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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

levads

Enzimi ir loti efektivi dabas biokatalizatori, kas lauj veikt sarezgitas biokimiskas reakcijas
maigos apstaklos ar augstu specifiskumu un selektivitati. To lietojums aptver plasu nozaru
spektru, tostarp farmaciju, lauksaimniecibu, diagnostiku un vides sanaciju. Tome&r dabiskajiem
enzimiem nereti ir novérojami tadi ierobezojumi ka zema stabilitate ripnieciskos apstaklos,
nepietickama aktivitate vai slikta substrata saderiba, kas ierobezo to plasaku lietojumu.

Enzimu inZenierija ir sareZgits process, kas lauj modificét daba sastopamos enzimus, lai
uzlabotu to katalitisko efektivitati, stabilitati vai specifiskumu. Meérktiecigi mainot to
aminoskabju secibu un strukturalas Tpasibas, dabiskos enzimus var parverst par efektivakiem
un izturigakiem biokatalizatoriem, kas pieméroti plagam ripniecisko lietojumu klastam. Saja
sareZgitaja procesa biezi tiek izmantotas tadas metodes ka virzita evolicija, vietas virzita
mutaggze un datormodel&sana. Promocijas darba autores un vinas kolégu laboratorija plasi tiek
izmantota strukturala informacija, koncentrgjoties uz racionala dizaina pieejam.

Racionalaja dizaina tika izmantoti skaitlosanas riki un molekulara modelésana, lai simul&tu
enzima aminoskabju secibas modifikaciju ietekmi. Analiz&jot enzima trisdimensiju struktiiru,
var identificét kritiskos fragmentus, kas ietekm& Kkatalitisko aktivitati, stabilitati un
specifiskumu. ST informacija lauj ieviest mérktiecigas mutacijas, lai optimizétu Tpasibas, radot
modific€tus enzimus, kas atbilst konkrétam rupnieciskam vajadzibam.

Sava promocijas darba autore stradaja ar divu enzimu grupu dizainu — fruktozilpeptidu
oksidazes (FPOX) un PETazes. Abi Sie enzimi ir loti nozimigi biomediciniskiem lietojumiem
vai vides problému risinajumiem.

Fruktozilpeptidu oksidazes (FPOX) un fruktozilaminooksidazes (FAOX) ir deglikozgjosi
fermenti, kas tiek izmantoti ka galvenas fermentativas sastavdalas diab&ta uzraudzibas iericés.
To izmantoSana asins paraugos lauj noteikt glikéta hemoglobina un glikéta albumina
koncentraciju, kas ir divi labi zinami diab&ta markieri. Tomér FPOX, ko paslaik izmanto
fermentu testos, nevar tie$i noteikt visus glikétos proteinus, tapec ir nepiecieSams veikt mérka
proteina proteolitisku pirmapstradi, lai raditu mazus glikétus peptidus, kas var darboties ka
dzivotsp&jigi enzima substrati. Tas ir dargs un laikietilpigs process. Sis solis ir nepieciesams,
lai piekliitu griiti pieejamajai aktivajai vietai, un Saurd tunela, kas nodrosina piekluvi to
katalitiskajai kabatai dél. Sie ierobezdjumi ir pieraditi ar FPOX un FAOX enzimu

kristaliskajam strukttram. Proocijas darba tika veikta $is enzimu grupas dizaina izstrade, lai



paplaSinatu to substratu klastu un uzlabotu to termisko stabilitati biomediciniskiem
lietojumiem. Merkis ir izmantot $os enzimus, lai deglikétu neskartus proteinus vai samazinatu
to glikacijas ITmeni laika. Ar uzlaboto enzimu promocijas darba autore vélas izstradat
fermentativu riku glik&ta hemoglobina vai glik&ta albumina, divu pazistamu diab&ta markieru,
mérisanai asinis.

Izmantojot to paSu enzimu inZzenierijas pieeju, tika stradats ari ar plastmasas
depolimerizacijas fermentiem (PETazém), kas ir fermenti, kas var sadalit polietiléntereftalatu
(PET) ta monoméros — tereftalskabg un etilenglikola. Sie enzimi pieder pie lielakas hidrolazu
saimes, kas darbojas, degrad&jot PET estera saites un izraisot ta sadaliSanos mazakas
monomeras.

Lai gan ir aprakstitas vairakas PETazes, to katalitiska efektivitate un termiska stabilitate
salidzinajuma ar tradicionalajiem kimiskajiem un mehaniskajiem parstrades procesiem.
Ierobezota enzimu darbiba, jo Tpasi zema aktivitate un slikta stabilitate tuvu PET stikloSanas
temperatiirai, ir galvenais Skérslis ekonomiski pamatotai PET enzimatiskai parstradei. Tapéc
tika izmantota datorizétu fermentu inzenierijas pieeja, lai uzlabotu katalitisko efektivitati un

darbibas stabilitati riipnieciskai lieto$anai.

Kopuma $is darbs veicina racionalas enzimu inzenierijas attistibu, paradot efektivu,
reproducgjamu dizaina validacijas darba plismu un piemérojot to diviem atSkirigiem, bet
ripnieciba nozimigiem fermentiem. ST p&tijuma rezultati ir nozimigi turpmakai biokatalizatoru

attTstibai un kritisku problému risinasanai mediciniskaja un vides biotehnologija.

Pétijuma mérkis un uzdevumi

Promocijas darba galvenais mérkis ir veicinat enzimu inZenierijas attistibu, racionali
dizaingjot, izstradajot un raksturojot uzlabotus enzimu variantus ar tieSu biomedictnisko un
vides lietojumu. P&tijums koncentr&jas uz divam enzimu saimém — fruktozilpeptidu oksidazém
(FPOX) diabéta diagnostikai un polietiléntereftalata hidrolazém (PETazém) plastmasas

sadaliSanai.



Merki
Lietojums biomedicina — FPOX enzimi diabéta diagnostikai

1. Petit savvalas tipa FPOX enzimu strukturalos ierobezojumus, kas kavé to sp&ju
apstradat veselas glikétas olbaltumvielas.

2. Pieme@rot aprekinu tuneléSanas paplaSinaSanas un struktiiras vaditas inZenierijas
stratégijas, lai raditu FPOX variantus ar uzlabotu substrata pieejamibu, uzlabotu
termisko stabilitati un paplasinatu substrata specifiskumu.

3. Novertet inzenierijas FPOX variantu aktivitati uz glikétiem substratiem, lai noteiktu to
diagnostisko potencialu.

Piemeérosana vides joma — PETazes plastmasas sadaliSanai

1. Identificét kustigus un nestabilus pazistamu PETaZu regionus, izmantojot strukturalos
datus un molekularas dinamikas simulacijas.

2. lIzstradat un ieviest mérktiecigas mutacijas, kuru mérkis ir uzlabot PETazes termisko
stabilitati un katalitisko efektivitati.

3. Noveértét inzenierijas PETazes variantu ietekmi uz polietiléna tereftalata sadaliSanas
efektivitati apstaklos, kas atbilst riipnieciskajai parstradei.

4. Veikt mehanisma pétijumus, lai noteiktu, ka konkrétas mutacijas ietekmé PET
sadaliSanas procesu.

Zinatniska novitate un galvenie rezultati

Promocijas darba zinatniska novitate saistita ar aprékinu un eksperimentalo pieeju
integraciju uzlabotu enzimu variantu racionalai dizainé$anai un raksturo$anai, koncentr&joties
uz divam atskirigiem enzimiem — FPOX un PETazi. Apvienojot in silico proteinu inzenieriju,
molekularas dinamikas simulacijas un strukturalo biologiju ar ekspresiju, attiriSanu un
detalizetu bioktmisko un biofizikalo analizi, §is darbs izveido starpdisciplinaru validacijas
darba plismu. Iegtitie rezultati sniedz vertigas zinaSanas un instrumentus enzimu inZenierijas

joma, vienlaikus piedavajot potencialu rupnieciskai un vides lietosanai.

Promocijas draba pirmaja dala autore koncentrgjas uz termiski stabilizétu FPOX enzimu.
Tika piemérota in silico proteinu inZenierijas pieeja, lai uzlabotu enzima kopgjo termisko
stabilitati un ta katalitisko aktivitati attiectba uz lieliem substratiem. Galigais dizains uzradija

ieverojamu termiskas stabilitates uzlabojumu, salidzinot ar savvalas tipa fermentu, ka art



izteiktu ta piekluves tunela paplasinasanos. Sis izmainas izpaudas ka nozimiga fermentativa
aktivitate virkné glikéto substratu, paradot datorizétd dizaina potencialu enzimu funkciju

pielagosanai.

Promocijas darba otraja dala PET hidrolizgjosais enzima ICCG variants no lapu-zaru
komposta kutinazes (LCC-ICCG; zelta standarts) tika talak modificéts, izmantojot datorizeétu
dizainu. Sie p&tijumo rezultgjas ar mutaciju LCC-ICCG-C09, kam piemita par 3,5 °C augstaka
kusanas temperatira (Tm), salidzinot ar LCC-ICCG. Optimalos reakcijas apstaklos (68 °C)
LCC-ICCG-C09 hidroliz€ja amorfo PET par tereftalskabi (TPA) ar divkart augstaku
efektivitati, salidzinot ar sakotngjo variantu. LCC-ICCG-C09 ar uzlabotu termisko stabilitati
un katalitisko veiktsp&ju ir daudzsolo$s kandidats turpmakai izmantoSanai riipnieciskaja PET

parstrade.

Paraléli tika izstradats jauns PETazei Iidzigs enzims (PETaze SM14) no Streptomyces sp.
SM14, kas tika ekspreséts Escherichia coli un noveértéts uz pé&cparstrades plastmasas
substratiem. Aktivitates analizes kopa ar augstas veiktsp&jas skidruma hromatografiju (HPLC)
produkta kvantific€Sanai, ka arT skengjoso elektronu mikroskopiju un atomu spéku
mikroskopiju substrata virsmas analizei atklaja, ka PETaze SM14 piemit augsta sals tolerance
(Iidz 1,5 M), laba siltuma izturiba (Tm 56,26 °C) un optimala aktivitate, ja pH = 9,0. Tas
rentgena kristala struktiira, ko autore izrékinaja 1,43 A gadijuma, apstiprinaja PETazes saimes

konservativas Ipasibas un nodro$indja pamatu turpmakajam inzenierijas stratégijam.

Lai turpinatu pétit strukturalos un funkcionalos mehanismus, visu atomu molekularas
dinamikas (MD) simulacijas tika apvienotas ar in vitro testiem, lai salidzinatu PETase SM14
un ldeonella sakaiensis PETaze (IsPETaze) dazadas NaCl koncentracijas (150 mM un
900 mM). Rezultati paradija, ka, pateicoties cilpas pagarindjumam, IsPETaze izrada elastigu
un plaSu saistiSanas vietu, kas uzlabo substrata uznemsanu, bet arT izspiez katalitiskos
fragmentus, izraisot atru deaktivaciju, Ipasi augstas sals koncentracijas. Savukart PETaze
SM14 uzrada stingru un Sauraku saistiSanas kabatu, kas paaugstinata sals koncentracija
paklaujas me&renai paplasinasanai, tad&jadi veicinot Gidens un substrata piesaistiSanu. Turklat
adsorbcijas uz PET plaksnitém pé&tijumi paradija, ka PETase SM14 augstas sals koncentracijas
apstaklos un IsPETase zemas sals koncentracijas apstaklos saistas ar PET substrata kedeém tada
pasa trans:gauche konformacijas sadalijuma, kads novérots amorfa PET gadijuma. STs atzinas
ne tikai izskaidro novérotos aktivitates profilus, bet arT sniedz jaunas strukturalas detalas,

pieméram, substrata saistiSanas plaisu arhitektiru un elektrostatisko vidi, galvenos aromatiskos



atlikumus, kas iesaistiti poliméru k&zu stabilizacija, un virsmas ladina sadalijumu, lai veiktu

PET noardoSo enzimu izstradi dazadiem vides apstakliem.

Praktiskais lietojums

Sim darbam ir nozimigs praktisks potencials gan riipnieciskaja, gan vides biotehnologija.
InZenierijas cela raditie FPOX varianti ar uzlabotu termisko stabilitati un substrata
specifiskumu nodroSina stabilu pamatu jutigu un praktisku biosensorisko platformu izstradei
tieSai gliketa hemoglobina (HbA 1c) noteikSanai. Uzlabotu PET hidroliz&joSo enzimu, tostarp
LCC-ICCG-C09 un PETase SM14, izstrade piedava daudzsoloSus risinajumus polietiléna
tereftalata (PET) enzimatiskai parstradei, laujot slégta cikla atgit tereftalskabi un veicinot

ilgtsp&jigu plastmasas atkritumu apsaimniekoSanu.

Darba struktiira un apjoms

Promaocijas darbs ir tematiski saistitu zinatnisko publikaciju kopa par enzinu inZenieriju
biomediciniskiem un vides lietojumiem. Taja apkopoti Cetru originalo zinatnisko

publikaciju rezultati.

Darba aprobacija un publikacijas

Promaocijas darba galvenie rezultati ir public&ti Cetros zinatniskajos rakstos, ka ar1 divos

patenta pieteikumos. P&tijuma rezultati ir prezentéti 13 zinatniskajas konferences.
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Bhattacharya, S., Tempra, G., Colleoni, A., Matera, C., Castagna, R., Parisini, E.
Synthesis, photochemical and biological evaluation of novel photoswitchable glycomi
metic ligands of Pseudomonas aeruginosa LecB. RSC Advances. 2025, 15, 49796.
Pieejams:_https://doi.org/10.1039/D5RA06897E.

Starptautiskas konferences, kuras prezentéti promocijas darba rezultati

1.

Bhattacharya S, Estiri H, Castagna R, Gautieri A, Parisini E, Enzyme engineering of
fructosyl peptide oxidase to widen its active site access tunnel and improve its thermal
stability, 15.-17. junijs, 2022, FEBS3+ konference Tallina
https://biokeemiaselts.ee/wp-content/uploads/2022/06/ABSTRACT-
BOOK_FEBS32022 Tallinn.pdf.

Bhattacharya S, Estiri H, Castagna R, Gautieri A, Parisini E, Enzyme engineering of

fructosyl peptide oxidase to widen its active site access tunnel and improve its thermal
stability, EMBO praktiskais kurss Augstas caurlaidsp&jas proteinu razoSana un
kristalizacija, 2022. gada 4.-12. julijs, Marsela, Francija
https://books.google.lv/books/about/High Throughput Protein_Production_and_C.ht
ml?id=) GYzwEACAAJ&redir_esc=y.

Bhattacharya S, Estiri H, Castagna R, Gautieri A, Parisini E, Enzyme engineering of
fructosyl peptide oxidase to widen its active site access tunnel and improve its thermal
stability, 2. ZALU ATKLASANAS KONFERENCE 2022. gada 22.-24. septembris,
Riga https://drugdiscovery.osi.lv/content/filessDDC_Abstract Book.pdf.
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https://doi.org/10.1371/journal.pone.0296127
https://doi.org/10.1371/journal.pone.0296127
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https://drugdiscovery.osi.lv/content/files/DDC_Abstract_Book.pdf

10.

11.

12.

Bhattacharya S, Estiri H, Castagna R, Gautieri A, Parisini E, Enzyme engineering of
fructosyl peptide oxidase to widen its active site access tunnel and improve its thermal
stability, INEXT DISCOVERY darbseminars par kristalografisko fragmentu skriningu,
2023. gada 1.-3. marts, Berline__ https://www.helmholtz-berlin.de/events/inext-
discovery-workshop/index_en.html.

Bhattacharya S, Estiri H, Castagna R, Gautieri A, Parisini E, Enzyme Engineering,
mutiska prezentacija ALLIANCE4LIFE ACTIONS ESR atpiitas pasakums 2023. gada
23.-24. janvari (pasakums Vilna) https://alliance4life.com/media/3803646/d35-report-
on-early-stage-researchers-retreats_964997.pdf.

Bhattacharya S, Castagna R, Estiri H, Gautieri A, Parisini E, Thermostable PETase
enzyme for plastic degradation, BioDrug conference, BioDrug konference 22.—
24. septembris, 2023, Riga

https://biodrugconference.osi.lv/content/Abstract Book_BioDrug_Conference 2023.

pdf.

Bhattacharya S, Castagna R, Estiri H, Gautieri A, Parisini E, Enzyme engineering of
fructosyl peptide oxidase to widen its active site access tunnel and improve its thermal
stability, FEBS papildu kurss: Skaitlo$anas pieejas enzimu katalizes izpratnei un
inZenierijai, kas notika Zagreba no 2023. gada 25. lidz 29. septembrim.
https://digitalna.nsk.hr/?pr=i&id=658275.

Bhattacharya S, Castagna R., Estiri H., Gautieri A., Parisini E., SPRINGBOARD
projekta sasniegumi, pasakums 2024. gada 2. un 3. maija Riga, nolasot referatu
“Development of a highly optimized engineered PETase enzyme for plastic
degradation”

https://springboard.osi.lv/content/abstracts/Springboard CONFERENCE_Abstract .p
df.

Bhattacharya S, Castagna R, Estiri H, Gautieri A, Parisini E, Tailoring Enzymes for
tomorrow “Strukturala biologija Latvija un arpus tas”, atzimgjot Latvijas dalibu
Instruct-ERIC, https://instruct-eric.org/news/structural-biology-in-latvia-and-beyond/.

Bhattacharya S, Development of a Highly Optimized Engineered PETase Enzyme for
Polyester Degradation, WIDEnzymes darbnica 1: Milana, Italija, aprékinu metodes
fermentu inZenierija, 2025. gada 27.-31. janvaris. https://widenzymes.eu/workshops-
series/workshop-1/.

Bhattacharya S, Enzyme Engineering, uzstajas ar referatu WIDEnzymes darbnica 2,
Enzimu virzita evoltcija, Kimijas fakultate, Krétas Universitate, 2025. gada 2.-6.
junijs. https://widenzymes.eu/workshops-series/workshop-2/.

Bhattacharya S, Large Scale Production of PETase Enzyme, uzstajas ar referatu
WIDEnzymes darbnica 3, Rekombinanta fermenta razoSana bioreaktora, Slovakijas
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Tehnologiju universitate Bratislava (STUBA), 2026. gada 26.-30. janvaris.
https://widenzymes.eu/workshops-series/widenzymes-workshop-3-stuba/.

13. Bhattacharya S, pasniedzis OneHealthdrugs apmacibu skola (Cost Action CA21111),
merka proteinu paraugu ekspresija, attiriSana un pamata raksturojums zalu saisti$anas
pétijumiem, Latvijas Organiskas sintézes institits, 2025. gada septembris.
https://onehealthdrugs.com/events/training-schools/expression-purification-and-basic-
characterization-of-target-protein-samples-for-drug-binding-studies.
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GALVENIE PROMOCIJAS DARBA REZULTATI

1. FPOX enzimi

1.1. Enzimu racionala projektésana

Racionala projektésana ir datoriz&ta strat€gija enzimu inZenierija, kas vérsta uz konkrétam
proteina dalam, lai uzlabotu stabilitati, aktivitati vai substrata specifiskumu, risinot dabisko
enzimu ierobezojumus, kas biezi darbojas fiziologiskajos apstaklos. Enzimi slikti toleré ar
industrialo procesu apstakliem, pieméram, augstu temperatiiru, ekstremalu pH, augstu jonu
speku vai organiskajiem $kidinatajiem.! Atskiriba no de novo dizaina vai virzitas evoliicijas
saglaba kopgjo struktiiru, vienlaikus uzlabojot v€lamas funkcionalas ipasibas, izmantojot tadus
panémienus ka polaro atlikumu ievie$ana, lai veicinatu Gidenraza saiSu veidoSanos, cisteina
fragmenta ievietoSana, lai veidotu disulfida tiltinus, virsmas ladina mijiedarbibas optimizé$ana,

mérktieciga ietekme uz kustigajam zonam un termofilo homologu izmanto3ana® 3 (1. att.).

1. attéls. Racionala enzimu dizaina izmantotas stabiliz&jo$as strat€gijas: virsmas denraza
saiSu (a) un sals tiltinu (b) ieviesana, hidrofoba kodola (c) stabiliz€sana, disulfida tiltinu
ievieSana (d) un kustigo cilpu stabilizé$ana, izmantojot prolinu (e). Filogenétisko analizi (f)
var izmantot atseviski vai kombinacija ar iepriek$gjam strat€gijam, lai vaditu fermentu

racionalas projekt€sanas procesu.
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Miisdienigas pieejas tiek izmantotas daudzpunktu mutacijas un aprékinu platformas,
pieméram, FireProt*, lai nemtu véra sinergiskas vai antagonistiskas mijiedarbibas,® savukart
tadi riki ka CAVERS, Rosetta Remodel” un molekularas dinamikas (MD) simulacijas sniedz
ieskatu proteinu elastiba atomu ITmen, tunelu arhitektiira un konformaciju stabilitate®. MD
simulacijas modelé atomu kustibas laika gaitd, identificgjot regionus, kas ir paklauti
nestabilitatei, un prognozgjot ierosinato mutaciju ietekmi, tostarp izmainas Tidenraza saites
veidosana, disulfida tiltina veidoSana vai citas stabiliz€josas mijiedarbibas pirms
eksperimentalas test€Sanas, tadgjadi samazinot darba slodzi un minimiz&jot veidojamo
mutaciju skaitu. Integr&jot racionalo dizainu ar MD simulacijam, strukturalo model&Sanu un
evollicijas analizi, enzimu inzenierija var paplasinat substrata specifiskumu, optimizét
selektivitati un uzlabot stabilitati sarezgitos ripnieciskos apstaklos. InZenierijas enzimi ar
paaugstinatu kuSanas temperatiru vai samazinatu denaturdcijas uzn€mibu var efektivi
darboties augsta temperatira, ekstremala pH Iimeni vai paaugstinata saluma, savukart MD
simulaciju vidgjas kvadratiskas svarstibu (RMSF) analizes var reproducét eksperimentalos [3-

faktorus, lai precizi noteiktu elastigas zonas stabilizacijai> ® 10 (2. att.).

80 2,5
70 —— Rentgenstaru struktdra
—— Molekulara dinamika 2
60
< 50 15 <
=
% 30 =
T2
«a 0,5
10
0 0
0 100 200 300 400 500
Atlikums

2. att. Savvalas tipa FPOX fermenta RMSF un eksperimentala B-faktora superpozicija, kas
parada, ka MD simulaciju RMSF reproducg to pasu eksperimentalo B-faktoru tendenci un lauj

precizi noteikt tos pasus maksimumus, kas parstav loti elastigas proteinu zonas.

Fruktozilaminoskabes (vai peptidu) oksidazes (FPOX), pazistamas arT ka amadoriazes, ir
specializéta flavina atkarigu oksidazu saime, kas katalizé glikéto aminoskabju vai isu glik&to
peptidu deglikaciju. Sie enzimi pieder oksidoreduktazu klasei un ir plasi izplatiti raugos, sénés
un bakterijas. Tie kataliz€ zemas molekulmasas Amadori produktu oksidativo sadali$anos,

dodot brivus aminus, glikozonus un fidepraza peroksidu.!’ Reakcija notiek C-N saites
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oksidesanas, kas savieno fruktozilgrupas C1 ar aminoskabes slapekli, un o procesu medié

FAD kofaktors, kura flavina grupa veido fermenta katalitisko centru.

Strukturali FPOX parada labi definétus FAD saistiSanas motivus un konservativas
arhitekttiras iezimes, kas ir tipiskas glikozes—metanola—holina oksidoreduktazes klasei. Lidz
$im ir aprakstitas vairakas FPOX kristala struktiiras, kas sniedz detalizetu ieskatu aktivas vietas
organizacija un varstu elementos, kas regulé substrata piekluvi.'? Sie strukturalie p&tfjumi ir
paradijusi, ka katalitiska kabata atrodas dzili proteina un ir savienota ar §kidinataju ar $auru

piekluves tuneli. Sai pazimei ir galvena nozime substrata specifiskuma noteik$ana (3. A att.).

FPOX ir nozimigi biomedicina, jo tos izmanto fermentu komplektos glikéta hemoglobina
(HbAlc) mériSanai, kas ir galvenais biomarkieris ilgtermina glikémijas kontrolei diab&ta
pacientiem, tiem ir ari potencials glikéta albumina noteik$anai.'® Standarta diagnostikas testos
hemoglobins vispirms tiek denaturts un proteolitiski sadalits, lai atbrivotu mazus glikétos
peptidus, pieméram, fruktozilvalilhistidinu (F-VH), kas p&c tam tiek oksidéti ar FPOX. Tad
izveidotais Gidenraza peroksids tiek kvantificets vai nu kolorimetriski, izmantojot marrutku
peroksidazi, vai elektromehaniski, kas lauj netiesi noteikt HbAlc limeni®® (3. B att.).

A) B)

PasSreizéja enzimatiskda metode

Proteaze FPOX

’ PF-VH \ POD  Krasviela,
HbA1c H,0, kolorimetriska
\ Il| Hromogéns noteikdana

HbA1c tiesa oksidaze
nav aprakstita

Jauna enzimatiska metode

3. att. (A) Amadoriazes I kristalstruktiira kompleksa ar fruktozillizinu (PDB kods
4XW2Z). (B) HbAlc fermentativas metodes reakcijas shéma (adaptéta no*3).

Neskatoties uz to daudzpusibu un diagnostisko vertibu, FPOX enzimiem ir btisks
ierobezojums — tie nespéj efektivi katalizet neskartu proteinu deglikaciju.* Struktiiras p&tijumi
ir paradijusi, ka §T ierobeZojuma pamata ir Saurais substrata piekluves tunelis, kas savieno ar
enzima aktivo vietu un atlaut pieklut tikai mazam glikétam aminoskabém vai Tsiem
peptidiem.’® Ta rezultata dabiskie FPOX izrdda ierobezotu aktivitati pret apjomigiem

substratiem, pieméram, neskartam glikétajam olbaltumvielam.
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4. att. Hemoglobina Alc (HbAlc) denaturacija un sadaliSana ar proteazi, lai atbrivotu
fruktozilvalilhistidinu (F-VH). (A) F-VH oksidgjas ar fruktozilpeptida oksidazes (FPOX)
palidzibu, un rezultata iegtitais H2O> kalpo par HRP substratu, veidojot krasvielu, kuras
absorbcija ir 660 nm un kas tiek izmantota, lai aprékinatu HbAlc procentualo daudzumu.

(B). HbA1c noteiksanas mentode, elektromehaniski mérot H2O2 (adaptéta no®).

