymer chain, studies related to changing the structure of
proteins to increase their thermostability have also been conducted
(Ronkvist et al., 2009; Son et al., 2019). Considering the fact that the use of
high temperatures for PET degradation is economically unfavourable, despite
the ability of the produced proteins to act at high temperatures, it is necessary
to look for further, superior solutions that are efficient and can be used on a
large scale.

In this study, we overexpressed the PETase from I. sakaiensis in the yeast
Yarrowia lipolytica and we optimized the PET degradation process by
medium supplementation. In this study we performed PET degradation
directly in the culture of the engineered strain of Y. lipolytica. Due to the ca-
pability for assimilation of atypical carbon sources which would allow for
the assimilation of degradation products released in the process and good
expression of the heterologous protein, the engineered yeast Y. lipolytica
is a suitable organism for PET degradation.

2. Materials and methods
2.1. Microorganisms, media, and culture conditions

The yeast strains used in this study were AJD 2 pAD PET IS (PETase over-
expressing strain) and AJD2 (the control strain). LB medium was used for the
growth of Escherichia coli (DH5a) strains. YPD (1 % yeast extract, 2 % pep-
tone, 2 % glucose) medium was used for Yarrowia lipolytica inoculum prep-
aration. For RNA isolation, a YNB (yeast nitrogen base) medium with 2 %
glucose was used. The assimilation capacity of PET degradation products
by Y. lipolytica was checked using a YPD medium containing 50 gL~ ! glu-
cose and the test compound. The final concentration of TPA and MHET in
culture was 100 mgL ™", while that of glycol was 10 gL~ . Solutions of
TPA and MHET were prepared by dissolving them in DMSO and methanol,
respectively, and sterilized using 0.22 pM syringe filters (Merck Millipore).
PET degradation experiments were performed in deep-well plates (DWP)
and 0.3 L Erlenmeyer flasks. The growth curve analysis was conducted
using a YPD medium with a dextrose content of 50 gL.~*. Semi-crystalline
PET powder (particular size of 300 pm) and amorphous PET film (0.25 mm
thickness) used as a plastic substrate in the media was purchased from
GoodFellow Cambridge Limited (England) (ES306031/1; ES301445/7).
PET material was previously sterilized by 10 min of UV irradiation. Supple-
ments added to the medium to test their effect on degradation efficiency
were sterilized using 0.22 pm syringe filters (Merck Millipore). Salt addi-
tives included: manganese (II) sulfate monohydrate (MnSO4 x H,0), zinc
sulfate heptahydrate (ZnSO,4 x 7H»0), copper (II) sulfate pentahydrate
(CuSO4 x 5H,0), calcium chloride (CaCl,), and magnesium sulfate
heptahydrate (MgSO4 x 7H,0). Salt stocks' molarity (50 mM) was calcu-
lated with consideration of their hydration level. Each supplement was
added directly to the medium immediately before inoculation of the micro-
organisms and addition of plastic material. Tests were provided in 4 mL of
YPD medium with glucose content of 50 gL.~* and the addition of 0.26 g of
PET powder previously sterilized by 10 min of UV radiation. The addition
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of salt to the final concentration (1 mM and 2.5 mM) and olive oil (1 %
and 2 %) was done before the inoculation of the culture. Control strain
(AJD 2) and AJD 2 pAD PET_IS cultures were standardized to ODggg 0.1
and the experiment was conducted for 168 h (7 days); samples in triplicate
were taken daily and the first sampling was after 72 h of culture. PET pow-
der was added to the culture before the beginning of incubation. Based on
the experiments performed in DWP we evaluated the most promising re-
sults and used them to scale up the process. For this purpose, we applied
the conditions which gave a significant increase in the number of released
degradation products on the larger laboratory scale. Experiments were per-
formed in 0.3 L Erlenmeyer shake flasks in 30 mL of medium with addition
of 2 g of PET powder previously sterilized for 10 min with UV light. Cul-
tures were standardized to ODggp 0.5. Supplements and PET powder were
added to the culture before incubation. Shake flask culture was performed
at 28 °C at 200 RPM for 10 days (240 h) and the first samples were taken
after 72 h of culture. All cultures conducted in this study were performed
in three biological repetitions.

2.2. Strain construction

A codon-optimized PETase gene (GAP38373.1) from L sakaiensis con-
taining the XPR2 signal sequence from Y. lipolytica (915 bp) was cloned
into the previously described pAD vector (Mirorficzuk et al., 2017) using
Sgsl and Nhel FastDigest restriction enzymes and T4 DNA Ligase (Thermo
Fisher Scientific). Digestion and ligation were conducted according to
the manufacturer's protocols. E. coli transformation was executed using
the standard protocol. Isolation of the obtained plasmid was done using
the Plasmid Mini Kit (A&A Biotechnology) and the correctness of the over-
expression cassette was verified by sequencing (Genomed, Poland). The
constructed vector was linearized with the MssI FastDigest enzyme and
the expression cassette was introduced to the Y. lipolytica genome based
on rDNA integration using the lithium acetate-based transformation
method described previously (Mironiczuk et al., 2019), resulting in strain
AJD 2 pAD PET IS. Yeast genomic DNA isolation was performed with the
Genomic Mini AX Yeast Spit Kit (A&A Biotechnology) and the verification
of obtained clones was checked by standard PCR reaction.

2.3. Relative gene expression level and growth profile analysis

Y. lipolytica RNA isolation procedure and gene expression quantification
were performed as described before (Kosiorowska et al., 2021). Primers
used in qRT-PCR analysis to determine PETase expression level were
qPET_IS_F (5’-GCCATGAAGCTCGCTACCGC-3’) and qPET_IS R (5-AGAC
GGCCATCAGACCACCC-3’) and the resultant product size was 109 bp.
The relative expression level was normalized to the actin gene. Growth pro-
files were estimated using Spark Microplate Reader (Tecan Group Ltd.,
Miénnedorf, Switzerland). Y. lipolytica inoculum cultures grew for 24 h at
28 °C at 200 RPM. Culture cells were centrifuged and double rinsed in
Milli-Q water. The experiment was conducted in 200 pL of YP medium
with 50 gL~ ! of glucose content. The effects of degradation products and
solvents on yeast growth were evaluated on a YP medium with 50 gL.~* ad-
dition of glucose and relevant compounds: 100 mgL ™' TPA, 100 mgL ™%,
MHET, 10 gL.™ 1EG, 10 gL "' DMSO, 10 gL~ 1 MeOH. Experiments were car-
ried out for 72 h with continuous orbital agitation at 28 °C. The initial OD
was standardized to 0.05 and subsequent measurements of culture density
were made at OD600 every 30 min of culture growth.

2.4. Analytical methods and statistical analysis

Samples obtained from cultures conducted in deep well plates (200 pL)
and 0.3 L Erlenmeyer flasks (500 pL) supplemented with PET powder were
centrifuged for 10 min at 10000 G and subsequently diluted in 99.9 % meth-
anol (Chempur) followed by further centrifugation for 10 min at 10000 G at
10 °C. Terephthalic acid standard (TPA, Sigma-Aldrich) was prepared by dis-
solving in DMSO (Sigma-Aldrich). 2-Hydroxyethyl-terephthalic acid (MHET,
AChemBlock) and bis(2-hydroxyethyl) terephthalate (BHET, Sigma) were
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dissolved in 99.9 % methanol (P. P. H. STANLAB). Standards of compounds
were prepared in stock with a final concentration of 10 gL~ ' and were
stored at — 20 °C. Analysis of compounds released during PET degradation
was performed by Ultra Performance Liquid Chromatography (UPLC)
(Dionex-Thermo Fisher Scientific, UK) using a C18 type column (Hypersil
Gold 100 X 2.1 mm, 3 pm) with a universal guard column (Hypersil
Gold 10 x 2.1 mm, 3 pm). A gradient of two mobile phases was used
during the analysis: acetonitrile with 0.1 % trifluoroacetic acid (v/v) and
Milli-Q water with 0.1 % trifluoroacetic acid (v/v). The column tempera-
ture was 45 °C, the flow rate was 0.8 mLmin ' and the volume of the sam-
ple injected was 1 pL. Identification of analytes was performed with the UV
detector at 243 + 2 nm. The concentration of glucose and ethylene glycol
was studied using a HyperREZ XP Carbohydrate H+ 8 pm column (Thermo
Scientific, Waltham, MA) and a refractive index (RI) detector (Shodex,
Ogimachi, Japan). As the eluent 0.25 mM trifluoroacetic acid was used,
the flow rate was 0.6 mLmin ' and the column temperature was 65 °C.
The UPLC program used in this study was described in detail previously
(Kosiorowska et al., 2022).

Statistical analysis was performed using Student's t-test to determine the
significance of the influence of the supplements used in our study. The
means of the control culture (without additives) were compared with the
supplemented cultures (two-tailed, unequal variance). In addition, the re-
sults presented in the graphs include error bars that indicate the standard
deviation of the samples calculated from the three biological replicates.

2.5. Scanning electron microscope analysis

Samples for examining plastic surfaces were derived from cultures con-
ducted for 4 weeks at 28 °C at 200 RPM in 50 mL of YP medium containing
50 gL~ of glucose, 2 g of PET film (GoodFellow ES301445/7, England),
and from cultures performed in the same media with olive oil supplementa-
tion to a final concentration of 1 %. The analysis of the plastic surface
was performed using a VEGA Tescan 3 scanning electron microscope and
dedicated software. To prevent excessive accumulation of electric load
plastic samples were coated with a thin layer of gold using a Cressington
108 Auto Sputter Coater with the following conditions: current 40 mA,
sputtering time 60 s.