Tomer §1s pasas strukturalas atzinas ir nodrosinajusas stingru pamatu enzimu inzenierijai.
Merkgjot uz atlikumiem, kas veido substrata piekluves tuneli, un stabiliz&jot FAD saisti§anas
domeénu, pétnieki ir veiksmigi radjjusi FPOX mutacijas ar uzlabotu termisko stabilitati,
pastiprinatu katalitisko aktivitati un palielinatu selektivitati pret specifiskiem glik&tiem
substratiem.’® 7 Sadas inZenierijas variacijas ne tikai nodrogina uzlabotu veiktspgju
diagnostiskajos testos, tostarp kolorimetriskajos un elektrokimiskajos HbA 1¢ mérijumos*®, bet
arT kalpo ka vertigas modelsistémas, lai plagak pétitu proteinu inzenierijas stratégijas flavina

atkarigajas oksidazes (4. att.).

Profesora Emilio Parisini grupa jau vairakus gadus strada ar fruktozilpeptidu oksidazém
(FPOX), koncentrgjoties uz to racionalu inZenieriju, lai uzlabotu veiktspgju praktiskos
lietojumos. P&tijuma tika veikts racionals Phaeosphaeria nodorum FPOX (Pn-FPOX) pirma
mutanta, kas ieglits no savvalas tipa enzima, dizains, kam sekoja sistematiskas modifikacijas,

tostarp tunela paplasina$ana, termiska stabilizacija un aktivitates optimizacija. P&c vairakiem
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inzenierijas posmiem tika ieglits mutants L3-35A, kam ir plataks un 1saks piekluves tunelis.
Tas tika panakts, izdzgSot piecas aminoskabes, kas izklaj vartu strukttru (5. att.). Promocijas
darba izstrades gaita turpmakos pétijumus autore saka ar $o ieprieks izstradato mutaciju L3-
35A, kas saglabaja paplasinato piekluves tuneli un kalpoja par sakuma punktu turpmakai
optimizacijai. Balstoties L3-35A, tika piemé&rotas racionalas projektéSanas stratégijas, lai
atjaunotu stabilitati un uzlabotu enzimatisko aktivitati, vienlaikus saglabajot paplasinato
piekluves tuneli, kas nepiecieSams lielakiem substratiem. Tika ieviestas trTs mutaciju klases: D
s@rija, kas versta uz strukturalo svarstibu samazinaSanu; C s@rija, kas versta uz stabiliz&joSo
sals tiltinu veidoSanas palielinaSanu; X s€rija, kas paredzeta disulfida saiSu ievieSanai papildu
termiskai stabilitatei. Sis mutacijas tika veidotas, izmantojot MD simulacijas, kas shiedza
ieskatu enzima dinamiskaja uzvediba, elastiba un nestabilitatei paklautajas zonas, laujot noteikt

prioritates daudzsolosakajam modifikacijam.

Termiska
stabilizacija

Tunela Aktivitates
optimizacija

PnFPOX (WT)

D02, C16, X01, X02A, X04, X07 X028, X02C

5. att. Racionalas projekteSanas stratégijas shéma, kura paraditi katra posma iegiito

attiecigo fermentu variantu nosaukumi.

Kombinéta daudzpusgja pieeja radija FPOX variantus, kas bija gan termiski stabili, gan loti
aktivi. Labakos rezultatus uzradija mutacija X02C. Eksperimentalie testi apstiprindja, ka
inZenierijas mutacijas saglabaja strukturalo integritati un nozimigu katalitisko aktivitati,

salidzinot ar savvalas tipa enzimu.

Enzims X02C ar labako katalitisko sp&ju attieciba uz dazada garuma glikétiem substratiem
(gliketa valina (f-V) un glikéta heksapeptida, fruktozil-Val-His-Leu-Thr-Pro-Glu (F6P)) tika

izvelets nakamajai inZenierijas kartai.

Nakamaja karta no enzima X02C struktiiras tika iznemts viens ceturtas spirales pagrieziens
(6. Aatt.) (zila krasa), lai paplasinatu piekluves tuneli. Kopuma tika iznemtas devinas

aminoskabes. ST spirale pieder pie vienas no ¢etram varstu struktiiram, kas apnem aktivo vietu.
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P&c tam ta tika atjaunota, izmantojot mazaku atlieku skaitu (no divam Iidz piecam). Turklat,
lai kompensétu $is saisinaSanas izraisito dabisko mijiedarbibu zudumu, tika mutéti visi
nekonservétie atlikumi 5 A attaluma no parveidotas posma. Sis 5 A slieksnis tika izvéléts,
nemot véra tidenraza saites attalumus (~3 A) un tipiskas mugurkaula svarstibas (RMSD ~1,5
A). Tika nolemts atturéties no atlieku mutacijas, kas bija noteiktas, X02C salidzinot ar diviem
citiem loti aktiviem FPOX — Coniochaeta sp. FPOX (FPOX-C)* un Aspergillus nidulans
FPOX-47 (AnFPOX-47).20

B)

Rosetta Remodel
(&) (=] G (]
| 516 modeli || 516 modeli | | 516 modeli || 516 modeli

20 ar viszemako
energifas limeni

20 modeli 20 modeli 20 modeli 20 modell
MD simulécija 300 K temperatira < ‘ Ir izpilditas 3 no 4
100 ns garuma. | prasibam

2modeli || 3modeli || 1 modeli 5 modeli

MD simulacija 350 K un 400 K B
< 5 labakie A

temperatiira 100 ns garuma.

2 modell 0 modell omodeli || 3modeli

In vitro testésana ‘

6. att. A) X02C modelis, kas izmantots parveidoSanai. B) X02C enzimu inZenierijas

aprékinu dalas kopsavilkums.

Lai ieviestu izvEletas mutacijas, tika izmantots Rosetta Remodel, radot 516 variantus
katram rekonstruétajam cilpas garumam, kas ir divreiz vairak neka ieprieks$€ja pétijjuma
parbaudito mutaciju skaits. Katram cilpas garumam tika izvél&ti 20 raditie modeli ar zemako
energétisko raditaju, kas ir bezvienibas Rosetta Remodel parametrs, kas kvalitativi apraksta
modela kopgjo stabilitati (6. B att.). P&c tam tika p&titas §is struktiiras, izmantojot molekularas
dinamikas 300 K, 350 K un 400 K simulacijas temperatura 100 ns simuléta laika perioda, un
novértéta So mutaciju vidgja kvadratiska novirze (RMSD) un vidgja kvadratiska svarstiba
(RMSF). Mutanti, kas bija labaki par X02C vismaz tris no ¢etriem parametriem (vidéja RMSD,
vidgja RMSF, medians RMSF un RMSF standarta novirze), tika izvéléti nakamajai molekularas

dinamikas simulaciju kartai (7. att.).
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7. att. RMSF analize pieaugosas temperatiiras. (A) RMSF parveidotajai X02C cilpai ka
funkcija no temperattras (T). Linearas regresijas analize nodro§inaja lenka koeficientu
(slipumu) RMSF pret T attiecibai. (B) Dazadu enzimu variantu lenka koeficients, mutanti ar

zemakajam vertibam (zala krasa) tika izveleti eksperimentalai validacijai.

Optimizgtie varianti tika eksperimentali ekspreséti, attiriti un biologiski raksturoti. Tika
parbaudita arT to katalitiska aktivitate pret glikétiem peptidiem un ex vivo glikétiem cilvéka
audiem. Starp tiem PnFPOX-A14 paradija ievérojami uzlabotu aktivitati, salidzinot ar
sakotngjo inzenierijas variantu X02C, Tpasi attieciba uz apjomigakiem substratiem. Jaatzime,
ka X02C saglabaja ierobezotu aktivitati pret pilna garuma glikétiem proteiniem, savukart
PnFPOX-A14 spgja tiesi atpazit un iedarboties uz neskartu HbA 1c, paradot uzlabotu substrata
pieejamibu un katalitisko veiktsp&ju. Sie rezultati apstiprinaja aprekinu dizaina stratégiju un
paradija PNFPOX-A14 ka uzlabotu platformu turpmakai inZenierijai diagnostikas un potencialu
terapeitisko lietojumu joma. Sie rezultati ir apkopoti zintniskaja raksta, kas pievienots 5.

pielikuma.
1.2 Enzimu ekspresija un attiriSana

Promocijas darba ietvaros tika izmantota rekombinanta DNS tehnologija, lai ekspresétu
visus enzimus Escherichia coli, galvenokart izmantojot BL21(DE3) prokariotiskas
olbaltumvielas un BL21(DE3) atvasinajumus, kas papildinati ar retam tRNA eikariotiskajam

olbaltumvielam, lai mazinatu kodonu novirzi, izmantojot ekspresijas vektoram atbilstoSu
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antibiotiku selekciju (ampicilinu, kanamicinu vai hloramfenikolu).?" % Pirms licla méroga
ekspresijas tika veikti maza méroga ekspresijas testi, kuros katrs mutants tika audzets dazadas
temperattiras un inducéts ar dazadam IPTG koncentracijam, lai identificétu optimalos apstaklus
maksimalai §kistoSo proteinu ekspresijai. P&c optimalo parametru noteikSanas proteinu
razoSana tika palielinata, parasti l1dz 4 litriem, un attiriSana tika veikta, izmantojot divpakapju
darba plismas AKTA $kidruma hromatogrifijas sistému (Cytiva). FPOX Klasei ekspresija
E. coli BL21 Star (DE3) 25 °C temperatara deva iznakumu no 10 mg/l lidz 30 mg/l, ar
vislielako iznakumu (30 mg/l) tika iegiits L3-35A. Vairaki FPOX mutanti, kam raksturigas
disulfida saites, tika ekspreséti no SHuffle T7 celma? 18 °C temperatiira, uzradot dazadus

razoSanas apjomus, sakot no zemas ekspresijas X01 (5 mg/l) Iidz salidzinoS$i augstiem

limeniem X02C (29 mg/l) (1. tab.).

1. tabula
Enzimu ekspresijas iznakumi
Enzims Ekspresijas Ekspresijas Ekspresijas $tinas
iznakums (mg/L) temperatiira (°C)
PNFPOX 10 25 BL21 Star (DE3)
L3-35A 30 25 BL21 Star (DE3)
D02 15 25 BL21 Star (DE3)
C16 12 25 BL21 Star (DE3)
X01 5 18 SHuffle T7 E
X02A 20 18 SHuffle T7 E
1. tabulas turpinajums
X04 10 18 SHuffle T7 E
X07 6 18 SHuffle T7 E
X02B 16 18 SHuffle T7 E
X02C 29 18 SHuffle T7 E

Pirmaja posma tika veikta imobiliz&ta metala afinitates hromatografija (IMAC), izmantojot
HisTrap 5 ml nikela kolonnu ar N terminalo Hiss afinitates markieri uz rekombinantajiem
proteiniem un imidazolu saturos$u buferi ka eluentu (8. A att.). Otraja posma proteini turpinati
attirit ar izméra izslégsanas hromatografiju (SEC), izmantojot HiPrep 26/60 Sephacryl S-200
kolonnu, kas nonéma agregatus, lava veikt bufera apmainu un nodro$indja enzimu
monodispersitati.?* Proteinu koncentracija tika mérita, izmantojot NanoDrop One
spektrofotometru (Thermo Fisher Scientific), molekularais svars un tiriba tika novértéta ar
SDS-PAGE ar Coomassie zilo krasojumu, kas nodro§indja uzticamu proteinu izméra un

viendabiguma apstiprinajumu®® (8. B att.). ST baktériju ekspresijas, indukcijas apstaklu
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optimizacijas un secigas IMAC un SEC attiriSanas kombinacija lava ieglit augstas tiribas
funkcionalus enzimus, kas pieméroti detalizétai biologiskai un strukturdlai raksturo$anai,

veidojot stabilu pamatu turpmakiem enzimu inZenierijas p&tijumiem.

A)  4000- B)
3000-
2 2000
£
1000-
c T 1 T 1
0 50 100 150 200

mi

8. att. A) Tipiska nikela afinitates hromatografijas (IMAC) hromatogramma (ho FPOX
fermenta X02C attiriSanas). Zila likne attélo UV absorbanci (A280), kas izmantota proteina

eluacijas uzraudzibai. B) FPOX fermenta-X02C elektroforézes aina.

1.3 Biofizikala raksturo$ana

Biofizikala raksturo$ana ir biitiska proteinu strukturalas integritates, stabilitates un
funkcionalitates noveértésanai, jo pareiza salociS$anas un molekulara integritate ir enzimatiskas
aktivitates priekSnoteikums. Tadas metodes ka cirkulara dihroisma (CD) spektroskopija,
diferenciala skengjosa fluorimetrija (DSF) un MALDI masspektrometrija sniedz papildu
informaciju par sekundaro struktiiru, termisko stabilitati un molekulmasu.?® CD spektroskopija
novérte sekundaro struktiiru, mérot cirkulari polarizétas gaismas diferencialo absorbciju —
talais ultravioletais spektrs dod informaciju par a-spiralém, B-lapam un nesakartotajiem
regioniem, savukart no temperatiiras atkarigie CD m&rijumi lauj izpé&tit termiskos izkliedéSanas
procesus.?’” DSF, izmantojot uz vidi reaggjosas krasvielas, pieméram, SYPRO Orange, méra
fluorescences izmainas proteinu struktiiras mainas laika un lauj noteikt kusanas temperatiiras
(Tm), un ta rezultata ir iespgjams kvantitativi salidzinat stabilitati dazados variantos, buferu
apstaklos vai liganda saistitos stavoklos.?® Saja pétijuma gan DSF, gan CD tika izmantoti, lai
salidzinamas absoltitas Tm vertibas, tadgjadi apstiprinot m&rijumu stabilitati. Rezultati liecina,
ka piemerota racionala dizaina stratégija efektivi uzlaboja references enzima L3-35A termisko
stabilitati (9. att.). D02 variants, kas satur divas papildu mutacijas (V110R un D115G), uzradija
kuSanas temperatiiras paaugstinasanos aptuveni par 1,5 °C, salidzinot ar sakotn&jo enzimu.

Turpmaka stabilizacija tika panakta, ievieSot plaSus virsmas ladinus un sals tiltinus mutacija
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C16, kas radija papildu Tm paaugstina$anos par aptuveni 1,5 °C, sasniedzot 55,2 °C (2. tab.).
Vienas disulfida saites ieklausana dazadas pozicijas L3-35A skeleta struktiora radija
ievérojamus uzlabojumus termiskaja stabilitate. Visas $Ts s€rijas variacijas — X01 (54,1 °C),
X02A (60,0 °C), X04 (55,2 °C) un X07 (55,3 °C) — uzradija ieverojami paaugstinatu kusanas
temperatiru, salidzinot ar sakotngjo enzimu (2. tab., 9. att.). Kopuma Sie rezultati liecina, ka
gan elektrostatiska optimizacija, gan disulfida saites inZenierija ir efektivas stratégijas FPOX
termiskas stabilitates uzlaboSanai, un apstiprina papildu biofizikalo metozu izmantoSanu

proteinu stabilizacijas rezultatu kvantitativai novertésanai.
2. tabula

References enzima (L3-35A) un ta mutaciju kusanas temperatiira*

Ferments Tm [°C] 2 Tm [°C]°
PnFPOX (WT) 53,2£ 0,2 53520,1
L3-35A 52,3+0,2 529+0,1
D02 53,1+0,5 548+0,1
C16 552+0,1 55,0+0,1
X01 541+0,1 54,2 +0,1
2. tabulas turpinajums
X02A 60,0+0,4 60,1+0,1
X04 55,2+0,3 55,0+0,1
X07 55,3+0,4 554+0,1
X02B 60,2+0,7 60,6 +0,1
X02C 64,0+0,2 63,3+0,1

* Temperatiira noteikta ar termiskas nobides analizi (a) un cirkularo dihroismu (b). Ka
atsauce ir noradita arT savvalas tipa fermenta (PNFPOX) kuSanas temperatira.
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9. att. Dazadu FPOX variantu Tp vertibu salidzinajums, kas izmérits ar cirkularo

dihroismu 222 nm diapazona no 5 °C lidz 95 °C.

1.4 Funkcionalais tests

Visu FPOX variantu enzimatiska aktivitate tika novertéta istabas temperatiira, kvantitativi
nosakot glikozona daudzumu, kas laika gaita atbrivojas no substrata, ievérojot ieprieks

izstradatas metodes® (10. att.).

Udens
Amadori produkts Sifa baze

Amadori produkts FADoks FADred
Glukozons

(Glikéta aminoskabe)

“ -

Odenraza peroksids Skabeklis

10. att. Amadoriazes I katalizétas aminoskabju deglikacijas reakcijas shéma (adaptéta no

Rigoldi u. ¢.*°).
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Absorbcijas pieaugums pie 322 nm (322 = 149,25 M cm™ glikozonam) nepartraukti tika
noteikts, izmantojot Infinite M1000 mikroplasu lasitaju (Tecan) 25 °C temperatiira. Katra
reakcijas maisfjuma (200 puL) sastava bija 20 mM Tris-HCI buferis, pH 7,4, kas satur&ja
20 mM o-feniléndiaminu un 2 mM attieciga substrata (fruktozillizina (fK), fruktozilvalina
(fV), fruktozil-valina-histidinu (fVH) vai heksapeptidu 1-dezoksifruktozil-Val-His-Leu-Thr-
Pro-Glu (F6P)). FPOX katalizé fruktozilsubstratu oksidé$anu, radot glikozonu ka reakcijas
produktu. OPD reagg ar glikozonu, veidojot hinoksalina atvasinajumu, kas absorbg pie 322 nm.
Péc 1 minites iepriek$€jas inkubacijas reakcijas maisifjumam tika pievienots enzims

koncentracija 0,04—1 mg/ml, atkariba no varianta aktivitates (3. tab.).

3. tabula

Enzimu specifiskas aktivitates (U/mg) uz dazadiem glik&tiem peptidu substratiem

salidzinajums
Enzims Specifiska aktivitate (U/mg)
fK v fVH F6P
PnFPOX 30,18 £ 0,67 29,67 +2,56 32,60+1,18 0,78 £0,09
AnFPOX-47 - - - 0,082 + 0,002
L3-35A 0,21 +0,02 0,16 + 0,04 - -
D02 0,30+0,03 0,32+0,01 - -
C16 ND ND - -
3. tabulas turpinajums
X01 ND ND - -
X02A 0,15+0,01 0,11+0,01 - -
X04 ND 0,13+0,01 - -
X07 - 0,08 +0,01 - -
X02B 2,24 0,07 32,50+ 0,44 0,87 +0,03 0,18 £0,06
X02C 1,06 + 0,01 17,95+ 2,46 1,62 + 0,02 0,43 +0,06

Testi tika veikti tris reizes. ND — nav konstatéts.

Viena enzima aktivitates vieniba (U) tika definéta ka enzima daudzums, kas noteiktos
analizes apstaklos 1 minfit€ katalizé 1 pmol glikozona veidoSanos, specifiska aktivitate tika
izteikta ka U mg™ enzima. Kin&tiskas konstantes (Vmax, Km, Keat Un Keat/Km) tika noteiktas ar
testiem, kas veikti ar dazadam substrata koncentracijam (0,05-10 mM fruktozilvalinam; 0,05—
1 mM heksapeptida substratam), izmantojot Michaelis-Menten vienadojuma nelinearo
regresijas analizi, ko papildingja Lineweaver-Burk diagrammas pielagojums. Visi dati

atspogulo vismaz divu neatkarigu eksperimentu vid€jos raditajus (4. tab.).
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4. tabula

Kingtiskie parametri savvalas tipa PNnFPOX un inZenierijas X02C enzimiem

Enzims Substrats Km Vmax kcat kca[ /Km
(mM) (mM/min) (s?) (mM1st)
PnFPOX 1A% 593+161 41,67 + 8,34 99,33 +£19,86 16,75
X02C 1AY 0,94 £ 0,06 10,56 + 0,56 20,83 +1,10 22,16
PnFPOX F6P 0,81+0,30 15,48 £1,20 36,83 £ 2,83 45,47
X02C F6P 0,03+0,01 0,26 £0,01 0,52 £0,02 17,22

Kinetiska analize paradija, ka inzenierijas variants X02C uzradija ievérojami zemaku K
(0,94 mM) neka savvalas tips PnFPOX (5,93 mM), liecinot par uzlabotu substrata afinitati. Lai
gan Kcat nedaudz samazinajas, katalitiska efektivitate (Kca/Km) palika salidzinama vai
uzlabojas, uzsverot kompromisu starp substrata saistiS8anos un reakcijas atrumu, ko biezi tiek

novérota enzimu inZenierija (3. tab.).

1.5 Rentgena kristalografija

Rentgena kristalografija tika izmantota, lai noteiktu inZenierijas fruktozilpeptida oksidazes
(FPOX) variantu trisdimensiju struktiiras, sniedzot atomara ITmena ieskatu to strukturalaja
organizacija, katalitiskaja arhitektiira un stabiliz&josajas ipasibas. Difrakcijai pieméroti kristali
tika iegati, izmantojot tvaika diftizijas metodes optimiz&tos supersaturacijas apstaklos.
Augstas iz8kirtspgjas difrakcijas dati tika ievakti sinhronizacijas avota, kas lava precizi noteikt
un precizét struktiru, 33

Struktiiras analize atklaja galvenas iezImes, kas ir enzimu stabilitates, substrata pieejamibas
un Kkatalitiskas efektivitates pamata. Vairaki inzenierijas FPOX varianti tika veiksmigi
atrisinati un iesniegti proteinu datu banka, tostarp X02B (PDB ID: 8BJY), D02 (8BLZ), X02A
(8BLX) un X04 (8BMU). Sis struktiiras sniedz detalizétu strukturalo pamatu, lai izprastu
racionali ieviesto mutaciju ietekmi, un apstiprina to nozimi FPOX enzimu stabilitates un

veiktsp€jas uzlabosana (11. att.).
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X02B D02 X02A X04

11. att. A) FPOX variantu kristali. B) X02A (PDB: 8BLX) elektronu blivuma karte, kas
parada disulfida saites veidoSanos starp cisteniem 48 un 301.

1.6 Struktiiras un funkcijas korelacijas analize

Rentgena kristalografiska struktiira skaidri parada saikni starp molekularo arhitektiiru un
protetna funkcionalajam ipaS§ibam. Augstas izSkirtsp&jas modelis atklaj labi defin&tus
sekundaros un terciaros elementus, kas veido stabilu struktiiru, kas atbalsta aktivas vietas
organizaciju un substrata saistiSanos. Galvenie atlikumi ir precizi novietoti, lai nodroSinatu
katalizi vai liganda mijiedarbibu, kas atbilst biokimiskajiem noverojumiem. Struktiiras
patnibas, piemé&ram, tidenraza saites, hidrofobie kontakti un elektrostatiskas mijiedarbibas, vél
vairak veicina substrata specifiskumu un stabilitati. Visos promocijas darba izstrades gaita
veiktajos enzimu pétijumos detaliz&ta kristalografiska analize ir bijusi centrala, lai izprastu, ka
trisdimensiju struktiira regulé biologisko funkciju un katalitisko mehanismu. FPOX enzimu
gadijuma tika noveérots, ka visas kop&jas RMSD veértibas starp mutantiem un savvalas tipa
PnFPOX (PDB S5T1E) bija 1,8 A robezas, noradot, ka kopgja struktiira liela méra paliek

nemainiga (5. tab.).

5. tabula

Aprekinatas RMSD vertibas starp WT fermentu PNnFPOX un dazadiem mutantiem, ka arl
tunela geometrija

Ferments RMSD Tunela Saurakas Tunela garums
[A] vietas radiuss [A] [A]

PnFPOX - 2,2 13,3

L3-35A 18 3,7 6,4

D02 1,4 2,9 11,7

X02A 1,7 31 9,4

X04 18 3,0 10,9

X02B 15 3,0 10,2

Salidzinot katalitisko vietu veidojoSos atlikumus (W235, E278, G372, R415), tika
konstatgts, ka to orientacija ir saglabajusies visos variantos (12. att.). Sie atlikumi, kas ir loti

konservativi FPOX enzimos, ir atbildigi par substrata cukura dalas saistisanu. Tapéc variantu
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katalitiskas aktivitates atskiribas, visticamak, nav saistitas ar izmainam katalttiskas struktiiras

geometrija, bet gan ar smalkakam izmainam ap substrata tuneli.

12. att. Attiecigo FPOX enzimu strukturalais salidzinajums: PNFPOX (zal§), AnFPOX-47
(roza) un X02B (violets). FSA inhibitors att€lots dzeltena krasa. (a) Kopgja strukturala
saskanotiba neuzrada nozimigas atSkiribas starp enzimiem, iznemot ieejas tuneli. (b)

Katalitiskas vietas pozicija ir loti konservativa.

Tika novérots, ka mutacijas galvenokart ictekmé tunela izklajuma atlieku geometriju un
dinamisko uzvedibu. Savvalas tipa enzimam ir Saurs un pagarinats tunelis (Sauraka vieta —
22 A, garums — 13,3 A), kas, visticamak, ierobeZo piekluvi lielakiem substratiem, vienlaikus
stabiliz&jot mazakus. Turpretim L3-35A variants ir daudz plataks un Tsaks tunelis (attiecigi 3,7
A un 6,4 A), savukart X02B mutants ir ar vidéju geometriju (3,0 A, 10,2 A). Sis strukturalas
at8kiribas liecina, ka mutagéze ir mainijusi ne tikai tunela statiskos izm&rus, bet arT apkartgjo

atlikumu korel&to elastibu, tadgjadi ietekmgjot substrata piecejamibu un stabilizaciju.
1.7 Pasreiz€jie virzieni un nakotnes iesp€jas

Balstoties inzenierijas FPOX variantos, pasreiz tiek stradats, lai integrétu $os optimizétos
enzimus jutigas biosensoros platformas HbA 1¢ noteikSanai (5. pielikums). Pasreizgjie centieni
ir versti uz kolorimetrisko un elektrokimisko sensoru formatu izstradi, enzimu imobilizacijas
un signala parraides uzlaboSanu, ka arT veiktsp&jas novert€Sanu ar kltiski nozimigiem
paraugiem. FPOX bazes sensori tiek izstradati, lai nodrosinatu tieSu, atru un rentablu glikéto

proteinu merisanu.
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2. PETéazes enzimi

Plastmasas piesarnojums ir biitiska vides probléma, un polietiléntereftalats (PET) ir viens
no visplasak izmantotajiem un noturigakajiem plastmasas veidiem. Ta izturiba pret ktmisko un
biologisko sadali$anos ir izraisijusi ta plasu uzkraSanos atkritumu poligonos un dabiskajas
ekosist€émas, savukart tradicionalas apglabasanas metodes, pieméram, sadedzinaSana un
mehaniska parstrade, joprojam ir neefektivas vai kaitigas videi. PETazes atklasana, kas ir
enzims, kas sp&j depolimerizét PET mazakos biologiski noardamos produktos, ir nozimigs
biotehnologisks sasniegums un daudzsolo$a biologiska pieeja plastmasas piesarnojuma

mazinasanai®* % (13. att.).