3. Results and discussion

3.1. Overexpression of 1. sakaiensis PETase (PET IS) and growth of the
engineered Y. lipolytica strain

In recent years, the need to remove PET plastic wastes from the environ-
ment has been the subject of numerous studies. The enhancement of the
natural plastic degradation processes can be improved by the use of genetic
engineering methods. In our work, we used an unconventional yeast,
Y. lipolytica, as the host organism; it possesses a GRAS (Generally
Recognised as Safe) status, is able to assimilate atypical carbon sources
such as alkanes and can grow in a wide pH range (Rzechonek et al.,
2020). The codon optimized PETase gene (GAP38373.1) with the
Y. lipolytica XPR2 signal sequence was expressed in the AJD 2 strain devoid
of acidic (AXP) and alkaline (XPR2) extracellular proteases to eliminate the
risk of heterologous protein degradation (Janek et al., 2020). The choice of
this microorganism to secrete a PETase (6EQD_A) protein capable of poly
(ethylene terephthalate) (PET) degradation (Yoshida et al., 2016) may
carry the additional benefit of the ability of this type of yeast to assimilate
atypical carbon sources. Over the past few years, this enzyme has been
the target of numerous studies involving attempts to increase its heterolo-
gous expression in various host microorganisms (Kim et al., 2020; Shi
et al., 2021) as well as modifying its structure to enhance protein stability
(Chen etal., 2021; Han et al., 2017). PETase is an enzyme with an optimum
temperature of 40 °C and exhibits activity at a wide pH range of 6-10 (Chen
etal., 2021). It belongs to the class of hydrolases and its catalytic triad con-
sists of the amino acids conventionally present in the active site of esterases:
Asp-His-Ser (Fecker et al., 2018). The mechanism of hydrolysis of the ester
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bonds present in PET is based on the nucleophilic attack of serine on the
carbonyl carbon present in this polymer (Feng et al., 2021). The products
of PET hydrolysis are BHET (bis(2-hydroxyethyl) terephthalate), MHET
(2-hydroxyethyl-terephthalic), TPA (terephthalic acid), and EG (ethylene
glycol) (Mohanan et al., 2020).

First, to verify the functional expression of the Y. lipolytica strain ex-
pressing PETase from I. sakaiensis, the expression level of the cloned gene
was analysed using the qRT-PCR method. Due to the use of a hybrid
UAS1B,¢-TEF promoter, whose highest activity was recorded after 24 h of
growth (Blazeck et al., 2013), RNA isolation from the tested strain and
from the control strain (AJD2) that was modified was performed on 24 h
cultures. The relative expression level of the PET IS gene is shown in
Fig. 1A. This result indicates that the AJD 2 pAD PET IS strain functionally
expresses the target gene.

Considering the fact that genetic modifications of microorganisms can
adversely affect their growth (Ko et al., 2020), we compared the growth
profile of the AJD 2 pAD PET IS strain with the control strain (AJD2).
The experiment was conducted for 72 h in a YPD medium containing
50 gL~ ! glucose, which was used at all further stages of this research. As
shown in Fig. 1B there was no significant difference in the growth of the
tested strain in comparison with the control strain. Both strains presented
an extended lag phase occurring up to 15 h of culture and an exponential
phase persisted up to 40 h of culture. In agreement with previous studies,
no significant delay in the growth of the modified strains was observed
(Dobrowolski and Miroriczuk, 2020; Kosiorowska et al., 2021).

3.2. Capability of the engineered Y. lipolytica strain to assimilate PET
degradation products

Consistent with reports on the capability of Y. lipolytica yeast to assimi-
late atypical carbon sources (Mironczuk et al., 2018), we tested the capabil-
ity of the yeast used to grow on PET degradation products. These studies
were crucial to verify that the possible uptake of hydrolysis products
would not disturb the actual concentration of degradation products
measured in the culture supernatant. Experiments were carried out in
YPD medium supplemented with 50 gL.~' glucose supplemented with
TPA, MHET, EG, DMSO or MeOH as required. Regarding the fact that
BHET is released during PET degradation in negligible amounts
(Vertommen et al., 2005), and was not detected in our preliminary studies,
it was not included in the tests. The results shown in Fig. 2A demonstrate
that neither the control strain nor the modified strain takes up TPA. A slight
increase in the concentration of this compound in the medium was
observed; however, considering the duration of the culture (168 h) this in-
crease is associated with the evaporation process. This increase is not statis-
tically significant. The glucose was consumed up until 48 h of culture and
its uptake was identical for both strains. These results are in contrast with
previous studies performed by Costa et al. in 2020, where TPA consumption
by Y. lipolytica IMUFRJ 50682 in YPD media was observed. However, the
authors used a YPD medium with lower glucose content. In addition, they
observed a decrease in TPA assimilation in the glucose-supplemented
medium compared to the medium without the additional carbon source
(da Costa et al., 2020).

To investigate the ability of MHET hydrolysis by AJD 2 and AJD 2 pAD
PET IS strains, an experiment using media supplemented by this compound
was carried out. As shown in Fig. 2B, the AJD 2 pAD PET_IS strain
completely hydrolysed MHET to TPA after only 96 h of culture. In the con-
trol culture, no decrease in the MHET concentration was observed and the
very low concentration of TPA detected is due to the spontaneous hydroly-
sis of MHET. The results indicate that a PETase from I. sakaiensis produced
by the modified Y. lipolytica strain is capable of efficient hydrolysis of MHET
without the support of the other overexpressed hydrolases. This finding
concurs with other studies which have shown that the PETase enzyme
requires additional MHETase enzyme responsible for MHET hydrolysis dur-
ing the PET degradation process (Joo et al., 2018; Yoshida et al., 2016).

It can be seen from Fig. 2C that both the AJD 2 and AJD 2 pAD PET IS
strains have the capability to assimilate ethylene glycol (EG) under the
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Fig. 1. Relative PETase gene expression level (A) in the obtained Y. lipolytica AJD 2 pAD PET IS strain and control strain (AJD 2). Growth curve analysis (B) between AJD 2

and newly derived strain in YPD medium containing 50 gL~ ' of glucose.

given conditions. It was observed that EG is taken up concomitantly with
glucose, which is consumed with lower rates in contrast to the medium sup-
plemented with TPA or MHET. To date, there are no studies regarding the
capacity of yeast to assimilate EG, and metabolic pathways for natively
existing pathways have been found only in bacterial species (Miickschel
et al., 2012; Pandit et al., 2021).

Due to the use of compounds that have not been previously tested for
their effect on the growth of Y. lipolytica yeast and the fact that TPA and
MHET components were dissolved in DMSO and MHET respectively,
whose toxicity toward microorganisms has been confirmed (Sadowska-
Bartosz et al., 2013; Vartiainen et al., 2019), growth curves were con-
structed using the medium supplemented with an appropriate concentra-
tion of each of the tested supplements. As can be seen from S. Fig. 1, the
applied concentrations of compounds and solvents do not have a negative
effect on the growth of either the control or the tested strain.

3.3. Process optimization by the engineered Y. lipolytica strain

A key limitation of PET degradation by PETase is the low secretion level
of this hydrolase by the I. sakaiensis bacterium, which directly affects the
efficiency of the process. The literature concerning the use of genetic engi-
neering methods demonstrates a variety of approaches in the host-organism

selection that may alter the secretion level of this protein. To date, success-
ful expression of PETase protein from I. sakaiensis has been performed in
green algae (Kim et al., 2020), Escherichia coli (Shi et al., 2021), and Bacillus
subtilis (Xi et al., 2021). The purpose of our study was to use Y. lipolytica as a
host organism for extracellular PETase production and also to test the effect
of supplementation on the PET degradation rate in the yeast culture. To de-
termine the modified Y. lipolytica strain's ability to degrade PET, we first
provided a small-scale experiment in deep-well plates (DWP). Small scale
experiments were also used for estimation of the influence of supplementa-
tion of various salt and olive oil concentrations on degradation efficiency.

Following the exclusion of TPA assimilation in YPD medium with
50 gL.~! glucose, we performed degradation studies on PET powder
added to cultures with the modified Y. lipolytica strain. In parallel, we inves-
tigated the effect of supplements such as inorganic salts and olive oil at dif-
ferent concentrations on the PET degradation level measured in the form of
released degradation products. In agreement with a previous experiment,
where we observed hydrolysis of MHET to TPA by the enzyme PETase
and assimilation of ethylene glycol with the applied substrate composition,
MHET and EG were not detected, and we determined the effect of supple-
mentation from the measured concentration of TPA in the supernatants.
The BHET compound was also not observed in any of the tested samples.
The results are shown in Fig. 3.
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Fig. 2. Growth analysis of AJD 2 control strain and AJD 2 pAD PET IS mutant with respect to PET hydrolysis products: panel A presents results derived from culture in the
medium containing TPA, panel B contains results from cultures with the addition of MHET compound, panel C shows data from the culture with EG additive. Each graph also

presents the profile of glucose depletion in the medium.

The supplements used in this study were selected based on previous sci-
entific reports regarding the positive effects of salt ions on esterase enzy-
matic activity (Liu et al., 2019). Studies conducted on esterases also
indicate that salt ions such as Mg?*, Zn®>** and Mn®* used in concentra-
tions of 2.5 mM and 5 mM enhance their enzymatic activity (Kawai et al.,
2014; Metin et al., 2006; Park et al., 2021). Scientific literature also points
to the increase in the stability of hydrolytic enzymes by Ca®>* and Mg**
ions (Gricajeva et al., 2021; Urbanek et al., 2021). In our research, the
use of Y. lipolytica as a host organism offers additional opportunities for sup-
plementation in terms of induction of native lipase production using olive
oil (Papanikolaou et al., 2007), for which the capacity for PET hydrolysis
was previously described (Carniel et al., 2017). Moreover, lipases can in-
crease the hydrophilicity of synthetic polyesters, thus facilitating access of
the PETase enzyme to the hydrophobic substrate (Kim and Song, 2010).
A further advantage of this yeast is its ability to assimilate atypical carbon
sources, which allows the assimilation of one of the degradation products
released into the medium (Fig. 2C).