Polihidroksialkanoati (PHA)
W Polibutiléna sukcinats (PBS)
~_ Polibutiléna adipata tereftalats (PBAT) [l
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13. att. Galveno plastmasas poliméru razo$ana pasaulé un biologiski raksturotu savvalas

tipa depolimerazu pieejamiba.*®

Nesenie petfjumi liecina, ka noteikti mikroorganismi var razot hidrolitiskos enzimus, kas
sp€j sadalit un metabolizét PET. Lidz Sim pétnieki ir izol&jusi un identificgjusi dazadus PET
sadaloSos enzimus, galvenokart esterazes, lipazes, hidrolazes un kutinazes. PET sadaloSie
proteini tika nosaukti par PETazem, un tam ir pieskirts Enzimu komisijas numurs EC 3.1.1.101.
2016. gada no PET piesarnotas parstrades vietas Japana, kas izmanto PET ka galveno oglekla
un energijas avotu, tika izolGta baktérija Ideonella sakaiensis, kurai ir unikala sp&ja starp
zinamajiem mikroorganismiem. Enzims PETaze lauj bakt€rijai hidrolizét PET poliméra esosas
estera saites, razojot mazakas molekulas, pieméram, mono(2-hidroksietil)tereftalatu (MHET),
tereftalskabi (TPA) un etilenglikolu (EG)*" % (14. att.).
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14. att. PET depolimerizacijas shema: PETaze katalizé PET depolimerizaciju lidz bis(2-
hidroksietil)tereftalatam (BHET), mono(2-hidroksietil)tereftalatam (MHET) un tereftalskabei
(TPA). MHET4aze parvers MHET monoméros — tereftalskabé TPA un etilénglikola EG.

Sie sadali$anas produkti ir mazak kaitigi videi un turpmak var tikt metaboliz&ti ar bakt&riju
palidzibu vai izmantoti riipnieciskos parstrades procesos. Struktiiras zina PETaze pieder pie
hidrolazu cutinazu saimes, kas ir enzimi, kas parasti sadala dabiskos poliesterus, pieméram,
kutinu un vaskus, kas atrodama augu kutikulas. PETazei piemit $is evoliicijas mantojums, bet
ta ir pielagojusies atpazit un iedarboties uz sintétisko PET. Tas aktiva vieta satur galvenos
aminoskabju atlikumus, kas veicina esteru saiSu hidrolizi, laujot sadalit garas poliméru k&des
mazakos fragmentos. STs strukturalas pasibas ir bijusas izskirosas centienos izstradat PETazes

variantus ar uzlabotu aktivitati, stabilitati un termisko izturtbu.3% 4°

Kops PET depolimerizgjoso enzimu atklasanas enzimatiska PET parstrade tiek uzskatita
par daudzsolo$u plastmasas atkritumu apstrades metodi, jo Tpasi saistiba ar aprites ekonomikas
stratégiju.*! Fermentativa parstrade piedava videi draudzigu alternativu kimiskajam metodém,
parvérsot PET ta monoméros, KO var atkartoti izmantot jaunu plastmasas izstradajumu sintézei.
Tomer I1dz Sim izstradatajiem PET sadaloSajiem enzimiem ir vairakas problémas, kas ierobezo
to izmantoSanu ripnieciba. Lidz Sim PET rupnieciskas enzimu parstrades izmaksas ir
ievérojami augstakas neka jauna PET razoSanas izmaksas, jo pastav vairaki ierobezojumi, kas
saistiti ar paslaik pieejamajam PETazém.*? Lai gan riipnieciska ievieSana ir pieradita,

pieméram, Francijas uzpnémuma “Carbios”, daudzam PETazes joprojam piemit zema
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termostabilitate, ierobezota katalitiska efektivitate un degradacijas starpproduktu izsaukta
PETazes inhibicija, kas padara liela méroga PET parstradi nepraktisku.*>** Lai parvarétu $os
ierobezojumus, promocijas darbs ir vérsts uz PETazes enzimu inZenierijas izstradi, izmantojot
progresivas racionalas projektéSanas stratégijas, lai izstradatu efektivu variantu ripnieciskai
PET enzimu degradacijai. Darba izstrades gaita tika modificéts pasreizgjais PET hidroliz&joso
enzimu zelta standarts [ICCG variantu lapu un zaru komposta kutinazes (LCC-ICCG)],
izmantojot in silico proteinu projektésanas metodes, lai izstradatu PET hidroliz&jo$u enzimu,

kam ir uzlabota termiska stabilitate un PET depolimerizacijas aktivitate.
2.1. InZenierijas LCC-ICCG PETazes fermenta izstrade

Lapu un zaru komposta kutinaze (LCC) ir loti efektiva, dabigi sastopama PETaze, tas
kusanas temperatiira (Tm) ir 84,7 °C.* 2020. gada Tournier u. c. to talak modificgja, lai raditu
ICCG (LCC-ICCQG) variantu, kas sasniedz Tm vértibas 91,7-94,0 °C un paslaik tiek uzskatits
par zelta standartu PETazu joma.*> 46 Neskatoties uz 3o izcilo stabilitati, LCC plagais sekvenéu
telpas diapazons piedava ievérojamu potencialu turpmakai optimizacijai. Balstoties uz LCC-
ICCG skeletu, tika sakta stabilaka un aktivaka PETazes izstrade, vadoties no hipotézes, ka

uzlabota termiska stabilitate korel€ ar uzlabotu ekspresiju un katalitisko veiktsp&ju.

2.1.1. Racionala inZenierija

In silico enzimu inZenierija tika iesakta no LCC-ICCG varianta, stabilizéta lapu un zaru
komposta kutinazes atvasinajuma, kas satur Cetras mutacijas (F243l, Y127G, S283C un
D238C), tostarp papildu disulfida saiti un 165. pozicija atjaunotu katalitisku serina atlikumu.
46,4547 Atlikumi 5 A attaluma no aktivas vietas tika izslégti no mutagézes, lai saglabatu
katalitisko funkciju. Lai raditu stabiliz&joSas variacijas, tika piem@rotas trs papildinoSas
aprekinu stratégijas: Rosetta Supercharge’®, PROSS* un Disulfide-by-Design®. Rosetta
Supercharge pieeja uzlabo proteina stabilitati, palielinot virsmas hidrofilitati, kas parasti ir
saistita ar uzlabotu strukturalo izturibu. Plasi izmantota un vienkar$a stabilizacijas stratégija ir
viena vai vairaku disulfida saiSu ievie§ana, kas var nostiprinat proteina mugurkaulu un uzlabot
stabilitati®®. Papildu stabilizacijas pieejas mérkis ir paplasinat iekmolekularo fidenraza saidu
tiklus, ieviest stabiliz&josas sals tiltinus vai uzlabot hidrofobisko kodolu iepakojumu, ka tas ir
istenots PROSS*. Sis pieejas deva attiecigi 1000, 9 un 125 kandidatu variantus, no kuriem tika
atlasitas apakSkopas ar vislabvéligakajiem rezultatiem (C01-C10, P01-P09 un X01-X10).
Visas 29 atlasitas variacijas tika paklautas 1 us molekularas dinamikas simulacijam eksplicita

$kidinataja un klasificétas, pamatojoties uz RMSF atvasinatiem stabilitates raditajiem. ST atlase
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identificgja sesus vislabakos kandidatus — C08, C09, P06, P08, X05 un X09, kas tika atlasiti
eksperimentalai ekspresijai un raksturoSanai, pamatojoties uz to prognozéto uzlaboto

strukturalo stabilitati (15. att.).
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15. att. Sekvencu salidzinajums. Savvalas tipa LCC fermenta (Uniprot ID G9BY57),
ICCG varianta, ko izstradaja Tournier et al.,*8 un aja darba izstradato inZenierijas fermentu
(C08, C09, P06, P08, X05, X09) sekvencu salidzinajums. Saskanosana veikta ar Clustal

Omega, grafiskais attelojums iegiits, izmantojot ESPrit 3 timekla serveri®t

2.1.2. Fermentu ekspresija un attirisana

Izvéletie enzimu kandidati tika ekspreséti E. coli un attiriti, izmantojot nikela afinitates
hromatografiju (IMAC) un izmera izslégSanas hromatografiju (SEC) (16. att.). PETaze
enzimiem efektivs izradijas BL21 Star (DE3) 18 °C temperatiira ar iznakumu no 12 mg/l Iidz
22 mg/1. No tiem variants X09 ekspresgja vislielako daudzumu (22 mg/1), PO8 — vismazako (12
mg/l).
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16. att. Tipiskas hromatogrammas no C09 enzima attiriSanas, kas parada (A) nikela

afinitates hromatografiju (IMAC) un (B) izmgra izslég$anas hromatografiju (SEC). Zila likne

att€lo UV absorbanci (A280), kas izmantota proteina eluacijas uzraudzibai.

2.1.3. Biofizikala raksturoSana

P&c moficéto enzimu izdaliSanas tika parbaudita seSu inZenierijas variantu sekundara
strukttira (17. att.) un termiska stabilitate (18. att.). Tika atklats, ka C09 (Tm = 97,1 °C) un X05
(Tm=96,9 °C) variantiem ir augstaka Tm neka references LCC-ICCG (Tm =93,6 °C). X09
(Tm = 93,8 °C) variants uzrada lidzigu termisko stabilitati ka LCC-ICCG (17. att.). PO6 un P08

kuSanas temperattira netika noteikta, jo to enzimatiska aktivitate iepriek$&jos eksperimentos

bija nieciga, bet CO8 gadijuma nebija iesp&jams ieglt uzticamu rezultatu.
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17. att. Sekundaras struktiiras merfjumi ar cirkularo dihroismu. A) Dazadu enzimu
spriegumu atkariba no vilpa garumu. B) Dazadu enzimu eliptiskumu atkariba no vilpa

garuma.
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18. att. Tipiskas kuSanas ltknes. Katrs attéls parada tipisku kuSanas likni, kas meérita ar
cirkularo dihroismu 222 nm diapazona no 20 °C lidz 120 °C atbilstoSajam paraugam; melnie

punkti attélo eksperimentalos datus, nepartraukta Iinija norada pielagoto Iikni.

2.1.4. Funkcionalais tests

Polietilentereftalata (PET) fermentativa hidrolize tika novert€ta, kvantitativi nosakot
galveno depolimerizacijas produktu veidoSanos — bis(hidroksietil)tereftalatu (BHET),
mono(hidroksietil)tereftalatu (MHET), tereftalskabi (TPA) un etilénglikolu (EG), izmantojot
apgrieztas fazes HPLC. Reakcijas tika veiktas 68 °C temperatiira ar 40 nM enzima klatbiitné
20 mM Tris-HCI buferskiduma (pH 8,0), kas satur 300 mM NaCl. Amorfas PET pléves
(biezums — 250 um, Goodfellow, USA) tika izgrieztas 6 mm diskos (~8,4 mg) un inkub&tas
atseviski 2 ml mikrocentrifligas mégenés. Visi testi tika veikti piecas reizes, lai nodroSinatu
reproduc€jamibu. Produkta kvantitativa noteikSana tika veikta, izmantojot Shimadzu LC-
2030C 3D Plus sistému, kas aprikota ar Kinetex C18 kolonnu (2,7 um, 4,6 mm x 150 mm)
40 °C temperatiira, plismas atrum — 1 ml min™. Mobila faze sastavgja no 0,1 % HsPO4 (A) un

acetonitrila (B) ar linearu gradientu. Alikvoti tika savakti dazados laika punktos (0-144 h),
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atbilstosi atSkaiditi (21 reizi 0—72 h, 101 reizi 96-144 h) un analiz&ti pie 220 nm. Kalibré$anas
liknes TPA un MHET (0,1-50 pg ml™") un BHET (0,09-43,9 pug ml™) lava precizi kvantificet

produkta veidoSanos.

TPA un MHET uzkrasanas laika gaita atspoguloja pakapenisku PET hidrolizi. No
test€tajiem variantiem dazi uzradija paaugstinatu degradacijas atrumu, salidzinot ar savvalas
tipa PETazi, kas labi korel&ja ar uzlaboto termostabilitati un saloci$anas Ipasibam, kas noteiktas

biofizikalaja raksturojuma.
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19. att. Dazadu enzimu ietekme uz polietiléntereftalata (PET) depolimerizaciju.
(A) Tereftalskabes (TPA) veido$anas laika gaita 68 °C temperatiira (LCC-ICCG — C09 —
X05 — X09 — C08 40 n M, pH 8,0). (B) TPA veidosanas 68 °C temperattra pec ¢etram

stundam un p&c 144 stundam.

Rezultati liecina, ka 68 °C temperattura videéja TPA koncentracija dazados laika punktos
ir ievérojami augstaka C09 mutacijai neka ICCG lidz sestajai dienai (144 h). Turklat C09
specifiska aktivitate ir arf ievérojami augstaka (= 2 reizes) neka zelta standartam LCC-ICCG

taja pasa laika perioda (19. att.).

2.1.5. Rentgena kristalografija

CO09 varianta kristali tika iegiti ar tvaika diftiziju 0,1 M natrija citrata pH 5,6, 20 % PEG
4000 un 20 % izopropanola vid€, un dati tika savakti péc krioprotektivas apstrades ar 25 %
glicerinu. Rezultdta iegfita struktiira, kas tika precizéta lidz 1,28 A izskirtspgjai, sniedza

atomaras detalas par inZenierijas cela raditajam stabiliz€joSajam mutacijam.

C09 enzims satur 13 aizvietojumus, salidzinot ar savvalas tipa LCC, tostarp papildu ladétus

atlikumus (pieméram, S36D, Q40R, S57K), kas stratégiski izvietoti uz virsmas. Neskatoties uz
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$1m plasajam modifikacijam, kristalografiska analize neuzradija nozimigas novirzes salociSana
(RMSD 0,26 A, salidzinot ar WT; 0,15 A, salidzinot ar LCC-ICCG). Katalitiska triade (D210,
H242, S265) saglabaja savu kanonisko geometriju, apstiprinot, ka struktiiras integritate ir

saglabata (24. att.).

Strukttras salidzinajums un RMSF simulacijas paradija, ka C09 uzrada samazinatu lokalo
elastibu, Tpasi ap katalitisko His242, kas izskaidro varianta izcilo termisko izturibu (Tm > 95 °C)
un divkart augstaku PET degradacijas efektivitati, salidzinot ar LCC-ICCG. Autore uzskata, ka
papildu virsmas ladini stabilizé virsmai paklautas cilpas un nover$ katalitiskas vietas
atkartoSanos ilgstoSas augstas temperatiiras katalizes laika. Tadgjadi, lai gan katalitiska
arhitekttira paliek nemainiga, dinamiska stabilizacija, izmantojot racionalu dizainu, Skiet, ir

galvenais faktors, kas nosaka C09 uzlaboto veiktspgju (20. att.).

(B)

(©) Lecwiatpe e con

RMSF (4)

RUSF (4)

20. attéls. (A) PETazes enzimu struktiiras salidzinajums: savvalas tips LCC (zala krasa),
ICCG variants (ciankrasas) un C09 variants (roza krasa). Kopgja struktiiras salidzinajuma
nav redzamas nozimigas atkiribas starp enzimiem, tostarp katalitiskas triades pozicija un

orientacija. (B) mutaciju (stieni) pozicija ICCG (ciankrasa) un C09 (roza krasa) attieciba pret
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katalitisko vietu (roza stieni). (C) LCC, LCC-ICCG un C09 vidgja kvadratiska svarstibu
amplittidas (RMSF) salidzinajums dazadas temperattras (310 K, 350 K un 400 K).

2.2 Jaunas PETazes SM14 raksturojums

Lai gan fermentativa PET sadaliSanas ir kluvusi par daudzsolosu ilgtsp&jigu alternativu
tradicionalajam parstrades metodém, lielaka dala pazistamo PET sadaliSanas fermentu uzrada
ierobezotu katalitisko efektivitati un Sauru darbibas diapazonu, jo Tpasi vides apstaklos. Sis
ierobezojums ir Ipasi kritisks jiiras piesarnojuma konteksta, kur lielos daudzumos uzkrajas un
saglabajas PET, jo tur ir augsts salums, zema temperatira un trikst efektivu dabisko
sadaliSanas procesu. Saja konteksta tika raksturots jauns PET sadaloss ferments, kas izdalits no
pie jiiras siikliem saistitas bakterijas Streptomyces sp. SM14 (PETase SM14). Sis projekts tick
istenots sadarbiba ar prof. Giulia Di Rocco no Modenas un Reggio Emilia Universitates

(Italija), kur tika veikta dala no projekta.
2.2.1. Enzima ekspresija un attiriSana

Géns, kas kodé nobrieduSsu PETazi SM14 no Streptomyces sp. SM14, tika klonéts
pLATES52 vektora, izmantojot ligacijas neatkarigu klonéSanu, un ekspreséts E. coli BL21
(DE3). Proteina ekspresija tika induc@ta ar IPTG, p&c tam sekoja $tinu lize un attiriSana ar
nikela afinitates hromatografiju, izmantojot HisTrap HP kolonnu. PETaze SM14 tika eluéta ar
imidazola gradientu, un tika savaktas frakcijas ar augstako proteina koncentraciju, hosakot to

ar UV absorbciju pie 280 nm un pamatojoties uz ta aprékinatajam molekularam tpasibam.
2.2.2. Biofizikala raksturoSana

Talas UV CD spektroskopija tika izmantota, lai novertetu PETazes SM14 sekundaras
struktiras saturu un salidzinatu tas salociSanos ar references PETazi no ldeonella
sakaiensis.®® % CD spektri paradija labi definétas minimalas vértibas aptuveni pie 208 nm un
222 nm, kas ir raksturigas o/B-hidrolazes salocljumam, kura domin€ o-spirales un B-lapu
elementi. (18. att.) PETazes SM14 spektralais profils loti lidzinajas I. sakaiensis PETazes
spektralam profilam, noradot, ka enzims saglaba Iidzigu kopg&jo sekundaro struktiiru,
neskatoties uz sekvences atskiribam. Dati apstiprina pareizu proteina saloci$anos un atbilstibu

PETazes SM 14 struktiirai, kas noteikta ar rentgenkristalografijas metodi.

Termiskas denaturacijas eksperimenti, kas tika kontrol&ti, m&rot eliptiskumu 222 nm ka

funkciju no temperatiras, noteica PETazes SM14 kuSanas temperatiiru (Tm) 56,3 °C, kas
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liecina par ievérojamu termisko stabilitati. Salidzinajuma ar Ideonella sakaiensis PETase T
tika noteikta 45,0 °C, kas liecina, ka SM14 ir vairak neka par 10 °C termiski stabilaka (21. att.).
Sis Tm picaugums liecina par uzlabotu struktiiras stingribu vai uzlabotam icksmolekularam

mijiedarbibam PETazé SM14, kas, visticamak, veicina tas izturibu vides apstaklos. Atverta

pareja liecinaja par labi salocTtu monomeru proteinu.
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21. att. Cirkulara dichroisma (CD) analize, lai noteiktu fermenta sekundaro strukttiru (A)

un enzima termostabilitati (B).

ProteTna termiska stabilitate tika novertéta, izmantojot ari diferencialo sken&Sanas
fluorimetriju (DSF) ar SYPRO Orange krasvielu (Thermo Fisher Scientific) uz 7500 Real-Time
PCR sisteémas (Applied Biosystems). Katra reakcija saturéja 5 uM fermentu un 5x krasvielu
analiz&jamaja tilpuma 25 pL, kas tika sagatavots, sajaucot vienadus fermenta skiduma (10 uM)
un 10x krasvielas (atSkaidita no 5000x stamndartskiduma) tilpumus atbilstoSaja proteina
buferskiduma. Fluorescence tika novérota temperatiiras paaugstinasanas laika no 15 °C lidz
95,3 °C, kuSanas temperatiiras (Tm) tika noteiktas no denaturacijas Iiknu infleksijas punktiem.
Lai novertetu stabilitati dazados fizikali kimiskajos apstaklos, tika veikti testi pH diapazona no
6,0 11dz 9,0 un NaCl koncentracijas no 100 Mm lidz 700 Mm (22. att.). pH izmainas minimali
ietekm@ja Tm, kas palika salidzino$i nemainiga, savukart NaCl koncentracijas palielina$ana lidz

700 mM Tris buferskiduma (pH 8,0) neizraisija proteina struktiiras izmainas. Sie rezultati

liecina, ka enzims saglaba augstu strukturalo stabilitati plasa sals koncentracijas un pH vertibu

diapazona.
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22. att. PETase SM14 kusanas temperatiiras izmainas dazados bufer$kidumos, kas

noteiktas ar SYPRO Orange temperatiras atkarigo fluorescences izmainu palidzibu.

MALDI masspektrometrija nodro§ina precizu molekulmasas noteikSanu un sekvences
verifikaciju, laujot noteikt degradaciju, pectranslacijas modifikacijas un apstiprinat ekspresijas
produktus®®, MALDI-TOF masspektrometrija tika izmantota, lai apstiprinatu attirita PETazes

SM14 fermenta molekulmasu un sekvences integritati.

MerTjumi tika registréti ar FLEX-PC autoflex TOF/TOF (Bruker). Datu ieguves reZims bija
linears, polaritates spriegums POS. Uzpémumu skaits bija 500. Tika sajaukti proteins un

skabenskabe (viens paraugs ar 1 pL un viens ar 0,5 uL). Viens piliens §1 $kiduma tika sajaukts

ar matricu SA (sinapinskabe), laujot tai sacietét. Proteina koncentracija bija 10 mg/ml.

Eksperimentala molekulmasa (aptuveni 28 kDa) precizi atbilda teorétiskajai masai, kas
aprékinata no aminoskabju secibas (23. att.), apstiprinot veiksmigu neizmainita proteina
ekspresiju un attiriSanu. Netika noverotas proteolitiskas sadaliSanas, saisinasanas vai
péctranslacijas modifikacijas pazimes. Masas precizitate (£0,1 kDa) un nozimigu
piemaisijumu piku neesamiba apstiprinaja parauga, kas iegiits péc divpakapju

hromatografiskas attiriSanas, augsto tiribu.
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23. att. PETazes SM14 MALDI-TOF analize. ST vértiba tika iegiita ar 5 mg/ml proteina

koncentraciju, atskaiditu ar 50 % TFA un sinapinskabi (SA) ka matricu.

Turklat peptida masas nospiedums péc triptona hidrolizes apstiprinaja sekvences

parklajumu virs 90 %, apstiprinot, ka ekspres€tais produkts precizi atbilst paredzgtajam

PETazes SM14 konstruktam (24. att.). Saskana starp sagaidamo un novéroto masu vél vairak

apstiprinaja strukturalos datus, kas iegtiti CD un DSF analizés, kopuma apstiprinot, ka PETaze

SM14 ir stabils, pareizi salocits un strukturali neskarts enzims.
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24. att. MS/MS spektri (100-1200 m/z), kas iegtiti no PETase SM 14 joslas péc

attiriSanas, ekstrah@ti un hidroliz&ti ar tripsinu un analizéti ar ESI-MS/MS spektrometriju.

Sekvences parklajums 95 %.
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2.2.3. Funkcionalais tests

PETazes SM14 enzimatiska aktivitate tika novértéta, izmantojot PET pe&cparstrades
plastmasu (PCP) kontrol&tos reakcijas apstaklos, mainot galvenos parametrus, tostarp pH,
temperatiru un NaCl koncentraciju. PETase SM14 efektivi sadalija PCP, atbrivojot
tereftalskabi (TPA), kas kvantitativi noteikta ar HPLC, un optimala aktivitate tika novérota pie
pH 9,0. TPA iznakums palielinajas aptuveni 10 reizes baziskos apstaklos un bija liela méra
neatkariga no temperatiiras starp 40 °C un 50 °C. Enzimatiska aktivitate tika ievérojami
pastiprinata ar salumu, paradot vairak neka 100 reizes palielinatu TPA atbrivosanu NaCl

klatbttng, ar optimalo koncentraciju pie apméram 900 mM.

2.2.4. Rentgena kristalografija

Promocijas darba izstrades gaita tika noteikta PETazes SM14 augstas iz8kirtsp&jas kristala
strukttira no Streptomyces sugas, kas izol&ta no jiras stikla. Enzima kristali bez markiera tika
audz@ti, izmantojot tvaika diftizijas metodi, un difraktsti Iidz 1,43 A iz8kirtsp&jai Diamond
Light Source 103 staru linija Oksforda, Apvienotaja Karaliste. Struktiira tika atrisinata,
izmantojot molekularo aizstasanu, ka mekl&Sanas $ablonu izmantojot AlphaFold prognozéto

modeli, kam sekoja iterativa manuala precizéiana Coot> un automatizéti cikli REFMAC5%,

PETazes SM14 struktiira uzradija klasisko o/B-hidrolazes locijumu ar konservétu Ser—His—
Asp katalitisko triadi, kas atradas sekla substrata saistiSanas plaisa. Struktiiras superpozicija ar
Ideonella sakaiensis PETaze (IsPETaze) un poliestera hidrolazi (PE-H) (25. att.) atklaja augstu
struktiiras konservativumu ar RMSD 0,69 A (IsPETaze) un 0,81 A (PE-H). Katalitiskie atlikumi

precizi saskanojas, apstiprinot kopigu serina hidrolazes mehanismu.
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25. att. PETazes SM14 (gaisi zila krasa), IsPETazes (PDB kods 61LW, gaisi zala krasa)
un PE-H no P. aestusnigri (PDB kods: 6SBN, gaisi roza krasa) strukttiras salidzinajums, kas

veikts, izmantojot PyMOL.

Jaatzime, ka SM14 izradija izteiktas cilpas konformacijas blakus aktivajai vietai, kas
saSauringja katalitisko kabatu, salidzinot ar IsPETazi. ST neliela aizvérSanas var nodro§inat
uzlabotu substrata saistiSanos un palielinatu stingribu, kas atbilst enzima augstajai kuSanas
temperatiirai (Tm 56,3 °C) un izteiktajai sals toleranci Iidz 1,5 M NaCl. Elektrostatiskas virsmas
analizes liecinaja par mazak polarizetu un vienmérigak sadalitu 1adina potencialu, salidzinot ar
IsPETazi (pl 6,67 pret 9,41), kas potenciali stabilizé proteinu jiiras vai sarmaina vidé. Kopuma
§1s Tpasibas liecina, ka PETaze SM 14 ir attistijusies, lai nodro$inatu katalitisko noturibu augsta

saluma un viegli termofTlos apstaklos, kas ir daudzsolo$a pielagoSanas PET sadaliSanai vide.