In the first phase of our study on PET degradation by the AJD 2 pAD
PET IS strain, we focused on the screening of the supplements that could
enhance the hydrolysis of this polymer during cultivation. First, we per-
formed small-scale experiments for 168 h, in which we measured the
concentration of TPA released to the supernatant since 72 h of cultiva-
tion. The daily increase of terephthalic acid in the collected samples is
shown in S. Fig. 2. The first measurable concentrations of TPA in the
supernatants occur after 120 h of culture, which is associated with an in-
crease in the pH of the culture to the pH optimal for PETase activity
(S. Fig. 4A). In the experiments performed on the AJD2 strain, which
was tested for PET hydrolysis under identical conditions as the AJD2
pAD PET_IS strain, the presence of TPA in the supernatants was not re-
corded in any case. Additionally, we did not note the BHET compound
in any of the tested samples. This result is contrary to reports (da
Costa et al., 2020) where the tested Y. lipolytica strain hydrolysed PET,
resulting in the release of approximately 23 mgL ™~ ' MHET after 96 h
of culture in YPD with amorphous PET.
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The results shown in Fig. 3 present the measured TPA concentration in
the AJD 2 pAD PET IS culture. The control labelled in the graph refers to the
amount of terephthalic acid released to the media during cultivation with
the engineered Y. lipolytica (AJD 2 pAD PET IS) strain without supplemen-
tation and was 10 mgL ™ '. The statistical analysis of the results was per-
formed using Student's t-test, where the results from the supplemented
cultures were compared to the control culture. PET degradation was signif-
icantly enhanced by the addition of MnSO, salt at both concentrations used
(1 mM and 2.5 mM), where the measured amount of TPA was 30 mgL ™~ 1
and 75 mgL. ™}, respectively. The hydrolysis of PET was also significantly in-
fluenced by the addition of 1 mM CuSO,, where the concentration of TPA
was 62 mgL " . In the experiment conducted with a higher concentration
of this salt (2.5 mM), no positive effect on degradation efficiency was ob-
served. The other additions of salts to the culture medium did not signifi-
cantly affect the level of PET decomposition. Moreover, the addition of

0,9

ZnS0O, reduced it in both concentrations used. The data obtained are not
surprising in the context of previous scientific reports on the effect of salt
on esterase activity. The established effect of culture supplementation
with MnSO; salt concurs with the experiments performed by Senga et al.
in 2020. The relative activity against PBSA by examined esterase showed
that in the presence of 2.5 mM Mn>" ions it reached 65 % of the activity
measured in 2.5 mM Ca®* (Senga et al., 2020). A statistically insignificant
increase in TPA concentration with the addition of CaCl, and MgSO, was
observed. The highest observed amount of TPA released occurred with
the addition of olive oil to a final concentration of 1 % in the culture and
was 124 mgL ~'. This could be related to the induction of lipase production,
which could act synergistically with secreted PETase to increase the level of
PET degradation. In a previous study, it was noted that the cooperative ac-
tion of cutinase and lipase effectively degraded PET (Liu et al., 2018). Inter-
estingly, the addition of this supplement at a final concentration of 2 % had
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Fig. 4. Amount of TPA released during PET degradation process carried out in 0.3 L Erlenmeyer shake cultures with or without supplementation. Cultivation was carried out
for 240 h in YPD medium containing 50 gL~ " of glucose and 2 g of PET powder at 28 °C at 200 RPM. Student's t-test was used for the statistical analysis; error bars represent

standard deviation. All cultures were performed in triplicate.
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no effect on the degradation efficiency. Supplementation of the culture with
olive oil to a final concentration of 1 % resulted in a statistically significant
increase in the amount of TPA released. Therefore, the results obtained may
also indicate the influence of biosurfactants produced by Y. lipolytica, where
at a lower olive oil concentration their production of them is induced, and
at a higher concentration the phenomenon of their affiliation with the cell
wall occurs (Fontes et al., 2010). The production of biosurfactants is closely
related to the assimilation of hydrophobic products. The study by Fontes
et al., 2010 also confirmed that high glucose concentration in the medium
promotes the production of natural surfactants. Other researchers have
used carbohydrate media supplemented by vegetable oils for surfactant
production in the Candida lipolytica yeast strain (Sarubbo et al., 2007). Pre-
vious research has shown that surfactant addition improves PET degrada-
tion (Samak et al., 2020).

Subsequent to screening for potential supplements that could enhance
PET degradation efficiency in the yeast culture, we made an attempt to
scale up the degradation process. For this purpose, we used 0.3 L Erlen-
meyer flasks and culture conditions where a statistically significant effect
on PET hydrolysis was observed. The culture was conducted for 240 h
and the results of TPA concentration at the final checkpoint are shown in
Fig. 4. The samples were collected each day starting at 72 h and the daily
increase in released product amount is shown in S. Fig. 3. Considering the
pH as an important factor affecting the enzyme activity, it was monitored
for each checkpoint. From S. Fig. 4B, it can be seen that the pH was stable
at 8 throughout the sampling period for both AJD 2 and AJD 2 pAD
PET_IS strain. Consistent with the cultivation carried out in deep well
plates, we did not observe PET degradation by the AJD 2 strain, and TPA
was observed as the sole hydrolysis product in the strain AJD2 pAD-
PET _IS. The supplements used were selected based on a previous screening
experiment where a statistically significant effect on PET degradation was
observed in cultures containing 1 mM and 2.5 mM MnSOy4, 1 mM CuSO,,
and 1 % olive oil. The control culture labelled in the graph refers to AJD
2 pAD PET IS culture in a medium without supplementation. The obtained
results of salt supplementation in flask cultures did not confirm their posi-
tive effect on the degradation process. In the 2 pAD PET IS culture without
supplementation, the measured amount of released TPA was 0.53 gL. ™,
while the highest amount of TPA released in the case of salt supplementa-
tion was obtained in the medium containing 1 mM MnSO,4 and was
0.47 gL.~ . When cultures containing 2.5 mM MnSO, and 1 mM CuSO,
were grown, the TPA concentration was 0.39 gL.~* and 0.18 gL. ™ *, respec-
tively, which is 1.35- and 2.9-fold lower than in the control culture.
Contrary to the lack of a positive effect of salt on PET degradation when
scaling up the process, the addition of olive oil to a final concentration of
1 % in the culture did have a statistically significant effect on the degrada-
tion level of this polymer. The concentration of TPA was 0.88 gL. ™!, which
is 66 % higher than in the culture without olive oil added. The non-positive
effect of the addition of salts to the growth medium for cultures conducted
in 0.3-L Erlenmeyer flasks may be related to the aeration conditions and cell
growth rate. In comparison to the small scale, the yeast cells had a better en-
vironment for growth and the salts under these conditions had the opposite
effect to the previously observed results. Particularly important for the
growth of Y. lipolytica is aeration, the crucial effect of which has been de-
scribed before (Miroriczuk et al., 2019). Analysis of the daily increment of
a degradation product is shown in S. Fig. 3. Cultures without supplementa-
tion to salt-supplemented cultures show no remarkable differences in the
rate of growth of the amount of the TPA. The rise of the compound concen-
tration is gradual, and the highest daily increase is observed on the last day
of culture. Regarding the olive oil-supplemented culture, fundamentally
different dynamics of TPA accumulation in the supernatant can be
observed. In this case, three points of spiking increase of terephthalic acid
concentration can be noted: between 96 h and 120 h, 120 h and 144 h,
and on the last day of culture.

The degradation of PET plastic material during the cultivation of a mi-
croorganism capable of secreting PETase enzyme has not been the subject
of much research. Studies published so far have been mostly focused on
the production, isolation, and purification of PETase for further incubation
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with the plastic under optimized conditions. In this research, the novel deg-
radation of PET in Y. lipolytica yeast culture can provide an interesting alter-
native in studies on the hydrolysis of this polymer. In the method proposed,
purification of the enzyme is not required, the steady pH of the culture cor-
responds with the optimum for the enzyme action, and the low temperature
of cultivation ensures the stability of the protein. Moreover, as illustrated
previously, Y. lipolytica can assimilate ethylene glycol as a carbon source,
enabling yeast to grow despite the depletion of the main carbohydrate
source. In previous studies on PET degradation by PETase from
I. sakaiensis, the number of degradation products released varied depending
on the applied incubation conditions and the concentration of enzyme em-
ployed. In the first study reporting the promising capabilities of PETase, ap-
proximately 0.09 mM TPA and 0.2 mM MHET were obtained (Yoshida
et al., 2016). These results were noted after 18 h of incubation at 30 °C
and a pH of 7.0. An interesting study was conducted by Chen et al. in
2021, where PETase was expressed in E. coli. Incubation on PET film with
purified enzyme caused the release of approximately 0.12 mM of total
TPA and MHET after 6 days of incubation at 30 °C with PET. Interestingly,
when a temperature of 40 °C was used, the total amount of released degra-
dation products was slightly higher and was about 0.13 mM (Chen et al.,
2021). Conversely, in the study of Shi et al., 2021, PETase containing the
signal peptide pelB after 48 h of incubation with PET powder resulted in
the release of a total of 531 uM of TPA and MHET. From the measured
amount, approximately 400 pM was TPA and 130 pM was MHET, which
is 64 mgL. ™' and 30 mgL ™", respectively. Intriguingly, no significant
increase in the amount of degradation products was observed between
the established control points in this study (18 h, 24 h, and 48 h) (Shi
et al., 2021). A further study with PETase from I. sakaiensis performed by
Son et al. in 2019 showed that during incubation of the enzyme with PET
at 30 °C after 72 h, 11.5 pM of total TPA and MHET was released, whereas,
at 40 °C, the total amount of degradation products was 8.7 pM. Enzyme
stability during PET incubation for 10 days at both temperatures used dem-
onstrated that PETase maintains its activity throughout the experiment
(Son et al., 2019). A different study on PET degradation showed that,
using 5 pg of purified PETase enzyme, approximately 2.5 mM TPA
(400 mgL.™ 1) after 48 h of PET film incubation at 30 °C was released (Ma
et al., 2018). Among the studies devoted to PET degradation by PETase,
Kim et al., 2020 reported a very interesting application, whereby green
microalgae were used as a host organism for production of this hydrolase.
30 mg of PET powder was incubated in cell lysate for 4 weeks at 30 °C,
resulting in a quantity of TPA of 9.12 mg (Kim et al., 2020).