2.2.5. Struktiiras un funkcijas korelacijas analize

Promocijas darba izstrades gaita detalizéti tika pétita PETazes SM 14 struktira, lai izprastu
jonu stipruma ietekmi uz PETazes fermentiem. Lai padzilinati izpétitu korelétas elastibas
ietekmi uz enzimu adaptaciju, tika apvienotas molekularas dinamikas (MD) simulacijas ar in
vitro enzimu testiem uz IsPETazi (no ldeonella sakaiensis) un PETazi SM14. Mérkis bija
noteikt, ka lokalas kustibas un dinamiska saistiba ietekmg katalitisko efektivitati dazadas jonu
vides. IsPETaze, ko izdalija Ideonella Sakaiensis 201-f6, un PETaze SM14, ko izdalija juras
stklis Streptomyces sp. SM14, raksturo vienads katalitiskais skelets, tomer ir attistijusas
batiskas atikiribas, lai katrs enzims pielagotos savai dabiskajai videi. Saja pétijuma veiktie
PET pulvera sadaliSanas aktivitates testi un literatlira atrodamie pieradijumi liecina, ka NaCl
koncentracija pozitivi ietekm& PETazes SM14 aktivitati, kas atbilst tas hipersalajai jiiras
izcelsmei, bet negativi ietekm& IsPETazi. Lidz §im Sis fenomens ir noverots, izmantojot
analttiskas metodes, pieméram, HPLC, SEM un AFM, kas neizskaidro So efektu strukturalo

pamatu.

Lai novérstu $o nepilnibu, tika izmantota molekulara modelésana un MD simulacijas, lai
veiktu detalizétu strukturalo salidzinajumu un molekulara limena izskaidrojumu eksperimenta
novérotajam atskiribam starp diviem homologiskiem plastmasas sadalisanas enzimiem. No 500
ns garam MD simulacijam iegiitie rezultati liecina, ka ISPETazes saisti$anas vieta ir ievérojami
plataka un elastigaka neka PETazeé SM 14 atrasta saistiSanas vieta, ko apstiprina lielaki vidgjie

atlieku attalumi un atvértaka elektrostatiska virsma (26. att.). So inaktivaciju galvenokart
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izraisa konformacijas parkartoSanas, kas saistita ar atlieku W159 apgrieSanu, kas izspiez
katalitisko histidinu (H237) no serina (S160), traucgjot aktivas vietas geometriju. Pretstata
PETaze SM14 saglabdja stingraku struktiiru, kas augsta sals satura apstaklos piedzivoja
nelielas, bet labvéligas konformacijas izmainas. Sis smalkas parkarto$anas veicindja aktivas
vietas hidrataciju, un papildu fidens molekulas atviegloja substrata mijiedarbibu un uzturgja

katalitisko efektivitati.

(a) PETaseSM14 150 mM IsPETase 150 mM

pl=6,34
—2 =¥
[kT/e]

PETaseSM14 900 mM

(b)

(C) PETaseSM14 150 mM PETaseSM14 900 mM | IsPETase 150 mM IsPETase 900 mM

&
)

Atlikumu indekss
&

Atlikumu indekss

o

e | . - .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Atlikumu indekss Atlikumu indekss Atlikumu indekss Atlikumu indekss
012 3 45 6 7 8 9 1011 12 13 14

Vidgjais attalums (A)

26. att. Jonu koncentracijas ietekme uz PETazi SM 14 un IsPETazi. PETazes SM14 un
IsPETazes elektrostatiska potenciala virsma pie (A) 150 mM un (B) 900 mM NaCl
koncentracijas. SaistiSanas vietu atra$anas vietas un galvenie atlikumi ir noraditi ar zalas
krasas punktetiem apliem. (C) Atlikumu, kas veido PETazes SM14 un IsPETazes saistiSanas
vietas, attaluma kartes abas jonu koncentracijas. Kartés noraditas vidgjas vertibas katram
krustattalumam, kas aprékinats, izmantojot tris 500 ns MD simulacijas replikas. Krasu skala

irno 0 A (punkti zila krasa) lidz > 14 A (punkti sarkana krasa).
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PET saistiSsanas modeléSana, izmantojot devinu monoméru PET k&des, apstiprinaja, ka
PETaze SM14 augsta saluma un IsPETaze zema saluma sasniedz optimalu substrata
pielagosanos un katalitisko izlidzina$anu. Pie 900 mM NaCl PETaze SM14 uzradija aptuveni
divas reizes vairak reaktivo enzimu-substratu konfiguraciju, salidzinot ar ta darbibu pie 150
mM, savukart IsPETaze paradija 50 % samazinajumu $ados stavoklos tados pasos apstak]os.
Sie atklajumi labi korelé ar novérotajam eksperimentalajam aktivitates tendencém un sniedz

molekulara [imena izskaidrojumu abu enzimu atskirfgajam jonu adaptacijam.
2.3. Pasreizéjas tendences un nakotnes iespéjas

Balstoties izveidotaja aprékinu un eksperimentud, promocijas darba autore un vinas kolégi
ir iesakusi turpmakos pétijumus, lai izstradatu racionalu un simulaciju vaditu inZenierijas
risinajumu, kura mérkis ir uzlabot PETazes SM14 stabilitati un katalttisko efektivitati. Paraléli
tiek stradats pie fermentativas PET depolimerizacijas méroga palielina$anas, izmantojot
inZenierijas LCC-ICCG-CO09 variantu bioreaktoru sist€mas, ar mérki uzlabot procesa stabilitati,

substrata pieejamibu un kopgjo katalitisko produktivitati, lai to varétu ieviest ripnieciba.
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SECINAJUMI

Saja darba tika izstradata integréta skaitlosanas un eksperimentala sistéma racionalai
enzimu inZenierijai ar uzlabotu stabilitati, aktivitati un izturibu pret vides ietekmi. Saja pieeja
tika apvienota molekulara modeléSana, molekularas dinamikas simulacijas, proteinu
inZenierija, biokimiska raksturo$ana un strukturala analize, lai nodroSinatu efektivu enzimu

optimizaciju.

e Fruktozilpeptida oksidazes (FPOX) variantiem tika uzlabota termostabilitate,
izmantojot tadas enzimu inZenierijas metodes ka RMSF vaditas mutacijas, sals
tiltini un disulfida saites (1. pielikums).

e Lai gan optimiz&tie FPOX varianti uzrada uzlabotu stabilitati un aktivitati, turpmaka
attistiba ir veérsta uz to veiktsp&jas uzlaboSanu attieciba uz glikéto hemoglobinu.
Pasreizgjie dati par So merki ir atrodami manuskripta 5. pielikuma.

e PET noardoso enzimu inZenierija paradija §1s sisteémas
plasaku pielictojamibu ripnieciskaja biokatalizé. LCC-ICCG-C09 variants uzradija
uzlabotu termisko stabilitati un aptuveni divas reizes augstaku PET depolimerizacijas
efektivitati salidzinajuma ar sakotn&jo enzimu, nodrosinot daudzsolosu pamatu enzimu
izmanto$anai plastmasas parstradé, neskatoties uz atlikusajam nepilnibam, kas ir
saistitas ar substrata kristaliskumu, jiitibu pret pH un mérogojamibu (3. pielikums).

e Tika atklats un raksturots jauns no juras stkliem iegits enzims PETaze SM14. Tika
konstatets, ka tas saglaba augstu aktivitati sarmaina vide, pie augsta sals satura un
paaugstinatas temperatiiras (2. pielikums).

e PETazes SM14 strukturalas un molekularas dinamikas analizes atklaja adaptivas
pasibas, kas atbalsta katalizi hipersala vide, uzsverot tas potencialu juras plastmasas

— = -

biologiskaja attirisana (4. pielikums).
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GENERAL OVERVIEW OF THE THESIS

Introduction

Enzymes are nature’s highly efficient biocatalysts, enabling complex biochemical reactions
under mild conditions with remarkable specificity and selectivity. Their applications span a
wide range of industries, including pharmaceuticals, agriculture, diagnostics, and
environmental remediation. However, native enzymes often exhibit limitations such as low
stability under industrial conditions, suboptimal activity, or poor substrate compatibility, which
restrict their broader application.

Enzyme engineering is a sophisticated process that enables naturally occurring enzymes to
be modified in order to enhance their catalytic efficiency, stability, or specificity. Through
targeted alterations of their amino acid sequence and structural features, biological catalysts
can be transformed into more effective and resilient biocatalysts, tailored for a wide array of
industrial applications. This intricate process often employs techniques such as directed
evolution, site-directed mutagenesis, and computational modeling. In the lab, the author makes
extensive use of structural information, and focuses on rational design approaches.

In rational design, the author leverages computational tools and molecular modeling to
simulate the effects of modifications to the amino acid sequence of the enzyme. By analyzing
the enzyme’s three-dimensional structure, the author can identify critical residues that
influence catalytic activity, stability, and specificity. This insight allows us to introduce
targeted mutations to optimize these properties, ultimately creating engineered enzymes that
meet specific industrial needs.

For my PhD project, the author has been working on the engineering of two groups of
enzymes: Fructosyl Peptide Oxidases (FPOX) and PETases. Both of these enzymes are highly
relevant for either biomedical or environmental applications.

Fructosyl peptide oxidases (FPOX), and fructosyl amino oxidases (FAOX) alike, are
deglycating enzymes that find application as key enzymatic components in diabetes monitoring
devices. Indeed, their use with blood samples can provide a measurement of the concentration
of glycated hemoglobin and glycated albumin, two well-known diabetes markers. However,
the FPOX currently employed in enzymatic assays cannot directly detect whole glycated
proteins, making it necessary to perform a preliminary proteolytic treatment of the target
protein to generate small glycated peptides that can act as viable substrates for the enzyme.

This is a costly and time-consuming step. This preliminary step is due to their buried active
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site and to the narrow tunnel that provides access to their catalytic pocket, as shown by multiple
crystal structures of FPOX and FAOX enzymes. In this project, the author is engineering this
group of enzymes to expand their substrate range and to improve their thermal stability for
biomedical applications. In particular, the aim is to use these enzymes for deglycating intact
proteins, or for mitigating their level of glycation over time. Ultimately, with the improved
enzyme, the author aims to develop an enzymatic tool for the measurement of glycated
hemoglobin or glycated albumin, two known diabetes markers, in the blood.

Using the same enzyme engineering approach, the author is also working on plastic
depolymerizing enzymes (PETases), which are enzymes that can break down polyethylene
terephthalate (PET) into its monomeric subunits, terephthalic acid and ethylene glycol. These
enzymes belong to the larger family of hydrolases, which work by cleaving the ester bonds in
PET and lead to its degradation into smaller monomers.

Although several PETases from different origins have been reported, their catalytic
efficiency and thermal stability remain insufficient for economically viable industrial PET
depolymerization, particularly compared to conventional chemical and mechanical recycling
processes. Limited enzyme performance, especially low activity and poor stability near PET’s
glass transition temperature, is a major bottleneck for cost-effective enzymatic recycling.
Therefore, the author applies a computer-aided enzyme engineering approach to enhance
catalytic efficiency and operational stability for industrial application.

Overall, this work contributes to the advancement of rational enzyme engineering by
demonstrating an efficient, reproducible design—validation workflow and applying it to two
distinct yet industrially relevant enzymes. The outcomes of this research have implications for
future biocatalyst development and for addressing critical challenges in medical and

environmental biotechnology.

The Aims of the Doctoral Thesis

The primary aim of this Doctoral Thesis is to advance enzyme engineering through the
rational design, development, and characterization of improved enzyme variants with direct
biomedical and environmental applications. The research focuses on two enzyme families:
fructosyl peptide oxidases (FPOXs) for diabetes diagnostics and polyethylene terephthalate
hydrolases (PETases) for plastic degradation.
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Objectives

Biomedical application: FPOX enzymes for diabetes diagnostics

4.

To investigate the structural limitations of wild-type FPOX enzymes that hinder their
ability to process whole glycated proteins.

To apply computational tunnel-widening and structure-guided engineering strategies to
generate FPOX variants with improved substrate accessibility, enhanced
thermostability, and broadened substrate specificity.

To evaluate the activity of engineered FPOX variants directly on glycated substrates
for their diagnostic potential.

Environmental application: PETases for plastic degradation

5.

To identify flexible and unstable regions of known PETases using structural data and
molecular dynamics simulations.

To design and introduce targeted mutations aimed at improving PETase thermal
stability and catalytic efficiency.

To assess the degradation efficiency of engineered PETase variants on polyethylene
terephthalate under conditions relevant to industrial recycling.

To conduct mechanistic studies to determine how specific mutations influence the PET
degradation pathway.

Scientific novelty and main results

The scientific novelty of this Doctoral Thesis lies in the integration of computational and

experimental approaches for the rational design and characterization of improved enzyme
variants, focusing on two distinct enzyme families: FPOX and PETase. By combining in silico
protein engineering, molecular dynamics simulations, and structural biology with expression,
purification, and detailed biochemical and biophysical analysis, this study establishes a multi-
disciplinary validation workflow. The resulting findings contribute valuable knowledge and
tools to the field of enzyme engineering while offering potential for industrial and

environmental applications.

In the first part of my doctoral study, where | focused on a thermally stabilized FPOX

enzyme, an in silico protein engineering approach was applied to further enhance the overall

thermal stability of the enzyme and to improve its catalytic activity toward large substrates.
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The final design exhibited a marked improvement in thermal stability relative to the wild-type
enzyme, along with a distinct widening of its access tunnel. These changes translated into
significant enzymatic activity across a range of glycated substrates, underscoring the potential

of computational design for tailoring enzyme function.

Building upon this framework, in the second part of my doctoral study, the PET-
hydrolyzing enzyme gold standard, the ICCG variant of the leaf-branch compost cutinase
(LCC-ICCQG), was further engineered using computational design. This effort yielded the
mutant LCC-ICCG-C09, which displayed a 3.5 °C increase in melting temperature (Tm)
compared to LCC-ICCG. Under optimal reaction conditions (68 °C), LCC-ICCG-CQ9
hydrolyzed amorphous PET into terephthalic acid (TPA) with a two-fold higher efficiency
relative to the parental variant. With its improved thermal stability and catalytic performance,
LCC-ICCG-CO09 represents a promising candidate for future applications in industrial PET
recycling.

In parallel, a novel PETase-like enzyme (PETase SM14) from Streptomyces sp. SM14 was
expressed in Escherichia coli and evaluated on post-consumer plastic substrates. Activity
assays coupled with high-performance liquid chromatography (HPLC) for product
quantification, as well as scanning electron microscopy and atomic force microscopy for
substrate surface analysis, revealed that PETase SM14 possesses high salt tolerance (up to
1.5 M), good heat resistance (Tm 56.26 °C), and optimal activity at pH 9.0. Its X-ray crystal
structure, which | solved at 1.43 A, confirmed conserved PETase family features and provided
a foundation for future engineering strategies.

To further probe structural and functional mechanisms, all-atom molecular dynamics (MD)
simulations were combined with in vitro assays to compare PETase SM14 and Ideonella
sakaiensis PETase (IsPETase) under different NaCl concentrations (150 mM and 900 mM).
The results demonstrated that, due to loop elongation, IsSPETase exhibits a flexible and wide
binding site that enhances substrate accommodation but also displaces catalytic residues,
leading to rapid deactivation, especially at high-salt concentrations. Conversely, PETase SM14
displays a rigid and narrower binding pocket, which undergoes moderate widening at elevated
salt concentrations, thereby facilitating water and substrate recruitment. Moreover, adsorption
studies on PET slabs revealed that PETase SM14 under high-salt conditions and ISPETase
under low-salt conditions bind PET substrate chains in the same trans:gauche conformational

distribution observed in amorphous PET. These insights not only explain the observed activity
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profiles but also provide novel structural details such as the architecture and electrostatic
environment of the substrate-binding cleft, key aromatic residues involved in polymer chain
stabilization, and surface charge distribution to guide the engineering of PET-degrading

enzymes for diverse environmental conditions.

Practical application

This study holds significant practical potential in both industrial and environmental
biotechnology. The engineered FPOX variants with enhanced thermal stability and substrate
specificity provide a robust foundation for the development of sensitive and practical
biosensing platforms for direct glycated hemoglobin |(HbALc) detection. The development of
improved PET-hydrolyzing enzymes, including LCC-ICCG-C09 and PETase SM14, offers
promising solutions for the enzymatic recycling of polyethylene terephthalate (PET), enabling
closed-loop recovery of terephthalic acid and contributing to sustainable plastic waste

management.

Structure and volume of the Thesis

This Thesis is a collection of thematically related scientific publications on enzyme
engineering for biomedical and environmental applications. It compiles results from four

original scientific papers indexed in Scopus and Web of Science.

Publications and approbation of the Thesis

The results of the Thesis have been published in four scientific papers. Additionally, the

results have also been disseminated at 13 scientific conferences and two pitch sessions.

Scientific publications

5. Estiri, H.,* Bhattacharya, S.,* Rodriguez Buitrago, J. A., Castagna, R., Legzdina, L.,
Casucci, G., Ricci, A., Parisini, E., Gautieri, A. Tailoring FPOX Enzymes for Enhanced
Stability and Expanded Substrate Recognition. Scientific Reports. 2023, 13, 18610.
Available  from:  https://doi.org/10.1038/s41598-023-45428-1.*These  authors
contributed equally to this work.

6. Carletti, A., Bhattacharya, S., Pedroni, S., Berto, M., Bonettini, R., Castagna, R.,
Parisini, E., Di Rocco, G. Functional and Structural Characterization of PETase SM14
from Marine-Sponge Streptomyces sp. Active on Polyethylene Terephthalate. ACS

51


https://doi.org/10.1038/s41598-023-45428-1
https://doi.org/10.1038/s41598-023-45428-1

Sustainable Chemistry & Engineering. 2025, 13, 7460. Available from:
https://doi.org/10.1021/acssuschemeng.5¢c00737

Bhattacharya, S., * Castagna, R.,* Estiri,* H., Upmanis, T., Gautieri, A., Parisini, E.
Development of a Highly Active Engineered PETase Enzyme for Polyester
Degradation. The FEBS Journal. 2025, 23 August, article 1D febs.70228. Available
from: https://doi.org/10.1111/febs.70228. *These authors contributed equally to this
work.

Berselli, A., Carletti, A., Menziani, M. C., Bhattacharya, S., Castagna, R., Parisini, E.,
Di Rocco, G., & Muniz-Miranda, F. The effect of ionic strength on PETase enzymes:
An experimental and computational study. Protein Science, 2026, 35, e70386.
https://doi.org/10.1002/pro.70386

Patent applications

3.

Gautieri, A., Parisini, E., Estiri, H., Castagna, R., Bhattacharya, S. “Thermostable
engineered enzyme”. 1T102023000014223, priority date 07.07.2023, granted
25.07.2025. PCT/IB2024/056641, filed on 08.07.2024
https://patents.google.com/patent/W02025012799A1/en

Gautieri, A., Perazzoli, A., Castagna, R., Parisini, E., Bhattacharya, S. Enzima
fruttosil peptide ossidasi (FPOX) ingegnerizzato e suoi usi. Italian Patent Application
No. 102025000025639, filed on 8 October 2025.

Other publications on the topic not included in the Doctoral Thesis

3.

Brangulis, K., Akopjana, I., Drunka, L., Matisone, S., Zelencova-Gopejenko, D.,
Bhattacharya, S., Bogans, J., Tars, K. Members of the Paralogous Gene Family 12
from the Lyme Disease Agent Borrelia burgdorferi Are Non-Specific DNA-Binding
Proteins. PLOS ONE. 2024, 19, e0296127. Available from:
https://doi.org/10.1371/journal.pone.0296127.

Bhattacharya, S., Tempra, G., Colleoni, A., Matera, C., Castagna, R., Parisini, E.
Synthesis, photochemical and biological evaluation of novel photoswitchable
glycomimetic ligands of Pseudomonas aeruginosa LecB. RSC Advances. 2025, 15,
49796. Available from: https://doi.org/10.1039/D5RA06897E.

The results of this Thesis were presented at the following international conferences

14.

15.

Bhattacharya, S., Estiri, H., Castagna, R., Gautieri, A., Parisini, E. Enzyme
engineering of fructosyl peptide oxidase to widen its active site access tunnel and
improve its thermal stability, June 15-17, 2022, FEBS3+ Conference in Tallinn,
Estonia. https://biokeemiaselts.ee/wp-content/uploads/2022/06/ABSTRACT-
BOOK FEBS32022_ Tallinn.pdf

Bhattacharya, S., Estiri, H., Castagna, R., Gautieri, A., Parisini, E. Enzyme
engineering of fructosyl peptide oxidase to widen its active site access tunnel and
improve its thermal stability, EMBO practical course High throughput protein

52


https://doi.org/10.1021/acssuschemeng.5c00737
https://doi.org/10.1111/febs.70228
https://doi.org/10.1038/s41598-023-45428-1
https://doi.org/10.1002/pro.70386
https://patents.google.com/patent/WO2025012799A1/en
https://patents.google.com/patent/WO2025012799A1/en
https://patents.google.com/patent/WO2025012799A1/en
https://doi.org/10.1371/journal.pone.0296127
https://doi.org/10.1039/D5RA06897E
https://biokeemiaselts.ee/wp-content/uploads/2022/06/ABSTRACT-BOOK_FEBS32022_Tallinn.pdf
https://biokeemiaselts.ee/wp-content/uploads/2022/06/ABSTRACT-BOOK_FEBS32022_Tallinn.pdf

16.

17.

18.

19.

20.

21.

22.

production and crystallization, 04-12 July 2022, Marseille, France
https://books.google.lv/books/about/High Throughput Protein Production_and C.ht
ml?id=J GYzwEACAAJ&redir_esc=y

Bhattacharya, S., Estiri, H., Castagna, R., Gautieri, A., Parisini, E. Enzyme
engineering of fructosyl peptide oxidase to widen its active site access tunnel and
improve its thermal stability, 2nd DRUG DISCOVERY CONFERENCE, September
22-24, 2022, Riga, Latvia.
https://drugdiscovery.osi.lv/content/filessDDC_Abstract Book.pdf

Bhattacharya, S., Estiri, H., Castagna, R., Gautieri, A., Parisini, E. Enzyme
engineering of fructosyl peptide oxidase to widen its active site access tunnel and
improve its thermal stability, INEXT DISCOVERY workshop on crystallographic
fragment screening, 1-3 March 2023, Berlin, Germany. https://www.helmholtz-
berlin.de/events/inext-discovery-workshop/index_en.html

Bhattacharya, S., Estiri, H., Castagna, R., Gautieri, A., Parisini, E. Enzyme
Engineering, Oral presentation ALLIANCEALIFE_ACTIONS ESR retreat, 23-24
January 2023 (Vilnius, Lithuania) https://alliance4life.com/media/3803646/d35-report-
on-early-stage-researchers-retreats 964997.pdf

Bhattacharya, S., Castagna, R., Estiri, H., Gautieri, A., Parisini, E. Thermostable
PETase enzyme for plastic degradation, BioDrug conference, September 22-24, 2023,
Riga, Latvia.
https://biodrugconference.osi.lv/content/Abstract_ Book_BioDrug_Conference 2023.

pdf

Bhattacharya, S., Castagna, R., Estiri, H., Gautieri, A., Parisini, E. Enzyme
engineering of fructosyl peptide oxidase to widen its active site access tunnel and
improve its thermal stability, FEBS advanced course: Computational Approaches to
understanding and Engineering Enzyme Catalysis held in Zagreb, Croatia, 25-29
September 2023. https://digitalna.nsk.hr/?pr=i&id=658275

Bhattacharya, S., Castagna, R., Estiri, H., Gautieri, A., Parisini, E. Achievements of
the SPRINGBOARD project, event on 2-3 May 2024, Riga, Latvia. A delivered
presentation titled “Development of a highly optimized engineered PETase enzyme for
plastic degradation”.
https://springboard.osi.lv/content/abstracts/Springboard_ CONFERENCE_Abstract_.p
df

Bhattacharya, S., Castagna, R., Estiri, H., Gautieri, A., Parisini, E. Tailoring Enzymes
for tomorrow, Structural Biology in Latvia and Beyond, conference Instruct-ERIC,
https://instruct-eric.org/news/structural-biology-in-latvia-and-beyond/ held in Riga,
Latvia on 3 December 2024.

53


https://books.google.lv/books/about/High_Throughput_Protein_Production_and_C.html?id=J_GYzwEACAAJ&redir_esc=y
https://books.google.lv/books/about/High_Throughput_Protein_Production_and_C.html?id=J_GYzwEACAAJ&redir_esc=y
https://drugdiscovery.osi.lv/content/files/DDC_Abstract_Book.pdf
https://www.helmholtz-berlin.de/events/inext-discovery-workshop/index_en.html
https://www.helmholtz-berlin.de/events/inext-discovery-workshop/index_en.html
https://alliance4life.com/media/3803646/d35-report-on-early-stage-researchers-retreats_964997.pdf
https://alliance4life.com/media/3803646/d35-report-on-early-stage-researchers-retreats_964997.pdf
http://biodrugconference.osi.lv/content/Abstract_Book_BioDrug_Conference_2023.pdf
http://biodrugconference.osi.lv/content/Abstract_Book_BioDrug_Conference_2023.pdf
http://digitalna.nsk.hr/?pr=i&id=658275
https://springboard.osi.lv/content/abstracts/Springboard_CONFERENCE_Abstract_.pdf
https://springboard.osi.lv/content/abstracts/Springboard_CONFERENCE_Abstract_.pdf
https://instruct-eric.org/news/structural-biology-in-latvia-and-beyond/

23.

24,

25.

26.