Notably, in addition to PETase, another promising enzyme for PET
biocatalytic recycling research is cutinase produced by such microor-
ganisms as: Fusarium solani, Fusarium oxysporum, Thermobifida fusca,
Saccharomonospora viridis (Furukawa et al., 2019; GroR et al., 2017;
Nimchua et al., 2007). Similar to PETase investigations described
above, studies conducted using different cutinases relied on employing
purified protein and executing the reaction under the most optimal con-
ditions for enzyme action. Interesting results were obtained in a study
comparing the action of two cutinases from Fusarium solani and Fusar-
ium oxysporum, where enzymes with activity of 80 U and PET yarn as
substrate, were used. Regarding the first enzyme, after 168 h of reaction
at pH 7.0 and temperature 30 °C, approximately 9 ugmL ™! TPA was re-
leased, while hydrolysis of PET by F. oxysporum resulted in the release of
approximately 16 ugmL~ ! TPA. Intriguing findings were reported by
Eugenio et al. in 2021 during a study on cutinase from Humicola insolens,
where post-consumer PET was used as a substrate. PET flakes have been
incubated for 96 h with 1.0 mgpoteinmL ™ 1 at 70 °C in pH 7.0, and the
total amount of hydrolysis products released (TPA, MHET and BHET)
was 129 mM (Eugenio et al., 2021). Another noteworthy study is the
leaf-branch compost cutinase, described by Sulaiman et al., 2014,
which inherently exhibits high thermostability and the ability to hydro-
lyze PET, and within 24 h caused a loss of about 5 mg of PET film weight
(initial PET weight 20-25 mg) at 70 °C (Sulaiman et al., 2014). How-
ever, other researchers, in their work on LCC, proved that the protein
is susceptible to aggregation in its native state, but this effect can be



K.E. Kosiorowska et al.

inhibited by protein glycosylation (Shirke et al., 2018) . In this work, the
LCC cutinase was expressed in Pichia pastoris (Komagataella phaffii), and
the results of PET film degradation indicated that after 48 h the polymer
weight loss was more than 95 %. The synergistic effect of hydrolytic
enzymes produced by Microbacterium oleivorans and cutinase from
Thermobifida fusca was recently observed by Yan et al., 2021. Here,
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it was proven that the combination of M. oleivorans culture and
120 ugmg ! of cutinase from T. fusca can contribute to more efficient
degradation of PET films as low as 35 °C, with 47 nM TPA and 330 nM
MHET released during 15 h of incubation (Yan et al., 2021).

In another study, various hydrophobic or hydrophilic monomers
(TBMA, HEMA, DMAEMA, MA) were used to improve the catalytic
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Fig. 5. Images of PET film surface derived from scanning electron microscope after 4 weeks of PET film incubation of control strain (AJD 2) (A) and AJD 2 pAD PET IS
(B) in YP medium containing 50 gL~ ! of glucose. Fig. C presents PET film obtained in the mutant culture in a medium supplemented with olive oil. All cultures were
incubated at 28 °C at 200 RPM. Detailed description (magnification, scale) is shown under every presented sample.
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performance of PETase and the protein thus conjugated was tested with
PET film at 40 °C. The best PET hydrolysis results were obtained using
TBMA-PETase and DMAEMA-PETase, where the total amount of TPA and
MHET released was 82.5 pM and 77.5 pM, respectively. Artificial intelli-
gence was also used in the development of the GRAPE (greedy accumulated
strategy for protein engineering) algorithm, with the help of which a
DuraPETase mutant was obtained, possessing as many as 10 mutations in
the amino acid chain. The generated PETase mutant, after 10 days of incu-
bation with PET film, resulted in the release of 3.1 mM total PET degrada-
tion products (TPA, MHET, BHET) (Cui et al., 2021). In the work of Liu
et al., 2022, this variant (DuraPETase) underwent further modifications
in the amino acid chain to increase the thermostability of the enzyme
(N233C/S282C/H214S/S245R). When degrading the amorphous PET
powder at 60 °C, the total amount of degradation products released after
96 h with the purified DuraPETase-4 M enzyme was 15.8 mM, which was
2.77 fold higher than the initial mutant tested under the same conditions
(Liu et al., 2022).