Bhattacharya, S. Development of a Highly Optimized Engineered PETase Enzyme for
Polyester Degradation, WIDEnzymes Workshop 1: Milan, Italy, Computational
Methods for Enzyme Engineering, 27-31 January 2025.
https://widenzymes.eu/workshops-series/workshop-1/

Bhattacharya, S. Enzyme Engineering, presentation at WIDEnzymes Workshop 2,
Directed Evolution of Enzymes, Department of Chemistry, University of Crete, Greece,
2—6 June 2025. https://widenzymes.eu/workshops-series/workshop-2/

Bhattacharya, S. Large Scale Production of PETase Enzyme, presentation at
WIDEnzymes Workshop 3, Bioreactor Production of Recombinant Enzymes, Slovak
University of Technology in Bratislava (STUBA), Slovakia, 26-30 January 2026.
https://widenzymes.eu/workshops-series/widenzymes-workshop-3-stuba/

Bhattacharya, S. served as a trainer at OneHealthdrugs Training School (Cost Action
CAZ21111), Expression, Purification and Basic Characterization of Target Protein
Samples for Drug Binding Studies, Latvian Institute of Organic Synthesis, Riga,
Latvia, September 2025. https://onehealthdrugs.com/events/training-
schools/expression-purification-and-basic-characterization-of-target-protein-samples-
for-drug-binding-studies

54


https://onehealthdrugs.com/events/training-schools/expression-purification-and-basic-characterization-of-target-protein-samples-for-drug-binding-studies
https://onehealthdrugs.com/events/training-schools/expression-purification-and-basic-characterization-of-target-protein-samples-for-drug-binding-studies
https://onehealthdrugs.com/events/training-schools/expression-purification-and-basic-characterization-of-target-protein-samples-for-drug-binding-studies

MAIN RESULTS OF THE THESIS

1. FPOX enzymes

1.1. Rational design of enzymes

Rational design is a computationally guided strategy for enzyme engineering that targets
specific regions of a protein to enhance stability, activity, or substrate specificity, addressing
the limitations of natural enzymes, which often operate at mild physiological conditions.
Generally speaking, enzymes are poorly tolerant to industrial stresses such as high temperature,
extreme pH, high ionic strength, or organic solvents'. Unlike de novo design or directed
evolution, rational design introduces carefully selected mutations to generate a limited set of
mutants that retain the overall fold while improving desired functional traits, using strategies
such as introducing polar residues to strengthen hydrogen bonding, inserting cysteines to form
disulfide bridges, optimizing surface charge interactions, targeting flexible regions, and

leveraging thermophilic homologs? ® (Fig. 1).

Fig. 1. Stabilizing strategies used in rational enzyme design. The most common strategies
involve the introduction of surface hydrogen bonds (A) and salt bridges (B), the stabilization
of the hydrophobic core (C), the introduction of disulfide bridges (D), and the stabilization of

mobile loops using prolines (E). Phylogenetic analysis (F) can be used alone or in

combination with previous strategies to guide the enzyme rational design process.
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Modern approaches employ multiple-point mutations and computational platforms like
FireProt* to account for synergistic or antagonistic interactions®, while tools such as CAVERS,
Rosetta Remodel’, and molecular dynamics (MD) simulations provide atomistic insights into
protein flexibility, tunnel architecture, and conformational stability®. MD simulations model
atomic movements over time, identifying regions prone to instability and predicting the effects
of proposed mutations, including changes in hydrogen bonding, disulfide formation, or other
stabilizing interactions prior to experimental testing, thereby reducing workload and
minimizing the number of mutants to construct. By integrating rational design with MD
simulations, structural modeling, and evolutionary analysis, enzyme engineering projects can
expand substrate specificity, optimize selectivity, and improve stability under challenging
industrial conditions. Engineered enzymes with increased melting temperatures or reduced
denaturation susceptibility can function efficiently at high temperatures, extreme pH, or
elevated salinity, while Root Mean Square Fluctuation (RMSF) analyses from MD simulations
can reproduce experimental B-factors to pinpoint highly flexible regions for stabilization® ° 10

(Fig. 2).
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Fig. 2. Superposition of the RMSF of wild-type FPOX enzyme and experimental p-factor,
showing how the RMSF from MD simulations reproduces the same trend of the experimental
B-factors and allows pinpointing the same peaks, which represent highly flexible protein

regions.

Fructosyl amino acid (or peptide) oxidases (FPOXs), also known as Amadoriases, are a
specialized family of flavin-dependent oxidases that catalyze the deglycation of glycated amino
acids or short glycated peptides. These enzymes belong to the oxidoreductase family and are
widely distributed in yeasts, fungi, and bacteria. They catalyze the oxidative cleavage of low-

molecular-weight Amadori products, yielding a free amine, glucosone, and hydrogen
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peroxide!!. The reaction involves oxidation of the C-N bond linking the C1 of the fructosyl
moiety to the amino nitrogen, a process mediated by the FAD cofactor, whose flavinic moiety

forms the catalytic center of the enzyme.

Structurally, FPOXs display well-defined FAD-binding motifs and conserved architectural
features typical of the glucose—methanol—choline oxidoreductase family. To date, numerous
FPOX crystal structures have been solved, providing detailed insight into the organization of
the active site and the gating elements that regulate substrate access*. These structural studies
have revealed that the catalytic pocket is buried within the protein and connected to the solvent
by a narrow access tunnel, a feature that plays a key role in determining substrate specificity
(Fig. 3 A)).

FPOXs are of considerable biomedical relevance, as they are used in enzymatic kits for the
measurement of glycated hemoglobin (HbAlc), a key biomarker for long-term glycemic
control in diabetic patients, and they also show potential for detecting glycated aloumin®3, In
standard diagnostic assays, hemoglobin is first denatured and proteolytically digested to release
small glycated peptides, such as fructosyl-valylhistidine (F-VH), which are subsequently
oxidized by FPOX. The generated hydrogen peroxide is then quantified either colorimetrically
via horseradish peroxidase or electrochemically, enabling indirect determination of HbAlc
levels®® (Fig. 3 B)).

A) B)

Current enzymatic method

Protease FPOX

ﬁ FVHEER, POD  adye

FAlg H,0, colourimetric
u Chromogen detection

HbA1c direct oxidase
(not reported)

Novel enzymatic method

Fig. 3. A) — Crystal structure of Amadoriase | in complex with fructosyl-lysine (PDB
code 4XW2Z). B) — Reaction scheme of the HbAlc enzymatic method (adapted from®3).

Despite their versatility and diagnostic value, FPOXs exhibit an important limitation: they
are unable to efficiently catalyze the deglycation of intact proteins'®. Structural studies have
shown that this limitation arises from the narrow substrate-access tunnel leading to the buried

active site, which restricts entry to small glycated amino acids or short peptides'®.
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Consequently, native FPOXs display limited activity toward bulky substrates such as intact
glycated proteins.
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Fig 4. The denaturation and digestion of hemoglobin Alc (HbALc) by protease to release
fructosyl-valylhistidine (F-VH). (A) — F-VH undergoes oxidation by fructosyl peptide
oxidase (FPOX), and the resulting H20- serves as a substrate for HRP, forming a dye whose
absorbance at 660 nm is used to calculate the HbAlc percentage. (B) — HbAlc assay by

electrochemical measurement of H,O, (adapted from?8).

Nevertheless, these same structural insights have provided a strong foundation for enzyme
engineering. By targeting residues lining the substrate-access tunnel and stabilizing the FAD-
binding domain, researchers have successfully generated FPOX mutants with improved
thermal stability, enhanced catalytic activity, and increased selectivity toward specific glycated
substrates'® 1. Such engineered variants not only offer improved performance in diagnostic
assays, including colorimetric and electrochemical HbAlc measurements?®, but also serve as
valuable model systems for studying protein engineering strategies in flavin-dependent

oxidases more broadly (Fig. 4).

Professor Emilio Parisini's group has been working on fructosyl peptide oxidases (FPOX)

for several years, focusing on their rational engineering to enhance performance for practical
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applications. The research involved the rational design of the first mutant of Phaeosphaeria
nodorum FPOX (Pn-FPOX), derived from the wild-type enzyme, followed by systematic
modifications including tunnel widening, thermal stabilization, and activity optimization. After
several rounds of engineering, the mutant L3-35A was obtained, featuring a wider and shorter
access tunnel achieved by deleting five amino acids lining the gate structure (Fig. 5). In the
first year of my PhD, | began working on this previously engineered mutant, L3-35A, which
retained the enlarged access tunnel and served as the starting point for further optimization.
Building on L3-35A, | applied rational design strategies to restore stability and enhance
enzymatic activity while preserving the widened access tunnel necessary for larger substrates.
Three classes of mutations were introduced: the D-series, targeting reduction of structural
fluctuations; the C-series, aimed at increasing the formation of stabilizing salt bridges; and the
X-series, designed to introduce disulfide bonds for additional thermal stability. These
mutations were guided by MD simulations, which provided insights into the enzyme’s dynamic
behavior, flexibility, and regions prone to instability, allowing to prioritize the most promising

modifications.

Activity ¢

MR
imizotl t -
optimization [

Thermal
stabilization

Tunnel!
widening

PnFPOX (WT) L3-35A D02, C16, X01, X02A, X04, X07 X028, X02C

Fig. 5. Schematic of the rational design strategy, showing the names of the relevant

enzyme variants obtained at each stage.

The combined multi-pronged approach successfully produced FPOX variants that were
both thermostable and highly active, with the best mutant X02C. Experimental testing
confirmed that the engineered mutants maintained structural integrity and significant catalytic

activity relative to the wild-type enzyme.

The enzyme (X02C) with the best catalytic ability towards glycated substrates of different
lengths (glycated valine (f-V), and the glycated hexa-peptide, fructosyl-Val-His-Leu-Thr-Pro-

Glu (F6P)) was chosen for another round of engineering.
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Starting from the X02C structure, the author removed one turn of helix 4 (Fig. 6 A))
(highlighted in blue) to widen the access tunnel. In total, nine amino acids were removed. This
helix belongs to one of the four gating structures surrounding the active site. It was then rebuilt
using a smaller number of residues (two to five). Additionally, to compensate for the loss of
native interactions caused by this truncation, the author mutated all non-conserved residues
within 5 A of the remodeled section. This 5 A threshold was chosen to account for hydrogen
bond distances (~3 A) and typical backbone fluctuations (RMSD ~1.5 A). The author refrained
from mutating residues that were conserved in the alignment of X02C with the other two highly
active FPOXs, such as Coniochaeta sp. FPOX (FPOX-C)* and Aspergillus nidulans FPOX-
47 (AnFPOX-47)%,

B) Rosetta Remodel
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Fig. 6. A) — Model of X02C used for redesign. B) — Summary scheme of the

computational part of enzyme engineering on X02C.

The author used Rosetta Remodel to introduce the selected mutations, generating 516
variants for each reconstructed loop length, twice the number of mutants screened in the
previous study. For each loop length, the author selected the 20 generated models with the
lowest energetic score, a unitless Rosetta Remodel parameter that qualitatively describes the
overall stability of the model (Fig. 6 B)). The author then studied these structures using
molecular dynamics simulations at a temperature of 300 K, 350 K, and 400 K for a simulated
time period of 100 ns. The author evaluated the root mean square deviation (RMSD) and root
mean square fluctuation (RMSF) from these simulations. The mutants that bested X02C on at
least three of the four parameters (mean RMSD, mean RMSF, median RMSF and standard

deviation of RMSF) were chosen for another round of molecular dynamic simulations (Fig. 7).
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Fig. 7. RMSF analysis at increasing temperatures. A — RMSF of the redesigned loop of
X02C as a function of the temperature (T). The linear regression analysis provided the
angular coefficient (slope) of the RMSF vs. T relationship. B — The angular coefficient of the
different enzyme variants is compared, and those with the lower values (green) are selected

for experimental validation.

These optimized variants were experimentally expressed, purified, and biochemically
characterized. They were also screened for catalytic activity against glycated peptides and ex
vivo glycated human tissues. Among them, PnFPOX-A14 showed significantly enhanced
activity compared to the parental engineered variant X02C, particularly toward bulkier
substrates. Notably, while X02C retained limited activity on full-length glycated proteins,
PnFPOX-A14 was able to directly recognize and act on intact HbAlc, demonstrating improved
substrate accessibility and catalytic performance. These results validate the computational
design strategy and establish PnFPOX-A14 as an improved platform for further engineering
toward diagnostic and potential therapeutic applications. These results are summarized in

Appendix 5 of the manuscript attached.
1.2. Enzyme expression and purification

For my Doctoral Thesis, recombinant DNA technology was employed to express all
enzymes in Escherichia coli, primarily using BL21(DE3) for prokaryotic proteins and
BL21(DE3) derivatives supplemented with rare tRNAs for eukaryotic proteins to mitigate

codon bias, with antibiotic selection (ampicillin, kanamycin, or chloramphenicol) chosen
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according to the expression vector?™ 22, Prior to large-scale production, small-scale expression
tests were conducted in which each mutant was grown under varying temperatures and induced
with different IPTG concentrations to identify the optimal conditions for maximal soluble
protein expression. Once optimal parameters were established, protein production was scaled
up, typically to 4 liters, and purification was performed using a two-step workflow on an AKTA
liquid chromatography system (Cytiva). For the FPOX family, expression in E. coli BL21 Star
(DE3) at 25 °C resulted in yields ranging from 10 mg/L to 30 mg/L, with L3-35A producing
the highest yield (30 mg/L). Alternatively, several FPOX mutants that feature disulfide bonds
were expressed in the SHuffle T7 strain® at 18 °C, showing diverse yields, from low
expression in X01 (5 mg/L) to relatively high levels in X02C (29 mg/L) (Table 1).

Table 1
Expression Yield of Enzymes
Enzyme Expression yield Expression Expression cells
(mg/L) temperature (°C)

PnFPOX 10 25 BL21 Star (DE3)

L3-35A 30 25 BL21 Star (DE3)

D02 15 25 BL21 Star (DE3)

C16 12 25 BL21 Star (DE3)
X01 5 18 SHuffle T7 E
X02A 20 18 SHuffle T7 E
X04 10 18 SHuffle T7 E
X07 6 18 SHuffle T7 E
X02B 16 18 SHuffle T7 E
X02C 29 18 SHuffle T7 E

In the first step, immobilized metal affinity chromatography (IMAC) was carried out using
a HisTrap 5 mL nickel column, exploiting the N-terminal Hiss affinity tag on the recombinant
proteins, with elution achieved using imidazole-containing buffer (Fig. 8 A)). In the second
step, proteins were further polished by size-exclusion chromatography (SEC) using a HiPrep
26/60 Sephacryl S-200 column, which removed aggregates, enabled buffer exchange, and
ensured monodispersity of the enzyme preparations®. Protein concentration was measured
using a NanoDrop One spectrophotometer (Thermo Fisher Scientific), while molecular weight
and purity were assessed by SDS-PAGE with Coomassie blue staining, providing reliable
confirmation of protein size and homogeneity 2° (Fig. 8 B)). This combination of bacterial
expression, optimization of induction conditions, and sequential IMAC and SEC purification

enabled the production of high-purity, functional enzymes suitable for detailed biochemical
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and structural characterization, forming a robust foundation for downstream enzyme

engineering studies.
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Fig. 8. A) — Representative nickel affinity chromatography (IMAC) chromatogram from
the purification of the FPOX enzyme-X02C. The blue trace represents UV absorbance
(A280) used to monitor protein elution. B) — Electrophoresis results for FPOX enzyme-
X02C.

1.3. Biophysical characterization

Biophysical characterization is essential for assessing the structural integrity, stability, and
functionality of proteins, as correct folding and molecular integrity are prerequisites for
enzymatic activity. Techniques such as Circular Dichroism (CD) spectroscopy, Differential
Scanning Fluorimetry (DSF), and MALDI mass spectrometry provide complementary
information on secondary structure, thermal stability, and molecular mass, respectively?®. CD
spectroscopy evaluates secondary structure by measuring the differential absorption of
circularly polarized light, with far-UV spectra revealing a-helices, -sheets, and disordered
regions, while temperature-dependent CD measurements enable monitoring of thermal
unfolding processes?’. DSF, using environment-sensitive dyes such as SYPRO Orange, detects
fluorescence changes during protein unfolding and provides melting temperatures (Tm) that
allow quantitative comparison of stability across different variants, buffer conditions, or ligand-
bound states?. In this study, both DSF and CD were employed to assess the thermal stability
of engineered FPOX variants, yielding consistent trends and comparable absolute Tm values,
thereby validating the robustness of the measurements. The results demonstrate that the applied
rational design strategy effectively enhanced the thermal stability of the reference enzyme L3-
35A (Fig. 9). Specifically, the D02 variant, containing two additional mutations (V110R and
D115G), exhibited an increase in melting temperature of approximately 1.5 °C relative to the

parent enzyme. Further stabilization was achieved through the introduction of extensive surface
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charges and salt bridges in mutant C16, which produced an additional = 1.5 °C increase in Tm,
reaching 55.2 °C (Table 2). Moreover, incorporation of a single disulfide bond at different
positions within the L3-35A scaffold resulted in pronounced improvements in thermal stability.
All variants in this series X01 (54.1 °C), X02A (60.0 °C), X04 (55.2 °C), and X07 (55.3 °C)
displayed significantly elevated melting temperatures compared with the parent enzyme, as
determined by both DSF and CD measurements (Table 2) (Fig. 9). Collectively, these results
demonstrate that both electrostatic optimization and disulfide bond engineering are effective
strategies for enhancing FPOX thermal stability and validate the use of complementary

biophysical techniques for quantitatively evaluating protein stabilization outcomes.

Table 2
Melting Temperature of the Parent Enzyme (L3-35A) and Its Mutants
Enzyme Tm[°C]? Tm [°C] P
PnFPOX (WT) 53.2+0.2 53.5+0.1
L3-35A 52.3+0.2 529+0.1
D02 53.1+0.5 548+0.1
C16 55.2+0.1 55.0+0.1
X01 541+0.1 542+0.1
X02A 60.0+0.4 60.1+0.1
X04 55.2+0.3 55.0+0.1
X07 55.3+0.4 554 +0.1
X02B 60.2+0.7 60.6 +0.1
X02C 64.0+0.2 63.3+0.1

2 Determined by thermal shift assay.
® Determined by circular dichroism.

The melting temperature of the wild-type enzyme (PnFPOX) is provided as a reference.
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Fig. 9. Comparison of the Tm values of the different FPOX variants as measured by

circular dichroism at 222 nm from 5 °C to 95 °C.
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1.4. Functional assay

The enzymatic activity of all FPOX variants was assessed at room temperature by
quantifying the amount of glucosone released from the substrate over time, following

previously established methods?® (Fig. 10).
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Fig. 10. Schematic of the amino acid deglycation reaction catalyzed by Amadoriase |
(adapted from®?).

The increase in absorbance at 322 nm (€22 = 149.25 M cm™! for glucosone) was
continuously monitored using an Infinite M1000 microplate reader (Tecan) at 25 °C. Each
reaction mixture (200 uL) contained 20 mM Tris-HCI buffer, pH 7.4, supplemented with
20 mM o-phenylenediamine and 2 mM of the respective substrate: fructosyl-lysine (fK),
fructosyl-valine (fV), fructosyl-valine-histidine (fVH), or the hexapeptide 1-Deoxyfructosyl-
Val-His-Leu-Thr-Pro-Glu (F6P). FPOX catalyzes the oxidation of fructosyl substrates,
generating glucosone as a reaction product. OPD reacts with glucosone to form a quinoxaline
derivative, which absorbs at 322 nm. Following a 1 min pre-incubation, reactions were initiated
by adding enzyme to final concentrations between 0.04 mg/mL and 1 mg/mL, depending on

variant activity (Table 3).
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Table 3
Comparison of the Enzymatic Specific Activity (U/mg) on Different Glycated Peptide

Substrates
Enzyme Specific activity (U/mg)
fK fv fvH F6P
PnFPOX 30.18 £ 0.67 29.67 +2.56 32.60+1.18 0.78 £ 0.09
AnFPOX-47 - - - 0.082 + 0.002
L3-35A 0.21+£0.02 0.16 £ 0.04 - -
D02 0.30£0.03 0.32+£0.01 - -
C16 ND ND - -
X01 ND ND - -
X02A 0.15+0.01 0.11+0.01 - -
X04 ND 0.13+0.01 - -
X07 - 0.08 £ 0.01 - -
X02B 2.24 +0.07 32.50 £ 0.44 0.87 £0.03 0.18 +0.06
X02C 1.06 £ 0.01 17.95+2.46 1.62 £ 0.02 0.43 +0.06

Note: Tests are performed in triplicates. ND — not detected.

One unit (U) of enzyme activity was defined as the amount of enzyme catalyzing the
formation of 1 umol of glucosone per minute under the specified assay conditions, and the
specific activity was expressed as U mg™! of enzyme. Kinetic constants (Vmax, Km, Keat, and
keat/Km) were derived from assays performed with varying substrate concentrations (0.05—
10 mM for fructosyl-valine; 0.05-1 mM for the hexapeptide substrate) using nonlinear
regression analysis of the Michaelis -Menten equation, confirmed by Lineweaver-Burk plot

fitting. All data represent the mean of at least two independent experiments (Table 4).

Table 4
Kinetic Parameters of Wild-Type PNnFPOX and the Engineered X02C Enzymes
Enzyme Substrate Km Vimax Keat Keat/Km
(mM) (mM/min) (s (mMs?)

PnFPOX v 593+161 41.67 +£8.34 99.33 £19.86 16.75
X02C fv 0.94 +0.06 10.56 + 0.56 20.83+1.10 22.16
PnFPOX F6P 0.81+0.30 1548 +1.20 36.83+2.83 45.47
X02C F6P 0.03+0.01 0.26 £0.01 0.52 +0.02 17.22

The kinetic analysis revealed that the engineered variant X02C demonstrated a significantly
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lower Kin (0.94 mM) than the wild-type PnFPOX (5.93 mM), indicating enhanced substrate




affinity. Although Kcat decreased slightly, the catalytic efficiency (Kca/Km) remained
comparable or improved, highlighting a trade-off between substrate binding and turnover rate

often observed in enzyme engineering (Table 3).

1.5. X-ray crystallography

X-ray crystallography was used to determine the three-dimensional structures of
engineered fructosyl peptide oxidase (FPOX) variants, providing atomic-level insight into
their structural organization, catalytic architecture, and stabilizing features. Crystals suitable
for diffraction were obtained using vapor-diffusion methods under optimized supersaturation
conditions, and high-resolution diffraction data were collected at a synchrotron source,
enabling accurate structure determination and refinement3:-33,

Structural analysis revealed key features underlying enzyme stability, substrate
accessibility, and catalytic efficiency. Several engineered FPOX variants were successfully
solved and deposited in the Protein Data Bank, including X02B (PDB ID: 8BJY), D02 (8BLZ),
X02A (8BLX), and X04 (8BMU). These structures provide a detailed structural basis for
understanding the effects of rationally introduced mutations and support their role in

enhancing the stability and performance of FPOX enzymes (Fig. 11).

X02B D02 X02A X\04
Fig. 11. A) — Crystals of FPOX variants. B) — Electron density map of X02A (PDB:
8BLX) showing the formation of a disulphide bond between Cysteines 48 and 301.

1.6. Structure-function correlation analysis

The X-ray crystallographic structure clearly illustrates the link between the molecular
architecture and functional properties of the protein. The high-resolution model reveals well-
defined secondary and tertiary elements forming a stable framework that supports active site
organization and substrate binding. Key residues are precisely positioned to enable catalysis or
ligand interaction, consistent with biochemical observations. Structural features such as
hydrogen bonds, hydrophobic contacts, and electrostatic interactions further contribute to

substrate specificity and stability. Across all these enzyme studies, detailed crystallographic
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analysis has been central to understanding how three-dimensional structure governs biological
function and catalytic mechanism. In the case of FPOX enzymes, the author observed that the
overall RMSD values between the mutants and wild-type PnFPOX (PDB 5T1E) were all within
1.8 A, indicating that the global fold remained largely conserved (Table 5).

Table 5

Calculated RMSDs Between the WT Enzyme PnFPOX and the Different Mutants, and

Tunnel Geometry

Enzyme RMSD [A] Tunnel bottleneck Tunnel length [A]
radius [A]
PnFPOX - 2.2 13.3
L3-35A 1.8 3.7 6.4
D02 14 2.9 11.7
X02A 1.7 3.1 9.4
X04 1.8 3.0 10.9
X02B 15 3.0 10.2

When the author compared the residues forming the catalytic site (W235, E278, G372,
R415), it was found that their orientation was preserved across all variants (Fig. 12). These
residues, which are highly conserved among FPOX enzymes, are responsible for binding the
sugar moiety of the substrate. Therefore, the differences in catalytic activity among the variants
are unlikely to result from changes in the core catalytic geometry, but rather from subtler

alterations in the regions surrounding the substrate tunnel.
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Fig.12. Structural comparison of relevant FPOX enzyme: PnFPOX (green), AnFPOX-47
(pink) and X02B (violet). The FSA inhibitor is depicted in yellow. a — The overall structural
alignment shows no significant differences between the enzymes, except for the entrance

tunnel. b — The position of the catalytic site is also highly conserved.
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The author observed that the mutations primarily affected the geometry and dynamic behavior
of the tunnel-lining residues. The wild-type enzyme features a narrow and elongated tunnel
(bottleneck radius 2.2 A, length 13.3 A), which likely restricts access to larger substrates while
stabilizing smaller ones. In contrast, the L3-35A variant exhibits a much wider and shorter
tunnel (3.7 A and 6.4 A, respectively), while the X02B mutant presents an intermediate
geometry (3.0 A, 10.2 A). These structural differences suggest that mutagenesis reshaped not
only the static dimensions of the tunnel but also the correlated flexibility of the surrounding

residues, thereby influencing substrate accessibility and stabilization.
1.7. Current directions and future opportunities

Building on the engineered FPOX variants, the author is now working to integrate these
optimized enzymes into sensitive biosensing platforms for HbAlc detection (Appendix 5).
Current efforts focus on the development of colorimetric and electrochemical sensor formats,
improving enzyme immobilization and signal transduction, and evaluating performance with
clinically relevant samples. FPOX-based sensors are being developed to enable direct, rapid,

and cost-effective measurement of glycated proteins.
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2. PETase enzymes

Plastic pollution is a major environmental challenge, with polyethylene terephthalate (PET)
being one of the most widely used and persistent plastics. Its resistance to chemical and
biological degradation has led to extensive accumulation in landfills and natural ecosystems,
while conventional disposal methods such as incineration and mechanical recycling remain
inefficient or environmentally harmful. The discovery of PETase, an enzyme capable of
depolymerizing PET into smaller, biodegradable products, represents a significant
biotechnological advance and a promising biological approach to mitigating plastic
pollution® % (Fig. 13).
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Fig. 13. Global production of major plastic polymers and availability of biochemically

characterized wild-type depolymerases®.

Recent studies have shown that certain microorganisms can produce hydrolytic enzymes
that are capable of degrading and metabolizing PET. To date, researchers have isolated and
identified various PET-degrading enzymes, primarily esterases, lipases, hydrolases and
cutinases. The PET-degrading proteins were named PETase and given the Enzyme
Commission number EC 3.1.1.101. In 2016, the bacterium Ideonella sakaiensis was isolated
from a PET-contaminated recycling site in Japan, which uses PET as its primary carbon and
energy source, a unique capability among known microorganisms®. The enzyme PETase
enables the bacterium to hydrolyze the ester bonds present in the PET polymer, producing
smaller molecules such as mono(2-hydroxyethyl) terephthalate (MHET), terephthalic acid
(TPA), and ethylene glycol (EG)¥" % (Fig. 14).
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Fig. 14. PET depolymerization scheme: PETase catalyzes the depolymerization of PET
to bis(2-hydroxyethyl)-TPA (BHET), mono(2-hydroxyethyl) terephthalate (MHET), and
terephthalic acid (TPA). MHETase converts MHET to monomers TPA and ethylene glycol
(EG).

These breakdown products are less harmful to the environment and can be further
metabolized by the bacterium or used in industrial recycling processes. Structurally, PETase
belongs to the cutinase family of hydrolases, enzymes that typically degrade natural polyesters
such as cutin, a waxy substance found in plant cuticles. PETase shares this evolutionary
heritage but has adapted to recognize and act on synthetic PET. Its active site contains key
amino acid residues that facilitate the hydrolysis of ester bonds, allowing it to break down long
polymer chains into smaller fragments. These structural insights have been crucial for efforts

to engineer PETase variants with improved activity, stability, and thermal tolerance3® 4°,

Since the discovery of PET-depolymerizing enzymes, enzymatic PET recycling has been
regarded as a promising method for plastic disposal, particularly in the context of a circular
economy strategy*'. Enzyme-based recycling offers an environmentally friendly alternative to
chemical methods by converting PET into its monomers, which can be reused to synthesize
new plastic products. However, the PET-degrading enzymes developed so far face several
challenges that limit their industrial application. To date, the cost of industrial enzymatic
recycling of PET is significantly higher than the production of virgin PET due to several
limitations associated with currently available PETases*?. Although industrial implementation
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has been demonstrated, for example by the French company Carbios, many PETases still suffer
from low thermostability, limited catalytic efficiency, and inhibition by degradation
intermediates, making large-scale PET recycling impractical****. To overcome these
limitations, the author’s Doctoral Thesis focused on the engineering of PETase enzymes
through advanced rational design strategies to develop an efficient variant for industrial
enzymatic PET degradation. The author engineered the current PET-hydrolyzing enzyme gold
standard [the ICCG variant of leaf-branch compost cutinase (LCC-ICCG)] using in
silico protein design methods to develop a PET-hydrolyzing enzyme that features enhanced

thermal stability and PET depolymerization activity.
2.1. Development of engineered LCC-ICCG PETase enzyme

Leaf-branch compost cutinase (LCC) is a highly efficient, naturally occurring PETase with
a melting temperature (Tm) of 84.7 °C*. It was further engineered by Tournier et al. in 2020 to
generate the ICCG (LCC-ICCG) variant, reported to reach Tm values of 91.7-94.0 °C and
currently regarded as the gold-standard PETase*® “¢. Despite this exceptional stability, the vast
sequence space of LCC offers substantial potential for further optimization. Building on the
LCC-ICCG scaffold, the author set out to design more stable and active PETases, guided by
the hypothesis that enhanced thermal stability correlates with improved expression and

catalytic performance.

2.1.1. Rational engineering

In silico enzyme engineering was initiated from the LCC-ICCG variant, a stabilized
derivative of leaf-branch compost cutinase containing four substitutions (F243I1, Y127G,
S$283C, and D238C), including an additional disulfide bond, with the catalytic serine restored
at position 165 4> 47, Residues within 5 A of the active site were excluded from mutagenesis
to preserve catalytic function. Three complementary computational strategies were applied to
generate stabilizing variants: Rosetta Supercharge*®, PROSS* and Disulfide-by-Design®. The
Rosetta Supercharge approach enhances protein stability by increasing surface hydrophilicity,
a property commonly associated with improved structural robustness*®. A widely used and
straightforward stabilization strategy is the introduction of one or more disulfide bonds, which
can rigidify the protein backbone and enhance stability®®. Additional stabilization approaches
aim to extend intramolecular hydrogen-bonding networks, introduce stabilizing salt bridges, or
improve hydrophobic core packing, as implemented in PROSS*. These approaches yielded

1000, 9, and 125 candidate variants, respectively, from which subsets with the most favorable
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scores were selected (C01-C10, P01-P09, and X01-X10). All 29 selected variants were
subjected to 1 ps molecular dynamics simulations in explicit solvent and ranked based on
RMSF-derived stability metrics. This screening identified six top-performing candidates, C08,
C09, P06, P08, X05, and X09, which were selected for experimental expression and
characterization based on their predicted enhanced structural stability (Fig. 15).
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Fig. 15. Sequence alignment. Sequence alignment of the wild-type LCC enzyme (Uniprot
ID G9BY57), the ICCG variant developed by Tournier et al.*6, and the engineered enzymes
developed in this study (C08, C09, P06, P08, X05, X09). Alignment is performed with

Clustal Omega, while the graphical representation is obtained using ESPrit 3 web server®.,

2.1.2. Enzyme expression and purification

The selected candidate enzymes were expressed in E. coli and purified using nickel affinity
chromatography (IMAC) and size-exclusion chromatography (SEC) (Fig. 16). For PETase
enzymes, BL21 Star (DE3) at 18 °C proved effective, with yields ranging from 12 mg/L to
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22 mg/L. Among these, variant X09 expressed the highest amount (22 mg/L), while P08
produced the lowest (12 mg/L).
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Fig. 16. Representative chromatograms from the purification of the C09 enzyme showing
A) nickel affinity chromatography (IMAC) and B) Size-exclusion chromatography (SEC).

The blue trace represents UV absorbance (A280) used to monitor protein elution.

2.1.3. Biophysical characterization

After enzyme design campaign, the author tested the secondary structure (Fig. 17) and the
thermal stability of the six engineered variants (Fig. 18). It was found that the CO09
(Tm=97.1 °C) and X05 (Tm=96.9 °C) variants have a higher T than the reference LCC-ICCG
(Tm=93.6 °C). The X09 (Tm=93.8 °C) variant exhibits similar thermal stability to LCC-ICCG
(Fig. 17). The author did not determine the melting temperature of P06 and P08 due to their
negligible enzymatic activity in preliminary experiments, while for C08, it was not possible to

obtain a reliable fit.
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Fig. 17. Secondary structure measurements by circular dichroism. A) — The plot shows
voltage vs. wavelength for the different enzymes. B) — The plot shows ellipticity vs.

wavelength for the different enzymes.
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Fig. 18. Representative melting curves. Each panel shows a representative melting curve
measured by circular dichroism at 222 nm from 20 °C to 120 °C for the corresponding
sample; black dots represent experimental data points, and the solid line indicates the fitted

curve.

2.1.4. Functional assay

The enzymatic hydrolysis of polyethylene terephthalate (PET) was evaluated by
guantifying the formation of major depolymerization products — bis(hydroxyethyl)
terephthalate (BHET), mono(hydroxyethyl) terephthalate (MHET), terephthalic acid (TPA),
and ethylene glycol (EG) using reversed-phase HPLC. Reactions were carried out at 68 °C with
40 nM enzyme in 20 mM Tris-HCI (pH 8.0) containing 300 mM NaCl. Amorphous PET films
(250 pum thickness, Goodfellow USA) were punched into 6 mm discs (~8.4 mg) and incubated
individually in 2 mL microcentrifuge tubes. All assays were performed in quintuplicate to
ensure reproducibility. Product quantification was conducted using a Shimadzu LC-2030C 3D
Plus system equipped with a Kinetex C18 column (2.7 um, 4.6 x 150 mm) at 40 °C and 1 mL
min' flow rate. The mobile phase consisted of 0.1 % HsPOa (A) and acetonitrile (B) with a
linear gradient. Aliquots were collected at various time points (0-144 h), diluted accordingly
(21x for 0-72 h, 101x for 96-144 h), and analyzed at 220 nm. Calibration curves for TPA and
MHET (0.1-50 pg mL™") and BHET (0.09—43.9 ug mL™) enabled precise quantification of

product formation.
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The accumulation of TPA and MHET over time reflected progressive PET hydrolysis.
Among the tested variants, some demonstrated enhanced degradation rates compared to wild-
type PETase, correlating well with the improved thermostability and folding properties

revealed by biophysical characterisation.

A B
54 30
-+ C09 — i 4 CO09
4 i e IccG > E S e ICCG
5 -+ X0 2z E 20 L X9
‘2,3- = C08 ® g a C0B
U'_
< 2- X05 =0 IR S ER— X05
a Control g g et A =
g :
14 g) e 1
0 v i 1 i I v u-‘ T T T T T 1
0 24 48 72 9 120 144 0 24 48 T2 9 120 144
Time (h) Time (h)

Fig. 19. Comparison of polyethylene terephthalate (PET) depolymerization over time
for all enzymes. A — Terephthalic acid (TPA) production over time at 68 °C (LCC-ICCG —
C09 — X05 — X09 — C08 40 n M, pH 8.0). B — Comparison of TPA production at 68 °C at
4 hand at 144 h.

The results show that at 68 °C, the mean TPA concentration at the different time points is
significantly higher for the C09 mutant than for ICCG up until day 6 (144 h). Moreover, the
specific activity of C09 is also significantly higher (=2-fold) than that of the gold standard
LCC-ICCG over the same length of time (Fig. 19).

2.1.5. X-ray crystallography

Crystals of the C09 variant were obtained by vapor diffusion in 0.1 M sodium citrate
pH 5.6, 20 % PEG 4000, and 20 % isopropanol, and data were collected after cryoprotection
with 25 % glycerol. The resulting structure, refined to 1.28 A resolution, provided atomic detail

of the engineered stabilizing mutations.

The C09 enzyme contains thirteen substitutions relative to wild-type LCC, including
additional charged residues (e.g., S36D, Q40R, S57K) strategically positioned on the surface.
Despite these extensive modifications, the crystallographic analysis showed no significant
deviation in folding (RMSD 0.26 A vs. WT; 0.15 A vs. LCC-ICCG). The catalytic triad (D210,
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H242, S265) retained its canonical geometry, confirming that structural integrity was preserved
(Fig. 24).

Structural comparison and RMSF simulations demonstrated that C09 exhibited reduced
local flexibility, particularly around the catalytic His242, explaining the variant’s exceptional
thermal resilience (Tm > 95 °C) and 2-fold higher PET degradation efficiency relative to LCC-
ICCG. The added surface charges are hypothesized to stabilize surface-exposed loops and
prevent unfolding of the catalytic site during prolonged high-temperature catalysis. Thus, while
catalytic architecture remains unchanged, dynamic stabilization through rational design

appears to be the key determinant of enhanced performance in C09 (Fig. 20).
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Fig. 20. Structural comparison of relevant PETase enzymes: wild-type LCC (green),
ICCG variant (cyan), and C09 variant (pink). (A) — The overall structural alignment shows no
significant differences between the enzymes, including the position and the orientation of the
catalytic triad. Panel (B) shows the position of mutations (sticks) in ICCG (cyan) and C09
(pink) with respect to the catalytic site (pink sticks). Panel (C) shows a comparison between
the root mean square fluctuation (RMSF) of LCC, LCC-ICCG, and CO09 at different
temperatures (310 K, 350 K, and 400 K).
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2.2. Characterization of novel PETase SM14

While enzymatic PET degradation has emerged as a promising sustainable alternative to
conventional recycling methods, most known PET-degrading enzymes display limited catalytic
efficiency and narrow operational windows, particularly under environmentally relevant
conditions. This limitation is especially critical in the context of marine pollution, where large
quantities of PET accumulate and persist due to high salinity, low temperatures, and the
scarcity of effective natural degradation processes. In this context, the author characterised a
novel PET-degrading enzyme isolated from the marine-sponge-associated bacterium
Streptomyces sp. SM14 (PETase SM14). This project is conducted in collaboration with Prof.
Giulia Di Rocco at the University of Modena and Reggio Emilia (Italy), where a part of the

project was carried out.
2.2.1. Enzyme expression and purification

The gene encoding mature PETase SM14 from Streptomyces sp. SM14 was cloned into the
PLATES2 vector using ligation-independent cloning and expressed in E. coli BL21 (DE3).
Protein expression was induced with IPTG, followed by cell lysis and purification via Ni*'-
affinity chromatography using a HisTrap HP column. PETase SM14 was eluted with an
imidazole gradient, and peak fractions were collected, with protein concentration determined

by UV absorbance at 280 nm based on its calculated molecular properties.
2.2.2. Biophysical characterization

Far-UV CD spectroscopy was employed to assess the secondary structure content of
PETase SM14 and to compare its folding with that of the reference PETase from Ideonella
sakaiensis®® 52, The CD spectra displayed well-defined minima at approximately 208 nm and
222 nm, characteristic of an a/B-hydrolase fold dominated by a-helical and B-sheet elements
(Fig. 18). The spectral profile of PETase SM14 closely resembled that of I. sakaiensis PETase,
indicating that the enzyme retains a similar overall secondary structure architecture despite
sequence divergence. The data confirm proper protein folding and align with the structure

determined by X-ray crystallography of PETase SM14.

Thermal denaturation experiments, monitored by measuring ellipticity at 222 nm as a
function of temperature, revealed a melting temperature (Tm) of 56.3 °C for PETase SM14,

indicating remarkable thermal stability. In comparison, the Tm of Ideonella sakaiensis PETase
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was determined to be 45.0 °C, indicating that SM14 is more than 10 °C more thermostable
(Fig. 21). This increase in Tm suggests enhanced structural rigidity or improved intramolecular
interactions within PETase SM14, likely contributing to its robustness under environmental

conditions. The unfolding transition represented a well-folded, monomeric protein.
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Fig. 21. Circular dichroism (CD) analysis to detect the secondary structure of the enzyme
[A] and to measure the thermostability of the enzyme [B].

Protein thermal stability was also assessed using differential scanning fluorimetry (DSF)
with SYPRO Orange dye (Thermo Fisher Scientific) on a 7500 Real-Time PCR system
(Applied Biosystems). Each reaction contained 5 LM enzyme and 5x dye in a final volume of
25 uL, prepared by mixing equal volumes of enzyme solution (10 uM) and 10x dye (diluted
from a 5000x% stock) in the corresponding protein buffer. Fluorescence was monitored during
temperature ramping from 15 °C to 95.3 °C, and melting temperatures (Tm) were determined
from the inflection points of the denaturation curves. To evaluate stability under different
physicochemical conditions, assays were performed across a pH range of 6.0-9.0, and NaCl
concentrations from 100 mM to 700 mM (Fig. 22). Variations in pH had minimal effect on Tm,
which remained relatively constant, while increasing NaCl concentration up to 700 mM in Tris
buffer (pH 8.0) did not induce protein unfolding. These results demonstrate that the enzyme

maintains high structural stability across a broad range of salt concentrations and pH values.
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Fig. 22. Shift in melting temperature of PETase SM14 in different buffer conditions detected

via temperature-dependent fluorescence shifts of SYPRO Orange.

MALDI mass spectrometry provides accurate molecular mass determination and sequence
verification, enabling detection of degradation, post-translational modifications, and
confirmation of expression products®, MALDI-TOF mass spectrometry was used to confirm

the molecular mass and sequence integrity of the purified PETase SM14 enzyme.

Measurements were recorded with a FLEX-PC autoflex TOF/TOF (Bruker). The
acquisition operation mode was Linear, polarity voltage POS. The number of shots was 500.
Protein and formic acid (one sample with 1 puL and one with 0.5 pL) were mixed. One drop of
this solution was mixed with matrix SA (sinapinic acid) and allowed to solidify. The

concentration of the protein was 10 mg/mL.

The experimental molecular mass (approximately 28 kDa) closely matched the theoretical
mass calculated from the amino acid sequence (Fig. 23), verifying successful expression and
purification of the intact protein. No evidence of proteolytic cleavage, truncation, or post-
translational modification was observed. The mass accuracy (+ 0.1 kDa) and absence of
significant impurity peaks confirmed the high purity of the sample obtained after the two-step

chromatographic purification.
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Fig. 23. MALDI-TOF analysis of PETase SM14. This value was obtained with a
5 mg/mL protein concentration, diluted with TFA 50 %, and sinapinic acid (SA) as the

matrix.

Furthermore, peptide mass fingerprinting following tryptic digestion confirmed sequence

coverage above 90 %, validating that the expressed product corresponded precisely to the

intended PETase SM14 construct (Fig. 24). The consistency between the expected and

observed mass further corroborated the structural data obtained from CD and DSF analyses,

collectively confirming that PETase SM14 is a stable, properly folded, and structurally intact

enzyme.
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TQLHAALDHA IGDSVVGPRI DTSRQAVMGH SMGGGGALQA AEERDEIRAA
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Fig. 24. MS/MS spectra (100-1200 m/z) obtained from the band of PETase SM14 after

purification, extracted and digested with trypsin and analyzed via ESI-MS/MS spectrometry.

Sequence coverage of 95 %.
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2.2.3. Functional assay

The enzymatic activity of PETase SM14 was evaluated using PET post-consumer plastic
(PCP) under controlled reaction conditions, varying key parameters including pH, temperature,
and NaCl concentration. PETase SM14 effectively degraded PCP, releasing terephthalic acid
(TPA) as quantified by HPLC, with optimal activity observed at pH 9.0. TPA production
increased approximately 10-fold under basic conditions and was largely independent of
temperature between 40 °C and 50 °C. Enzymatic activity was strongly enhanced by salinity,
showing over a 100-fold increase in TPA release in the presence of NaCl, with an optimal

concentration around 900 mM,

2.2.4 X-ray crystallography

The author determined the high-resolution crystal structure of PETase SM14 from a
Streptomyces species isolated from a marine sponge. Crystals of the tag-free enzyme were
grown using the vapor diffusion method and diffracted to 1.43 A resolution on the Diamond
Light Source 103 beamline in Oxford, UK. The structure was solved by molecular replacement
using an AlphaFold-predicted model as the search template, followed by iterative manual

refinement in Coot> and automated cycles in REFMAC5®,

The PETase SM14 structure exhibited the classical o/p-hydrolase fold, with a conserved
Ser—His—Asp catalytic triad positioned in a shallow substrate-binding cleft. Structural
superposition with Ideonella sakaiensis PETase (IsPETase) and a polyester hydrolase (PE-H)
(Fig. 25) revealed high structural conservation, with RMSDs of 0.69 A (IsPETase) and 0.81 A
(PE-H). The catalytic residues aligned precisely, supporting a shared serine-hydrolase

mechanism.

s !
Fig. 25. Overall structure comparison of PETase SM14 (light blue), IsPETase (PDB
code 61LW, light green), and PE-H from P. aestusnigri (PDB code: 6SBN, light pink)
performed using PyMOL.
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Notably, SM14 displayed distinctive loop conformations adjacent to the active site that
narrowed the catalytic pocket relative to IsPETase. This subtle closure may confer enhanced
substrate binding and increased rigidity, consistent with the enzyme’s high melting temperature
(Tm 56.3 °C) and pronounced salt tolerance up to 1.5 M NaCl. Electrostatic surface analyses
indicated a less polarized and more evenly distributed charge potential compared with
IsPETase (pl 6.67 vs. 9.41), potentially stabilizing the protein in marine or alkaline
environments. Together, these features suggest that PETase SM14 evolved for catalytic
persistence under high-salinity and mildly thermophilic conditions, an adaptation promising

for environmental PET degradation.

2.2.5 Structure-function correlation analysis

The author studied the structure of PETase SM14 in detail in order to understand the effect
of ionic strength on PETase enzymes. To further dissect the contribution of correlated
flexibility to enzymatic adaptation, the author combined molecular dynamics (MD) simulations
with in vitro enzymatic assays on IsPETase (from Ideonella sakaiensis) and PETase SM14.
The objective was to determine how local motions and dynamic coupling contribute to catalytic
efficiency across ionic environments. ISPETase, secreted by Ideonella Sakaiensis 201-f6, and
PETase SM14, expressed by the marine-sponge Streptomyces sp. SM14, are characterized by
the same catalytic scaffold; however, significant differences have evolved to adapt each
enzyme to its native environment. Activity assays on PET powder degradation performed in
this study and supporting evidence from the literature indicate that NaCl concentration exerts
a positive effect on the activity of PETase SM14, consistent with its hypersaline marine origin,
while having a negative effect on ISPETase. To date, this phenomenon has been observed using
analytical techniques such as HPLC, SEM, and AFM, which do not elucidate the structural

basis of these effects.

To address this gap, the author employed molecular modeling and MD simulations to
deliver a detailed structural comparison and molecular-level explanation of the experimentally
observed differences between the two homologous plastic-degrading enzymes. The results
obtained from 500-ns-long MD simulations reveal that the IsPETase binding site is
significantly wider and more flexible than that found for PETase SM14, as supported by the
larger average residue-residue distances and the more open electrostatic surface observed in
Fig. 26. This inactivation is primarily caused by a conformational rearrangement involving the
flipping of residue W159, which displaces the catalytic histidine (H237) from serine (S160),
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disrupting the active site geometry. In contrast, PETase SM14 maintained a more rigid structure
that underwent minor yet beneficial conformational changes under high-salt conditions. These
subtle rearrangements promoted enhanced hydration of the active site, with additional water

molecules facilitating substrate interaction and sustaining catalytic efficiency.

A PETaseSM14 150 mM IsPETase 150 mM

Residue Index
Residue Index
Residue Index

3§y & 33 @
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Residue Index Residue Index Residue Index Residue Index

O ooty
Fig. 26. Effect of ion concentrations on the PETase SM14 and IsPETase. Electrostatic
potential surface of PETase SM14 and IsPETase at (A) 150 mM and (B) 900 mM of NaCl
concentration. The binding site locations and key residues are indicated with the green dotted
circles. C — Distance maps of residues forming the PETase SM14 and IsPETase binding sites
at the two ion concentrations. The maps report the average values of each cross-distance
calculated over the three 500-ns MD simulation replicas. The color scale ranges from 0 A

(blue spots) to >14 A (red spots).

Modeling of PET binding using 9-monomer PET chains confirmed that PETase SM14 at
high salinity and IsPETase at low salinity both achieve optimal substrate accommodation and
catalytic alignment. At 900 mM NaCl, PETase SM14 displayed approximately twice as many
reactive enzyme—substrate configurations compared to its performance at 150 mM, whereas
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ISPETase exhibited a 50 % reduction in such states under the same conditions. These findings
correlate well with the observed experimental activity trends and provide a molecular-level

explanation for the distinct ionic adaptations of the two enzymes.
2.3 Current directions and future opportunities

Building on the established computational-experimental framework, the author has
initiated further exploration towards rational and simulation-guided engineering aimed at
enhancing the stability and catalytic efficiency of PETase SM14. In parallel, the author is
working towards the scale-up of enzymatic PET depolymerisation using the engineered LCC-
ICCG-C09 variant in bioreactor systems, with the goal of improving process robustness,

substrate accessibility, and overall catalytic productivity toward industrial implementation.
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CONCLUSIONS

This thesis developed an integrated computational-experimental framework for the rational
engineering of enzymes with improved stability, activity, and environmental robustness. The
approach combined molecular modeling, molecular dynamics simulations, protein
engineering, biochemical characterization, and structural analysis to guide efficient enzyme

optimization.

e Fructosyl peptide oxidase (FPOX) variants were successfully engineered with
enhanced thermostability using RMSF-guided mutations, salt bridges, and disulfide
bonds (Appendix 1).

e Although the optimized FPOX variants exhibit enhanced stability and activity, further
development is focused on improving their performance toward glycated haemoglobin.
Current data addressing this objective can be found in the manuscript provided in the
Appendix 5.

e Engineering of PET-degrading enzymes demonstrated the broader applicability of the
framework to industrial biocatalysis. The LCC-ICCG-CQ9 variant showed improved
thermal stability and approximately two-fold higher PET depolymerization efficiency
compared to the parent enzyme, providing a promising foundation for enzymatic plastic
recycling despite remaining challenges related to substrate crystallinity, pH sensitivity,
and scalability (Appendix 2).

e A novel marine sponge derived enzyme, PETase SM14, was discovered and
characterized. It was found to maintain high activity in alkaline, high-salt, and high-
temperature environments (Appendix 3).

e Structural and molecular dynamics analyses of PETase SM14 revealed adaptive
features supporting catalysis in hypersaline environments, highlighting its potential for

marine plastic bioremediation (Appendix 4).
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Hajar Estiri%5, Shapla Bhattacharya'?¢, Jhon Alexander Rodriguez Buitrago?,
Rossella Castagna®?, Linda Legzdina?, Giorgia Casucci’, Andrea Ricci*, Emilio Parisini%*™ &
Alfonso Gautieri**’

Fructosyl peptide oxidases (FPOX) are deglycating enzymes that find application as key enzymatic
components in diabetes monitoring devices. Indeed, their use with blood samples can provide a
measurement of the concentration of glycated hemoglobin and glycated albumin, two well-known
diabetes markers. However, the FPOX currently employed in enzymatic assays cannot directly detect
whole glycated proteins, making it necessary to perform a preliminary proteolytic treatment of the
target protein to generate small glycated peptides that can act as viable substrates for the enzyme.
This is a costly and time consuming step. In this work, we used an in silico protein engineering
approach to enhance the overall thermal stability of the enzyme and to improve its catalytic activity
toward large substrates. The final design shows a marked improvement in thermal stability relative
to the wild type enzyme, a distinct widening of its access tunnel and significant enzymatic activity
towards a range of glycated substrates.

The current clinical standard for monitoring blood glucose levels is glycated hemoglobin (HbAlc). Indeed,
thanks to its longevity (its half-life is up to 3 months), HbAlc is the marker of election for diabetes diagnosis. To
this end, an effective protocol that includes the exploitation of fructosyl peptide oxidases (FPOX) for measuring
HbAIc concentration in blood samples has been developed!=>. The first step of the protocol involves a proteolytic
digestion of HbAIc to release the glycated N-terminal dipeptide, fructosyl-valine-histidine (fVH); the dipeptide
is then hydrolyzed by a FPOX, a process that results in the production of hydrogen peroxide, which can be meas-
ured via a colorimetric assay by coupling horseradish peroxidase and an appropriate chromophore*. Likewise,
FPOX-based methods can also be used to measure glycated albumin (GA), which is a short- and medium-term
glycemic diabetes marker (half-life up to 3 weeks)®.

FPOXGs are suitable enzymes for diabetes assays thanks to their reactivity on up to six amino acid-long
fructosyl peptides®. FPOxs belong to the larger family of Fructosyl Amino Acid Oxidases (FAOX)’~, which are
enzymes of fungal or bacterial origin that cleave low molecular weight Amadori products, freeing the amine
group and generating glucosone and hydrogen peroxide!®-'2.