Protein engineering has also targeted cutinases, and among the most
promising cutinase modifications, was the one made by Tournier et al.,
2020. In this work, the LCC cutinase was subjected to a series of mutations,
two of which, named WCCG (F2431/D238C/S283C/Y127G) and ICCG
(F243W/D238C/S283C/Y127G), caused depolymerization of more than
90 % of the PET substrate in 10.5 h and 9.3 h at 72 °C, respectively
(Tournier et al., 2020). The comparison of PET degradability by enzymes
described above, with respect to reaction conditions, degradation time
and amount of hydrolysis products released can be found in Supplementary
Table 1.

3.4. PET film surface morphology analysis

After cultivation of Y. lipolytica strains in medium with the addition of
PET powder, we used a more difficult to degrade type of substrate, i.e.
PET film. For that purpose, the medium supplemented with olive oil to a
final concentration of 1 % in the medium was used. To compare the effect
of supplementation, a culture without supplements was conducted in paral-
lel. The addition of PET film to the medium was 2 g of equally divided film
fragments with dimensions of 1 cm X 1 cm. The collected film samples
were analysed using a scanning electron microscope (SEM). Images show-
ing the performance of the AJD 2 pAD PET IS strain are shown in Fig. 5.
The visual changes in the appearance of the films were also noticeable in
the samples without SEM analysis and are shown in S. Fig. 5. No significant
damage to the plastic surface was observed in the culture of strain AJD 2 at
either of the magnifications used, 500 x or 4000 x (Fig. 5A). The surface of
the film after culture with the AJD 2 pAD PET _IS strain in a medium with no
olive oil added is shown in Fig. 5B. Both magnifications used demonstrate
extensive damage to the surface of the material. The film is significantly
cracked and numerous gouges can be seen on the surface. The depicted
fragments also exhibit cavities in the plastic material. Fig. 5C presents the
PET film after culture with a modified strain of Y. lipolytica in the medium
supplemented with olive oil. The structure of the film obtained from this
culture exhibits visible craters of irregular shape in parallel with the cracks.
It can also be noted that the frequency of the breaks on this PET material is
lower than in the films obtained from the experiment using the same strain
but without supplementation (Fig. 5B). The films collected after long-term
culture with yeast strains were also subjected to an estimated mass loss
analysis (Supplementary Fig. 6). According to the data obtained, the addi-
tion of olive oil to the culture medium caused not only more corrosion on
the film surface but also a greater polymer mass loss of 53.05 % of the initial
mass. In the case of the substrate without supplementation, there was a
44.74 % decrease in film weight. For the culture of the control strain
(AJD 2), the mass loss was imperceptible.

The analysis of changes in the polymer surface after PETase treatment
plays a crucial role in determining the PET degradation level. The results
obtained in our study correspond with previously reported data on plastic
surface corrosion arising using the PETase enzyme (Shi et al., 2021;
Yoshida et al., 2016). However, due to the extended culture of the
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Y. lipolytica modified with PET film, degradation level in our study is
more apparent. Interestingly, in the 6-day incubation of PETase enzyme
at 40 °C at pH 9.0 with PET film in the study by Chen et al. in 2021, changes
in the plastic structure were barely noticeable (Chen et al., 2021). Consider-
ing the culture time, similar to our research, Kim et al. in 2020 incubated
PET film for 4 weeks in the cell lysate of PET-producing green microalgae.
In their study, the surface changes are slightly different due to the absence
of visible cracks in the material, but numerous depressions and cavities
could also be seen (Kim et al., 2020).

In summary, here we present the possibility to use an unconventional
yeast strain as a host organism for the extracellular production of PETase.
The methodology used in this work allowed us to determine the ability of
the obtained strain to degrade PET, and its universal applicability in re-
search on the degradation of this polymer allows us to compare the results
with other reports on the discussed topic.

4. Conclusion

The present study showed that the modified Y. lipolytica yeast is capable
of PET degradation directly in the culture. The obtained data showed that
olive oil addition significantly improves the PET hydrolysis efficiency.
However, we also observed that the addition of salt can reduce the degrada-
tion rate of the polymer, and the optimisation of the substrate composition
has a key role in the degradation of PET by the method used. Furthermore,
our study showed that Y. lipolytica cannot assimilate TPA; nevertheless,
with the medium composition used, it can take up ethylene glycol. The
applied novel approach has a great potential for further PET degradation
during yeast culture growth.
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Supplementary Fig. 5

PET films images derived after culture of AJD 2 (A) in YPD media and AJD 2 pAD PET _IS cultivated in YPD media without (B) or with olive

oil supplementation (C).
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