Other than diabetes detection and surveillance, FPOXs are also considered to be promising therapeutic tools
for protein deglycation in biological tissues'®. Protein glycation is a spontaneous and irreversible non-enzy-
matic reaction whereby a sugar binds to a protein and generates a covalent adduct named Amadori product™*.
Protein glycation triggers many diabetes-related clinical outcomes, such as for instance arterial stiffening'®,
nephropathy'®, retinopathy'” and neuropathy's. These complications have indeed been shown to be largely driven
by the chemical modification of functional proteins'®.

The inability of wild type FPOXs to act on intact proteins is the most critical issue limiting both their dia-
betes detection efficiency and their protein deglycation potential?"-2. This is due to their buried active site and
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narrow access tunnel, as determined in multiple crystal structures®'>?. To the best of our knowledge, there
is currently only one report describing an enzyme that shows direct activity on HbAlc without requiring any
preliminary proteolytic step. This enzyme has been obtained by introducing a single point mutation (R61G) in
a thermostable version of Aspergillus nidulans’ FPOX (AnFPOX)*. Nonetheless, the activity and the stability
profile of FPOX enzymes need to be further improved when considering their application in biosensors. Indeed,
improving the ability of FPOXs to act on full-length glycated proteins may provide significant advantages in both
the development of novel diabetes monitoring tools and in the design of innovative therapies aimed at reducing
and/or preventing protein aging (i.e., the accumulation over time of advanced glycation end-products). These
improvements may come from engineering an enzyme with a wider access tunnel to the catalytic site; in fact,
access tunnel engineering can improve several characteristics of the enzyme, such as activity, specificity, prom-
iscuity, enantioselectivity and stability?>°.

Our group has previously reported on a successful engineering campaign aimed at widening the access tun-
nel to the catalytic site of Phaeosphaeria nodorum FPOX (PnFPOX)?. In that account, using a rational design
approach involving a five-amino acid deletion at the entrance of the active site and a number of further mutations,
we described a stable PnFPOX mutant (named L3-35A) that, relative to the wild type enzyme, features a signifi-
cantly wider and shorter access tunnel. However, the backbone redesign also introduced structural instability and
lowered the activity of the engineered enzyme. For this reason, in this work we aimed at improving the L3-35A
design and restore the stability and activity of the enzyme, thus providing a FPOX that presents high activity and
stability together with a wider access tunnel with respect to the parental enzyme PnFPOX.

In the present study, we set out to enhance the thermal stability of the L3-35A mutant by implementing
a methodological approach whereby different thermal stabilization strategies are tested in parallel and their
efficiency compared. These various strategies involved mutations to either improve the RMSF of the protein
(generating mutants hereafter referred to as D-series mutants), increase the number of salt bridges (C-series
mutants) or form disulfide bonds (X-series mutants). Whereas, of all methods, engineered disulfide bond for-
mation usually provides the enzyme with the highest T,,, the other two methods may in fact be useful when
engineering a protein that already contains one or more cysteines. In such cases, the introduction of further
cysteine residues may interfere with natural disulfide bond patterns and result in high levels of insoluble protein
formation. In essence, we used our PnFPOX mutant L3-35 as a platform to test our design approach on different
thermal stabilization strategies, and to provide a systematic comparison of their efficiency relative to the same
parent enzyme. Our design process involved the use of extensive molecular dynamics (MD) simulations and
targeted optimization using Rosetta-based design®, followed by experimental validation of a small number of
selected high-scoring mutants. In our validation procedure, we assessed the activity of the selected mutants
against several substrates, including small glycated amino acids such as fructosyl-Val (fV) and fructosyl-Lys (fK),
the dipeptide fructosyl-Val-His (fVH) and the hexapeptide fructosyl-Val-His-Leu-Thr-Pro-Glu (F6P). Overall,
the data shown herein provide evidence that our rational design approach allows the rapid identification of
mutants featuring the desired phenotype.

Results and discussion

Stability optimization of the L3-35A PNFPOX mutant

Starting from the crystal structure of the L3-35A PnFPOX mutant (PDB code 6Y4]J), we performed MD simula-
tions at variable temperatures, followed by root mean square fluctuation (RMSF) analysis. Our data suggests
that, with the exception of the N- and the C-termini, the most unstable regions of the enzyme are helix 96-111
and the surrounding structures (Fig. 1). The relative instability of this helix is likely due to the redesign of resi-
dues 58-65 of wild type PnFPOX (red circle in Fig. 1¢)¥. Indeed, while these changes resulted in the widening
of the access tunnel to the active site, they also caused the removal of the amino acids facing helix 96-111, thus
abrogating previously existing stabilizing interactions. Further regions that present a lower average stability are
loops 240-247, 301-307, 401-410.

The use of the Rosetta “Supercharge” method, which aimed at increasing the charge on the surface of the
enzyme, led to the design of 1000 enzyme variants, from which those 20 (named C01-C20) that featured the best
Rosetta score were selected for further analysis. Similarly, single point mutations screening led to 8095 designs,
from which the best 20 were retained (S01-S20). Double point mutations screening generated 271,000 designs
(leading to the selection D01-D20), PROSS design produced 9 variants (P01-P09), and disulfide bond design
identified 62 enzyme variants (from which we selected the best 8, named X01-X08).

The 77 candidate enzyme variants originating from our different screening methods were then subject to
MD simulations and ranked based on their stability at increasing temperatures, as assessed by RMSF analysis.
Our MD-based ranking led to the selection of six candidate mutants (C16, D02, X01, X02A, X04, and X07) for
experimental production and characterization.

For measuring the thermal stability of the different mutants, we used both thermal shift assay (differential
scanning fluorimetry or DSF) and circular dichroism (CD). Both of these methods are sensitive to the thermal
stability of the enzymes and can provide information on the structural changes that occur as a function of tem-
perature. As expected, the two methodologies provide very similar results in terms of trends and absolute values
and demonstrate that the rational design procedure that we adopted was effective in enhancing the thermal
stability (T,,) of our reference FPOX enzyme, L3-35A (see Table 1). The D02 variant, which relative to L3-35A
features two additional mutations (V110R and D115G), shows an increase in T, of = 1.5 °C with respect to the
parent enzyme. On the other hand, the introduction of extensive surface charges and salt bridges (mutant C16)
resulted in a further increase in T,, of = 1.5 °C (T}, = 55.2 °C). Finally, the incorporation of a single disulfide bond
in different positions on the L3-35A scaffold led to a significant improvement in thermal stability of all the tested
mutants of this series: X01 (54.1 °C), X02 (60.0 °C), X04 (55.2 °C) and X07 (55.3 °C).
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Figure 1. Stability analysis from MD simulations. The RMSF profile (a) shows that in the L3-35A, the helix
96-111 and the surrounding structures present a high degree of instability compared to the other enzymes. In
the structural comparison (b, PnFPOX:green, AnFPOX:pink and L3-35A:blue), this helix (circled black) shows
also a different fold compared to the other two enzymes. The instability and different structural arrangement
could be due to design operated on L3-35A, which removed part of the helix blocking the tunnel (c, circled
red). These removed residues were facing the helix 96-111 in the parental enzymes and were making stabilizing
interactions, which could explain why helix 96-111 is unstable in L3-35A, possibly leading to its lower activity
(d, color coded by RMSE, where blue represents lower RMSF and green-red the regions with higher RMSEF).
Comparison of RMSF and structure of PnFPOX (green), AnFPOX (pink) and L3-35A (blue).

Enzyme T, (0" |T,(CP
PnFPOX (WT) 53.2+0.2 |53.5+0.1
L3-35A 52.3+0.2 |52.9+0.1
D02 53.1+0.5 |54.8+0.1
Cl6 55.2+0.1 |55.0%0.1
X01 54.1+0.1 |54.2+0.1
X02A 60.0+£0.4 |60.1+0.1
X04 55.2+0.3 |55.0+0.1
X07 55.3+0.4 |554+0.1
X02B 60.2+0.7 |60.6+0.1
X02C 64.0+0.2 |63.3+0.1

Table 1. Melting temperature of the parent enzyme (L3-35A) and its mutants as determined by thermal
shift assay (%) and circular dichroism (). The melting temperature of the wild type enzyme (PnFPOX) is also
provided as reference.

To assess the activity of these various enzyme variants, we employed a colorimetric enzymatic assay that
allowed us to quantify the release of glucosone probed at 322 nm. We tested the activity of the enzymes on
fructosyl-lysine (fK), fructosyl-valine (fV), fructosyl-valine-histidine (fVH) and fructosyl-Val-His-Leu-Thr-
Pro-Glu (F6P) (see Table 2). We observed that the activity of the enzyme variants towards fK and fV remained
similar to that of the parent enzyme, with a slight increase of activity in the case of D02 and a slight decrease
in all the other cases. Overall, we observed that the activity of these mutant enzymes is several folds lower than
that of PnFPOX, the naturally occurring enzyme. Also, similarly to the parent enzyme, none of these mutants
shows any activity towards the dipeptide or the hexapeptide.

Based on our thermostability results, we selected the X02A variant for its high T,, high expression yield, and
detectable activity toward glycated amino acids and we set out to increase its activity toward larger substrates (i.e.,
fVH and F6P). The activity toward these substrates was present in the wild type enzyme PnFPOX but was lost
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Specific activity (U/mg)
Enzyme fK fv fVH F6P
PnFPOX 30.18+0.67 |29.67+2.56 |32.60+1.18 |0.78+0.09
AnFPOX-47 - - - 0.082+0.002*
L3-35A 0.21£0.02 0.16+0.04 - -
D02 0.30+0.03 0.32+0.01 - -
Cl16 ND ND - -
Xo1 ND ND - -
X02A 0.15£0.01 0.11£0.01 - -
X04 ND 0.13+£0.01 - -
X07 - 0.08+£0.01 - -
X02B 2.24+0.07 32.50+0.44 |0.87+0.03 0.18+£0.06
X02C 1.06+0.01 17.95+2.46 | 1.62+0.02 0.43+0.06

Table 2. Comparison of the enzymatic specific activity (U/mg) on different substrates. Tests are performed in
triplicates. ND not detected. *Data from reference®.

in the L3-35A design. The L3-35A design involved the engineering of the entry tunnel of the wild type PnFPOX
enzyme via the shortening of a loop and a helix?’. In this process, while the amino acids that are directly involved
in the catalytic function were not modified, some tunnel-lining residues were replaced. This could explain the
reduced activity of both the L3-35A enzyme previously reported and its thermally-stabilized mutants described
so far (D02, C16, X01, X02A, X04, X07). Hence, we set out to design mutations to enhance the catalytic activity
of X02A, the most thermally-stable mutant of our library (Table 1).

To improve the catalytic activity of the engineered enzymes, the most promising variants resulting from the
stabilization steps were sequence- and structurally-aligned with the most active enzymes against the fructosyl-
hexapeptide F6P that are available in the literature, namely PnFPOX, FPOX-C and related variants® and AnFPOX
and related variants®*. Specifically, tunnel-lining residues associated with improvements in the catalytic activity
were selected to be introduced in the engineered enzyme (Fig. 2). Based on this comparison, we identified two
designs in which enzyme activity could be partially restored. In the first design (X02B), four mutations were
introduced in positions that are directly facing the tunnel in order to match the residues found in PnFPOX
(D60G, A61V, D62S, D368H). In the second design (X02C), we also introduced the N56A mutation, which was
shown to improve activity in the PnFPOX enzyme®, as well as a series of mutations in the loop 61-71. These muta-
tions (A611, D62S, A63G, D64A, A66L, A67S, D68L, A69E, R71F) were derived from the consensus sequence of
PnFPOX and AnFPOX-47, the most active FPOX enzymes currently available.

In essence, by reintroducing conserved tunnel-lining residues in the X02A sequence, we generated the X02B
and X02C mutants (Fig. 3) and we tested their activity toward the same panel of substrates that were tested with
the parent enzyme (Table 2). It is worth noting that the X02B and X02C enzymes present limited activity toward
the dipeptide (= 0.87 and 1.62 U/mg, respectively) compared to the WT (32.60 U/mg). However, while the WT
significantly shows little, if any, ability to catalyze the oxidative reaction on the F6P hexapeptide (0.78 U/mg,
which is equivalent to 2.4% of the activity on fVH), the X02B and X02C mutants feature significant activity also
on the hexapeptide (0.18 and 0.43 U/mg, which are equivalent to 20.7% and 26.5% of the activity observed on
the fVH). We measured the kinetic parameters (Table 3) for the WT and the latest engineered enzyme (X02C)
against the fructosyl-valine substrate, which are found consistent with those reported in the literature for the
enzyme family”!'>*”?’, For the substrate fructosyl-hexapeptide, a comparison of the K, of our mutant X02C
(0.03 mM) with the wild type PnFPOX (0.81 mM) shows higher affinity for the substrate.

To further compare our final design with similar FPOX, we compared it with a recently published engineered
FPOX, named AnFPOX-47, which is reported to be the most active on intact glycated hemoglobin among the
reported designs that present a wider tunnel*’. The comparison shows that X02B and X02C have significantly
higher activity than AnFPOX-47 toward F6P. Moreover, X02B and X02C feature a much higher T, relative to all
the other L3-35A mutants, i.e. 60.17 °C and 64.02 °C respectively (Table 1). Overall, within our panel of mutated
enzymes the thermal stability of X02C increased significantly (more than 10 °C) with respect to the wild type
PnFPOX. Interestingly, thermal stabilization also resulted in a significant increase in the production yield, the
X02C variant featuring a nearly three-fold increase in expression yield with respect to the WT.

Structural correlation analysis
To identify the possible molecular mechanism underlying the differences in enzymatic activity observed in our
study, we determined the crystal structures of some of our best performing variants and we compared their
overall fold as well as their tunnel and catalytic site. At the structural level, the tridimensional architecture of all
mutants reported herein is maintained, confirming that our mutagenesis campaign did not impair the conforma-
tional stability of the enzyme. Indeed, when comparing the overall RMSD values of all the crystallized mutants
to the wild type PnFPOX (PDB code 5T1E), the differences are all within a maximum of 1.8 A (see Table 4).
We then compared the residues in the catalytic site (W235, E278, G372, R415) of our mutants with those
of the WT enzyme. These residues are highly conserved in all FPOX enzymes and bind to the sugar moiety of
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Figure 2. Sequence alignment of homologous enzymes used to design mutations for enzyme activity
enhancement. The L3-35A and X02A enzymes were sequence- and structurally-aligned against the most active
enzymes on the fructosyl-hexapeptide F6P that are available in the literature, namely PnFPOX and FPOX-C?,
AnFPOX-15 and AnFPOX-47%". Yellow stars represent positions considered for mutagenesis.

the substrates. We observed that the orientation of these residues is maintained (see Fig. 4), suggesting that the
differences in the catalytic activity are not due to differences in the core catalytic site.

These results could be explained by the modification of the tunnel size and of its lining residues (see Fig. 5
and Table 4). In the WT, the small and long tunnel (bottleneck radius 2.2 A, length 13.3 A) allows greater
stabilization of small substrates while limiting the entrance of larger substrates, hence explaining the marked
decrease of activity when moving from glycated amino acids to the glycated hexapeptide. On the other hand,
the AnFPOX-47 developed by Ogawa and coworkers* presents a slightly larger tunnel (bottleneck radius of
2.7 A) with comparable length (13.2 A), which may explain its activity towards larger substrates. Our previously
developed L3-35A enzyme variant”” exhibits a much wider and shorter tunnel (bottleneck radius of 3.7 A and
length of 6.4 A) but shows limited activity on both small and large substrates, which could be due to the limited
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Figure 3. Schematic of the rational design strategy, showing the names of the relevant enzyme variants
obtained at each stage.

PnFPOX | fV 593+1.61 |41.67+8.34 99.33+19.86 | 16.75
X02C v 0.94+0.06 | 10.56+0.56 20.83£1.10 22.16
PnFPOX | F6P 0.81+0.30 | 15.48+1.20 36.83+2.83 45.47
X02C FoP 0.03+0.01 0.26+0.01 0.52+0.02 17.22

Table 3. Kinetic parameters of wild-type PnFPOX and the engineered X02C enzymes.

PnFPOX - 22 133
L3-35A 18 3.7 6.4
D02 14 29 11.7
X02A 17 3.1 9.4
X04 18 3.0 10.9
X02B 15 3.0 10.2

Table 4. Calculated RMSDs between the WT enzyme PnFPOX and the different mutants, and tunnel
geometry. For selected enzymes, it was not possible to obtain the crystal structure.

2

Figure 4. Structural comparison of relevant FPOX enzyme: PnFPOX (green), AnFPOX-47 (pink) and
X02B (violet). The FSA inhibitor is depicted in yellow. The overall structural alignment shows no significant
differences between the enzymes, except for the entrance tunnel (a). The position of the catalytic site is also
highly conserved (b).

constraints of bound substrates due to the wider catalytic pocket, as well as to the removal of tunnel lining resi-
dues that contribute to the specific binding and stabilization of substrates. In an effort to revert the latter effect,
we re-engineered the tunnel-lining residues in the X02B and X02C enzymes. The X02B enzyme features a wide
and short tunnel (bottleneck radius of 3.0 A and length of 10.2 A), in between the WT and its parent L3-35A,
while at the same time showing a similar activity on both small and larger substrates. Hence, the wider tunnel of
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Figure 5. Comparison of the binding tunnel of PnFPOX (a), AnFPOX-47 (b), L3-35A (c) and X02B (d).

X02B, while reducing the stabilization of small substrates (and, as a consequence, the catalytic activity towards
them) allows larger substrates to access the catalytic site more easily, leading to comparable enzymatic activity.

Conclusions

As part of an ongoing investigation aimed at engineering an FPOX enzyme to provide it with both enhanced
thermostability and a wider access tunnel to the catalytic site, we set out to design a number of novel FPOX
mutants starting from our previously characterized mutant L3-35A of PnFPOX, which featured a much larger
active site relative to the wild type enzyme. To increase enzyme thermostability, we tested several strategies,
namely introducing mutations to either improve the RMSF of the protein, increase the number of salt bridges
or form single disulfide bonds. Our thermostability findings align with the expectation that the improved RMSE,
salt bridges formation, and disulfide bonds formation approaches can all effectively improve the thermal sta-
bility of enzymes, albeit to a different extent. In particular, we have shown that the introduction of a disulfide
bond allowed us to produce a PnFPOX variant that shows remarkably higher thermal stability compared to the
other mutants. Furthermore, the catalytic activity, which was significantly lost during the design process, was
reintroduced by engineering ligand-binding and tunnel-lining position, which led to a new, thermally stabilized
and active FPOX enzyme that features a wider access tunnel to the catalytic pocket. Ongoing efforts are aimed at
testing the enzymes on whole glycated proteins (i.e., albumin and hemoglobin) to test whether the wider access
tunnel of X02C, together with the restored catalytic activity, can actually provide catalytic activity directly on
whole proteins. This may represent a significant step toward the use of these enzymes on larger substrates and
on full proteins, thus possibly allowing the development of in vitro HbAlc diagnostic devices based on a direct
enzymatic oxidation system. Indeed, there is a rapidly growing demand for cheap, efficient and rapid diabetes
monitoring tests. This could be met by developing enzymatic assays for glycated hemoglobin and albumin
that do not require a preliminary digestion of the proteins. The elimination of this step would provide several
advantages to the test, such as the shortening of its measuring times, a simplification of its overall procedure
and a substantial reduction of its costs.

From the perspective of protein engineering, the use of rational design methods like the one described in this
work offers a promising strategy for the design of thermostable enzymes with improved performance in various
industrial and biomedical applications. This study also highlights the potential of computational methods and
targeted mutations to improve the activity and substrate range of enzymes, and it paves the way for the design of
thermostable enzymes with improved performance toward different targets and applications. We believe that this
rational approach can accelerate the production and the use of biocatalysts in different industrial sectors, thus
in turn allowing the improvement of chemical processes through the application of green chemistry concepts.

Experimental procedures

Molecular dynamics simulations

To identify the most suitable regions for structural modifications in the L3-35A enzyme, we ran 100 ns MD
simulations following previously adopted protocols?*?”*. Specifically, we used the AMBER19SB force field*! for
protein, water (TIP3P) and ions, while we used the general amber force field (GAFF)* for modeling the FAD
cofactor. We solvated the molecular model with a 15 A pad of TIP3P water and we introduced counter ions to
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neutralize the system charge, resulting in a final simulation box of = 50.000 atoms. Hydrogen mass repartition-
ing was applied to allow a time step of 4 fs**. The system was subjected to 1000 energy minimization steps and it
was equilibrated for 100 ps at a pressure of 1 atm and at a temperature of 300 K with NAMD software™, using a
non-bonded cut-off of 12 A, rigid bonds and particle-mesh Ewald long-range electrostatics. During the equilibra-
tion simulation, the Ca atoms of the protein were restrained by a 10 kcal mol™ A2 spring constant. The 100 ns
production runs were performed using a NVT ensemble whereby all the parameters (non-bonded cut-off, and
PME) were the same as in the equilibration phase. Root mean square deviations (RMSD) were monitored after
each MD run to assess structural convergence, while root mean square fluctuations (RMSF) were calculated to
identify unstable regions for subsequent design. The tunnel dimension was analyzed with CAVER 3.0.3 software™
using a probe radius of 1.4 A, ashell depth of 5 A, and a shell radius of 2 A.

Design and selection of stabilizing mutations

The identification of stabilizing mutations was performed using five different tools. The design focused on the
most unstable region of the enzyme as identified in the previous step, with the exclusion of the catalytic amino
acids, the amino acids interacting with the FAD cofactor, and the residues lining the tunnel. The first design was
performed using the Rosetta Supercharge tool*. This tool was employed to reengineer the protein surface with
amino acids that present a high net charge, which is reported to prevent aggregation of partially unfolded states.
The second design was performed using the Rosetta Point Mutant “pmut” scan application”’, which helped to
identify stabilizing single point mutations. In the third approach, the pmut tool was used to identify stabilizing
double point mutations, where only pair of residues that are close enough to interact with each other are tested
(ie., the distance of at least one of their atoms being closer than 4.5 A). In the fourth approach, the PROSS web
server®® was used to generate 9 different enzyme designs with an incremental number of mutations. Disulfide
bond engineering was performed by employing the disulfide-by-design web server®. For each of the 5 design
strategies, the best 20 enzyme variants based on the internal scoring were retained (except for PROSS design,
where all 9 variants were retained, and for disulfide design, where 8 variants were retained) for further analysis
with MD simulations. Overall, library generation and ranking using the five different methods resulted in the
selection of 77 different enzyme variants. Each model was simulated for 100 ns, as described for the reference
L3-35A enzyme, and the best 6 variants in terms of RMSF stabilization?”*° were selected for experimental
validation.

Protein expression and purification

The DNA sequences of the different FPOX variants were cloned in either pET15(b) or pET17(b) expression vec-
tors (Novagen), to generate C-terminal 6His-tagged proteins. Reference 5T1E and L3_35 DNA constructs, as well
as the D02 and the C16 variants, were transformed and expressed in E. coli BL21 Star (DE3) cells (Invitrogen).
Variants featuring cysteine mutations to allow disulfide bond formation (X02A, X04, X07, X02B, X02C) were
transformed in SHuffle T7 E. coli cells (New England Biolabs). For each variant, 20 mL of an overnight culture
was inoculated into 2L of Luria-Bertani (LB) broth supplemented with 100 mg/L ampicillin and grown at 37 °C
until ODg,=0.6. Protein expression was inducted using isopropyl 1-thio-p-p-galactopyranoside (IPTG) at a final
concentration of either 0.4 mM or 0.1 mM, followed by overnight culture at either 25 °C or 18 °C respectively,
with shacking speed of 220 rpm. Cells were collected by centrifugation and resuspended in lysis buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 0.5 mM FAD, and 5% glycerol), supplemented with 0.2 mM protease phenyl-
methylsulfonyl fluoride (PMSF) and DNAse and then lysed by sonication on ice. After centrifugation, the soluble
fraction of the cell lysate was passed through a 0.45-micron filter and then loaded onto a HisTrap HP 5 mL (GE
Healthcare) column equilibrated with buffer A (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5% glycerol, 20 mM
imidazole). The Ni affinity column was washed using ten column volumes of buffer A, then the bound C-terminal
His-tagged enzyme was eluted with the same buffer supplemented with 400 mM imidazole. The eluted fraction
was loaded onto a Hiprep 26/60 Sephacryl S-100 size exclusion column (GE Healthcare) pre-equilibrated with
buffer C (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5% glycerol). The desired protein was concentrated using an
Amicon 20 centrifugal filter with a molecular cutoff of 10 KDa to ~ 2 mg/mL, and stored at — 80 °C. Protein con-
centration was assessed using a NanoDrop (Thermo Scientific). Sample purity was evaluated by 12% SDS-PAGE.

Protein crystallization

Crystals of different mutants (D02, X02A, X04, X07, X02B) were grown at room temperature using the vapor dif-
fusion method by mixing a 2 uL drop of a 10-15 mg/mL protein sample with a 2 pL drop of a solution containing
0.1 M MES monohydrate pH 6.5, 16-26% of different Polyethylene glycol (PEG) including 20 K (for D02, X02A
and X02B) and 8 K (for X04). Crystals, which appeared after 1-4 days, were frozen using 25% (v/v) glycerol as
cryoprotectant prior to X-ray diffraction data collection.

Data collection and processing

For the FPOX D02 crystals, diffraction data were collected using a Dectris PILATUS3 6 M detector and a radia-
tion of A=0.918 A on Bessy beamline 14.1 of the Deutsches Elektronen- Synchrotron (BESY II Light Source),

Berlin, Germany. Reflection-image processing was performed using DIALS* and ATMLESS* from the CCP4
suite??. For FPOX X02A and X04, X-ray diffraction data were collected using radiation of A=1.0 A and a PSI
PILATUS 6 M detector on the X06DA beamline at Swiss Light Source (SLS). Data was processed using auto-
proc. For X02B, diffraction data were collected using a DECTRIS EIGER2 XE 16 M detector and a radiation of
A=0.9537 A on the 104 beamline at Diamond Light Source (Oxfordshire, United Kingdom). Data was processed
using the autoproc package. Data collection and refinement statistics are shown in Table 5.
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D02 X02A X02B X04
PDB code 8BLZ 8BLX 8BJY 8BMU
Wavelength (&) 0.918 1.000 0.9537 1.000
Space group C222, C222, P2,2,2 P4,2,2
Unit cell (A) a=91.10,b=129.49, c=86.78 a=90.52,b=130.26, c=87.62 a=63.11,b=88.49, c=90.94 . ?gf_tlb =90.24,
Resolution range (A) 64.75-1.70 (1.73-1.70) 56.68-1.71 (1.74-1.71) 63.42-1.48 (1.50-1.48) 74.39-1.645 (1.673-1.645)
Total reflections 707,191 (38,534) 641,243 (29,830) 1,053,583 (48,251) 1,012,704 (25,719)
Unique reflections 55,830 (2946) 55,592 (2685) 82,805 (4255) 62,950 (2416)
Multiplicity 12.70 (13.10) 11.5 (11.10) 12.7 (11.3) 16.1 (10.6)
Completeness (%) 98.70 (99.30) 98.9 (96.5) 96.0 (100.0) 94.7 (74.1)
mean(1)/sig(I) 12.60 (2.20) 12.7 (1.0) 16.7 (0.4) 20.5 (1.1)
Wilson B-factor 12.08 214 27.04 11.12
Rmerge 0.17 (1.40) 0.152 (2.416) 0.067 (4.526) 0.106 (2.013)
Rmeas 0.17 (1.45) 0.159 (2.532) 0.070 (4.743) 0.110 (2.104)
Rpim 0.05 (0.39) 0.046 (0.743) 0.020 (1.406) 0.026 (0.589)
CC1/2 (%) 1.00 (0.75) 0.998 (0.461) 1.000 (0.419) 0.999 (0.458)
Reflections in refinement 55,772 (3879) 55,537 (5360) 80,561 (7099) 60,833 (939)
Reflections in free set 2729 (209) 2755 (264) 3995 (332) 3043 (44)
Rwork 0.177 0.1812 0.19 0.1766
Rfree 0.199 0.2103 0.215 0.2009
RMSD bonds (A) 0.0144 0.011 0.012 0.012
RMSD angles (A) 2.214 1.74 175 1.84
Ramachandran favoured (%) 97.2 95.74 96.71 95.52
Ramachandran allowed (%) 2.8 3.78 3.06 4.01
Ramachandran outliers (%) 0 0.47 0.24 0.47
Rotamer outliers (%) 1.1 3.68 0.85 2.53
Clash score 1.2 5.38 4.28 6.23
Overall number of atoms (non-H) 3745 3788 3758 3917
In macromolecules 3350 3354 3364 3376
In ligands 99 119 65 113
In solvent 296 315 329 428
Average B-factor (A?) 21.7 30.07 30.39 22.03
For macromolecules 21 29.46 29.53 20.32
For ligands 239 37.65 32.17 34.43
For solvent 283 33.68 3891 32.23

Table 5. Diffraction data collection and refinement statistics. Statistics for the highest-resolution shell are
shown in parentheses.

Structure determination and refinement

For all four structures, the initial phases were obtained by molecular replacement using Phaser*’ and the atomic
coordinates of the L3-35A FPOX mutant (PDB code 6Y4J) as a search model. Refinement was performed by
alternating rounds of REFMAC5* and manual adjustments in Coot*2. Water molecules were added both manu-
ally and automatically using the Coot_refine tool from the CCP4 cloud package®.

Thermal shift assay

The melting temperature of each variant was measured using differential scanning fluorimetry (DSF) with Sypro-
Orange dye (TermoFisher Scientific) on an Applied Biosystems 7500 Real-Time PCR system (TermoFisher
Scientific). For each mutant, 12.5 pL of enzyme at the starting concentration of 10 uM was added to 12.5 pL of
a 10x Sypro-Orange dye solution diluted from a 5000x stock in the same buffer that was used for the protein:
50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5% glycerol) to reach the final volume of 25 pL, a 5x final concentration
of the dye and a 5 uM concentration of the enzyme. All the Tm measurements were performed in 4 replicates.
Fluorescence was monitored during the thermal denaturation occurring to the protein upon increasing the
temperature from 15 to 95.3 °C.

Circular dichroism

Circular dichroism (CD) measurements were performed on a Jasco J-1500 spectrophotometer at 20 °C. CD
was performed to detect the secondary structure of different variants and to measure the thermostability of
the enzyme. The spectra were the average of five scans, recorded using a 1.0 mm path length quartz cuvette
on 5 uM samples of the different FPOX variants in a 50 mM Tris pH 8.0, 150 mM NaCl, 5% glycerol buffer
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solution. Thermal denaturation curves were measured in 1.0 mm path length cuvettes closed with a parafilm
on 5 uM samples. The increasing temperature-induced denaturation at a rate of 1 °C/min from 5 to 95 °C and
the ellipticity at 222 nm were recorded at 0.2 °C intervals using a 1-nm bandwidth and a response of 10 s. Using
the Boltzmann function, the midpoints of the thermal-denaturation curves (T,,) were determined by fitting the
data to a sigmoidal transition curve. The secondary structure of different variants was measured at 200-250 nm
wavelengths at 20 °C. Mean residue ellipticity []MR was calculated and plotted versus wavelength. Each spec-
trum was determined as the average of three scans. The CD spectra of all the enzymes described here are shown
in Figs. S1-S7 in the Supplementary Information.

Enzymatic activity

The enzymatic activity of all variants was assessed at room temperature by measuring the amount of glucosone
released from the substrate over time, as described previously”’. The increase in absorbance at 322 nm (gluco-
sone &;,,=149.25 M! cm™') was monitored in an Infinite M1000 (Tecan) at 25 °C. The 200 pL reaction mixture
contained 20 mM Tris HCI pH 7.4, 20 mM o-phenylenediamine, 2 mM fructosyl-lysine, or fructosyl-valine or
dipeptide (fructosyl-valine histidine) or hexapeptide (1-Deoxyfructosyl-Val-His-Leu-Thr-Pro-Glu) as a sub-
strate. After 1 min of pre-incubation, the reaction was started by adding the enzyme at a final concentration of
0.04-1 mg/mL depending on the activity of the variant. One unit (U) is defined as the amount of enzyme required
to produce 1 pmol of glucosone per minute, and specific activity is expressed as U/mg of the enzyme. Enzyme
kinetic constants (Vmax, Km, kcat and kcat/Km) were determined using different substrate concentration in
the assay (fructosyl-valine from 0.05 to 10 mM, fructosyl hexapeptide from 0.05 to 1 mM). Data points are the
result of two independent experiments and the estimation of Micheaelis-Menten parameters was derived by
Lineweaver-Burk plot fitting.

Data availability
The final crystallographic coordinates of the crystal structures shown here are available in the RCSB PDB (acces-
sion codes: 8BJY, 8BLZ, 8BLX, 8BMU).
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ABSTRACT: The recent discovery of the PETase enzyme family . PETase SM14
offers a sustainable solution for depolymerizing poly(ethylene |

terephthalate) (PET), one of the most widespread plastic compounds,
under mild conditions. This enables the environmentally beneficial
conversion of plastic waste into value-added products. Among this
enzyme family, PETase from Ideonella sakaiensis has been the most
extensively studied. Although other similar enzymes have been
discovered, our knowledge about the catalytic and structural properties
of this class remains limited. In this study, a PETase-like enzyme
(PETase SM14) from Streptomyces sp. SM14 was heterologously
produced in Escherichia coli, and its activity was tested on post-
consumer plastic substrates using high-performance liquid chromatog-
raphy for product quantification as well as scanning electron
microscopy and atomic force microscopy for substrate surface imaging evaluation. PETase SM14 exhibited high salt tolerance
(1.5 M), good heat resistance (Tm $6.26 °C), and optimal activity at pH 9.0, highlighting its potential for PET waste
bioremediation. Furthermore, its X-ray crystal structure was solved at 1.43 A resolution, revealing conserved features of the PETase
family with potential relevance for future engineering applications.

KEYWORDS: polyethylene terephthalate, PETase, X-ray structure, salt tolerance, plastic waste recovery

Bl INTRODUCTION enzymes—including members of the hydrolase family—
cutinases (EC 3.1.1.74), lipases (EC 3.1.1.3), and carboxyles-
terases (EC 3.1.1.1/EC 3.1.1.101/EC 3.1.1.2)—that exhibit
activity on low-crystallinity, low-density polymers of PET and
related compounds. These microbial enzymes show varied
structural adaptations that enhance their efficacy under distinct
conditions. Bacterial PET-degrading enzymes, such as IsPE-
Tase,® have been categorized into types I and II based on
structural characteristics; type II enzymes, in particular, feature
modifications like additional disulfide bonds and extended loops
near their active sites, enhancing substrate accessibility.” Despite
over 20 years of research on the enzymatic degradation of PET,
microbial enzymes still exhibit relatively low turnover rates,
reflecting the unique challenges presented by PET as a non-
natural substrate.'® To date, 119 wild-type PET-active enzymes

Plastic materials, known for being cost-effective, versatile, and
durable, have seen rapid growth in global production, with 8.3
million tons produced between 1950 and 2015."> However,
inadequate recycling and limited circular reuse have resulted in
signiﬁcant waste accumulation, raising serious environmental
concerns due to plastics’ resistance to natural degradation
processes.” Polyethylene terephthalate (PET) is widely used,
inherently stable, and environmentally persistent.” Although
PET is technically recyclable, only a small fraction is currently
processed through recycling efforts, while a majority of PET
waste persists in natural habitats. The global PET market is
projected to reach USD 109 billion by 2032, with a significant
annual growth rate (9.5%),” highlighting an urgent need for
sustainable management and recycling solutions, especially in
developing countries, where advanced recycling infrastructures
and regulatory frameworks are lacking.” While traditional PET Received:  January 23, 2025 Sistalnable
recycling methods such as thermo-mechanical and chemical Revised:  May $, 2025
processes have been developed,” the efficiency remains limited, Accepted:  May 6, 2025
and there is a pressing demand for alternative approaches. One Published: May 15, 2025
promising avenue lies in the discovery of microbial enzymes

capable of degrading PET. Recent studies have identified

© 2025 The Authors. Published b}
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Figure 1. Overall structure comparison of PETase SM14 (light blue), IsPETase (PDB code 6ILW, light green), and PE-H from P. aestusnigri (PDB
code: 6SBN, light pink) performed using PyMOL. The structures are displayed as cartoon models, with the catalytic triad regions highlighted as stick
representations in the top right inset. The catalytic triad of PETase SM14 (blue sticks) comprises $156, D202, and H234, while that of IsPETase (green
sticks) includes $160, D206, and H237 and S171, D217, and H249 for PE-H from P. aestusnigri (pink sticks).

have been characterized, with 35 enzymes having their 3D
structures resolved.'" This growing body of knowledge offers a
foundation for advancing enzyme-based approaches to PET
recycling, holding promise for more sustainable and efficient
plastic waste management solutions in the future. In recent
years, concerted efforts have been made to characterize each
aspect of these enzymes'>™"* and enhance their performance
through molecular engineering, which often resulted in the
creation of mutants featuring greater thermal stability and
increased catalytic properties.*~'° Another emerging area of
interest involves the influence of specific salts on the properties
of these enzymes, particularly, their catalytic activity and
thermostability. For instance, Ca** has been shown to alter the
tertiary structure of PETases, leading to increased activity and
thermal stability.”*”" Similarly, K* and Na* ions may exert
effects analogous to Ca®*, as evidenced in a recent study.”
Additionally, Schmidt et al.”* demonstrated that the activity of
the polyester hydrolases LCC and TfCut2 on PET films strongly
depends on the type and concentration of the buffer. High initial
hydrolysis rates were observed using sodium phosphate buffer
concentrations exceeding 0.7 M, emphasizing the role of specific
salts in modulating enzyme performance.

In this work, we describe a candidate PETase-like enzyme,
SM14 (PETase SM14 hereafter), isolated from the marine-
sponge Streptomyces sp. SM14.* The enzyme was hetero-
logously expressed in Escherichia coli to characterize its
polyesterase activity. This was confirmed using a PET-based
post-consumer plastic (PCP) through liquid chromatography
assays (HPLC) and scanning electron microscopy (SEM)
analysis. Results revealed that the presence of NaCl was essential
for enzymatic catalysis, corroborating the enzyme’s halophilic
nature and superior salt tolerance compared to IsPETase, which
exhibits optimal activity at low salt concentrations. Further X-ray
crystallographic analysis of PETase SM14 revealed its three-
dimensional structure, which was compared to the well-
characterized IsPETase and with a polyester hydrolase (PE-H)
from Pseudomonas aestusnigri, another marine bacterium. All
three enzymes share conserved motifs, including the serine
hydrolase sequence Gly-x1-Ser-x2-Gly and the catalytic triad
Ser-Asp-His. These findings enhance our understanding of
PETase-like enzymes and their potential applications in PET
degradation.
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Bl RESULTS AND DISCUSSION

Production of PETase SM14. The protein was expressed in
E. coliBL21 (DE3) and purified as indicated in the Materials and
Methods section. The procedure led to the production of 162
mg of pure protein from 4.5 g of cellular pellet, resulting in a
yield of 3.6%. The identity of the protein was confirmed by
peptide-mass fingerprinting. Using the MASCOT search
database, the detected peptide sequences were compared
against all sequences stored in an in-house database as well as
the SwissProt database. This analysis revealed a match with the
mature form of PETase SM14. Notably, the sample achieved a
95% sequence coverage (Figure S1). Circular dichroism (CD)
data (Figure S2) confirm proper protein folding and align with
the structure determined by X-ray crystallography. The melting
temperature (Tm) of the enzyme was determined to be $6.26 °C
(Figure S2) by CD spectroscopy. To evaluate the enzyme’s
stability at varying pH values and NaCl concentrations, its
melting temperature (Tm) was determined using a thermal shift
assay across a pH range of 6.0—9.0 with NaCl concentrations
from 100 to 700 mM (Table S1). Changes in buffer pH had a
minimal impact on Tm, which remained relatively constant.
Increasing the salt concentration up to 700 mM in buffer Tris
pH 8.0 did not result in unfolding of the protein, as shown by the
non-decreasing Tm [°C]. This finding confirms the enzyme’s
stability at higher salt concentrations (Figure S3).

Structural Features. The X-ray structure of PETase SM14
(UniProt ID: AOA679PDB4) validated the accuracy of the
predicted AlphaFold structure, exhibiting a high structural
identity with a root-mean-square deviation (RMSD) of 0.278 A.
Notably, this extends to the loop regions, where the catalytic site
is located. IsPETase, a well-known enzyme active on PET,'>*°
has been extensively characterized.'**° In this study, IsPETase
and a polyester hydrolase (PE-H) identified in the genome of
the marine hydrocarbonoclastic bacterium P. aestusnigri*” were
employed for comparative structural analysis of PETase SM14.
Structural alignment of the three enzymes shows a high degree
of similarity, with an RMSD of 0.691 A across 190 Ca atoms for
IsPETase and an RMSD of 0.81 A over 195 Ca atoms for PE-H
including the catalytic triad within the active site pocket (Figure
1). This indicates that these enzymes degrade PET through the
same catalytic mechanism. The serine-hydrolase mechanism
involves three conserved residues: serine, histidine, and
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[A] PETase SM14

[B] PE-H P. aestusnigri

[C]/sPETase

Figure 2. Surface representations of PETase SM14 (A), PE-H (B), and IsPETase (C) highlight the catalytic triad (light blue) and the putative binding
site (violet). (D) Magnified view of the active site after structural alignment (cartoon model), showing the catalytic triad as light blue sticks (S156—
D202—H234 of PETase SM14, S171-D217—H249 of PE-H, and S160—D206—H237 of IsPETase) and the putative binding site as violet sticks
(Y88—H155—M157—W181-1204 of PETase SM14, F98—W170—M172—W195—1219 of PE-H, and Y87-W159—M161-W185—1208 of

IsPETase).

aspartate, which retain their positions and orientation within the
structures of the two enzymes.

The electrostatic surface potentials of PETase SM14,
IsPETase, and PE-H are shown in Figure S4. IsPETase features
a highly polarized surface charge, resulting in an isoelectric point
(pI) of9.41, whereas PETase SM14 and PE-H have a theoretical
pl of 6.67 and 6.54, respectively (as determined by the ExPASy,
ProtParam tool), and both exhibit a less polarized and more
delocalized surface charge. This variation in surface charges
seems to affect also the active site pocket; PETase SM14 and PE-
H show a slightly negative potential around the active site (red
regions in Figure S4A,B), in contrast with the more positively
charged pocket in IsPETase (Figure S4C).

The three structures primarily differ in five loop regions.
While the catalytic residues align across all three, the catalytic
pocket appears more closed in PE-H and SM14 compared to
that in IsPETase. In IsPETase, Y87 is positioned farther from the
catalytic residues, creating a more open catalytic pocket.
Additionally, in the PE-H enzyme, the P96-G97-F98-V99-S99-
A100-E101 sequence forms an elongated and flexible loop,
which may hinder substrate interaction with the catalytic
residues, potentially contributing to lower activity. The catalytic
site of IsPETase is surrounded by conserved hydrophobic
residues involved in substrate binding, including Y87, W159,
M161, W185, and 1208'* (Figure 2D). Structural alignment
enabled the identification of the corresponding residues of
PETase SM14 and PE-H, which have a nearly identical
arrangement: Y88, H155, M157, W181, 1204 and F98, W170,
M172, W19S, and 1219 (Figure 2D). Hence, the catalytic site of
the three enzymes exhibits a similar spatial arrangement of the
aromatic and apolar residues involved in substrate binding,
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although some differences are present. For instance, Y88 and
F98 in PETase SM14 and PE-H, respectively, are positioned in
such a way that the catalytic pocket appears to be more closed
(Figure 2A,B). In contrast, sPETase Y87 is closer to M161,
creating a more open catalytic pocket (Figure 2C). A second
notable difference lies in the conserved serine-hydrolase motif
Gly-x1-Ser-x2-Gly motif. In IsPETase, this motif consists of
G158-W159-S160-M161-G162 located at the active site, typical
of other enzymes in the @/ hydrolase family.”® In PETase
SM14, however, the motif includes a histidine (H1S5), instead
of a tryptophan (W159), which is commonly found in IsPETase
and related hydrolases,*>”° also in PE-H (W170). Despite this
substitution, the overall spatial arrangement remains analogous
for both enzymes, preserving their functional capabilities.

Catalytic Activity. PETase SM14 successfully degraded
PCP samples, confirming the enzyme’s active form. Calibration
curves of the HPLC assay method for terephthalic acid (TPA)
and bis(2-hydroxyethyl) terephthalate (BHET) were created by
using standard solutions. The relative standard deviation was
calculated for three repeated runs, resulting in a good linear
relationship with r* = 0.994 for TPA and r* = 0.982 for BHET
(Figure SS). These linear regression parameters were then
utilized to quantify all of the samples.

Temperature and pH Dependence. The pH dependence of
enzymatic activity was analyzed across a range of pH values from
6.0 to 9.0, without added salt. After 72 h of incubation, the
products were analyzed using reversed-phase high-performance
liquid chromatography (HPLC). The results (Figure 3) show
that the TPA production is strongly pH-dependent, with a 10-
fold increase in TPA production at pH 9.0 compared to pH 7.0
(220.02 mM TPA at pH 7.0 versus 0.2 mM at pH 9.0). The

https://doi.org/10.1021/acssuschemeng.5c00737
ACS Sustainable Chem. Eng. 2025, 13, 7460—7468


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c00737/suppl_file/sc5c00737_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c00737/suppl_file/sc5c00737_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c00737/suppl_file/sc5c00737_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c00737/suppl_file/sc5c00737_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00737?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00737?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00737?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c00737?fig=fig2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c00737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

0.3

[ 40°C
s E 50°C
E
= 0.24
Q
0
o
o
2 0.1
<
o
[
0'0- T T T T
pHE.0 pH7.0 pH8.0 pHI.0

Figure 3. TPA production resulting from enzymatic degradation of
PCP at different pH values (6.0, 7.0, 8.0, and 9.0) and temperatures (40
°C (white), 50 °C (black)) after 72 h. The black bars represent the data
collected at 50 °C, while the white bars describe the data at 40 °C. The
error bars show the standard deviation of the dataset relative to the
mean.

highest concentration of released TPA was 0.187 mM at pH 9.0
and 40 °C (Figure 3), consistent with findings for IsPETase
produced in the chloroplasts of Chlamydomonas reinhardtii**
which released TPA at a concentration of 0.191 mM under the
same conditions (data not shown). The reactions conducted
without the enzyme or substrate yielded negligible amounts of
TPA in all measurements, confirming that PETase SM14 is
responsible for product formation. The pH values of the reaction

solutions remained unchanged throughout the entire reaction
time.

Two temperatures, S0 °C and 40 °C, were tested, yielding
very similar data. The optimal pH 9.0 is independent of the
temperature, as the TPA released at pH 9.0 is consistent at the
two temperatures (Figure 3). The glass transition temperature
(Tg) of PET, defined as the temperature at which the polymer
chain gain enhanced mobility, is approximately 80 °C. However,
during the enzymatic hydrolysis, the Tg value of PET decreases
to about 65 °C due to water molecules infiltrating the polymer
chains.”” While IsPETase activity naturally decreases above 40
°C,*" PETase SM14 maintained structural stability up to 50 °C
(Figure S2). The similar enzyme behavior at both temperatures
suggests that under these reaction conditions, temperature has
little effect on activity.

Within the residues of the canonical Ser-His-Asp triad,
aspartate is negatively charged, while histidine and serine are
partially ionized during catalysis. Notably, histidine must accept
a proton from serine, creating a catalytic environment with a
neutral or slightly basic optimal pH. However, the ideal pH
depends on the electrostatic environment and on the structure
of the active site in the presence of the substrate.”*"*
Variations of the pH of the medium result in changes in the ionic
state of the active site, impacting the reaction mechanism and,
consequently, TPA production.”® For instance, histidine

[A]
with NaCl

without NaCl

PETase SM14 on PCP-PET

(8]

TPA (mM) released
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o
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900 mM Y]
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Figure 4. (A) Post-consumer plastic (PCP) pieces after one-week incubation with PETase under varying salinity conditions. (B) TPA release profile
depending on salt concentration. Product release over 1 week (168 h) of incubation with PETase SM14 (1 4M) on PET PCP in 100 mM Tris—HCl
buffer, pH 9.0, 40 °C, with sodium chloride concentrations ranging from 0 to 1500 mM. Quantification (n = 4) was done using the TPA standard curve.
(C) AFM topographical images (10 ym X 10 ym) of PCP sample incubated with PETase SM14 and 0.9 M NaCl. (D—F) SEM micrographs of the PET
PCP piece without salts (D), with 700 mM NaCl (E) and with 900 mM NaCl (F). All experiments were conducted in triplicate.
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Figure 5. Morphological parameters extracted from AFM analysis. (A) Variation in correlation length (£) and (B) variation in roughness (6,,)
between PET samples incubated with PETase SM14 and those incubated in the control solution, i.e., in the absence of the enzyme (Figure S6).
Standard deviations, calculated from four images of each sample, are reported as errors bars.

residues contain one or two nitrogen-bonded proton(s) in their
imidazole ring with a theoretical pKa of 6.5. However, studies
have determined pKa ranging from 4.7 (or even 4) to 7.5,
depending on the presence of positively charged residues within
the LCC esterase cavity.”*** Another study calculated a pKa ~
10 due to the formation of a negatively charged complex.**
Overall, achieving the best reaction conditions at basic pH
appears to be a common feature of serine esterases.’”*
Furthermore, the hydrophilicity of PET is accelerated by the
partial alkaline hydrolysis reaction, which influences the
mechanism and the dissolution rate of the reaction products,
leading to the degradation of the PET outer surface.””

NaCl Dependence. The effect of environmental conditions
on the PET-hydrolyzing activity of wild-type PETase SM14 was
evaluated under halophilic conditions by supplementing sodium
chloride in the reaction mixture (300—1500 mM). Figure 4
summarizes the results for all of the experiments conducted in
the presence of NaCl at pH 9.0. Additional measurements at salt
concentrations of 700 and 900 mM were performed at pH $.0,
6.0, and 7.0; however, TPA release was negligible in all cases
(data not shown). These findings indicate that a significant
increase in enzyme activity due to salt concentration occurs only
at pH 9.0. The concentration of TPA released as a function of
salt addition is shown in Figure 4B. A notable increase in product
formation is observed in the presence of salt, exceeding a 100-
fold increase compared with the data obtained without salt
(TPA released: 0.2 mM). From the graph in Figure 4B, two key
transitions can be observed: the first one at the initial increase
from no salt to a 300 mM solution and the second one between
700 and 900 mM. Thereafter, stabilization occurs, with product
release remaining consistent at approximately 30 mM, even at
higher salt concentrations. The PCP used in these experiments is
PET-made of food packaging. The polymer matrix of this
material is less homogeneous than that of a pure PET film and
may exhibit regions of varied crystallinity. This contributes to
the slight variability of the results, as indicated by the error bars
representing the standard deviation in Figure 4B, even after four
replicate analyses under the same conditions. Nevertheless, 900
mM NaCl clearly emerges as the optimal concentration for this
enzyme. Morphological changes on the surfaces of PCP
fragments, as examined by SEM (Figure 4D—F) after incubation
with the enzyme, further confirm that 900 mM NaCl is the most
effective concentration for PET degradation. The results of
semi-contact atomic force microscopy (AFM) imaging in air are
reported in Figure 4C, showing the effects of the protein on the
morphology of the PCP sample. In particular, the samples
incubated with the protein exhibit a dense network of holes on
their surfaces, whereas no such features are present on the
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surface of the control sample (Figure S6). From AFM analysis,
two parameters related to enzyme activity can be extracted: the
average surface roughness of the samples 6, and the lateral
correlation length & [Figure 5].283%%9 The average values of &
were obtained from four images of each sample. The variation in
&, which estimates the average dimensions of the holes on the
surface, can be ascribed solely to the activity of the enzyme as no
other sources of degradation were present during the
experimental procedure. In the control sample, ¢ is related to
the microscopic structure of the polymeric film. PET film
samples showed a two-fold increase in ¢, from 200 + 9 nm
(control sample) to S1S + 44 nm (after enzyme incubation)
(Figure SA). Also, 0,y significantly increased from 11 + 6 nm in
the control sample to 98 + 6 nm following the protein activity
(Figure SB). Also in this case, the increase in 6, correlates with
the presence of holes in the samples incubated with the enzyme.
AFM analysis further allowed for the calculation of the average
depth of the holes, which was determined to be approximately
340 + 110 nm.

Several factors influence polymer biodegradation rates,
including crystallinity, chemical properties, and molecular
weight (MW). PET polymers have a crystallinity of 30—50%,
an average MW of 25,000, and are hydrophobic due to chain
packing,” even though PET’s backbone contains ester bonds
and polar functionalities such as carboxyl and hydroxyl groups
that provide polarity to the polymer. The numerous benzene
rings in the PET chain produce 7— interactions that enhance
dipole connections and encourage the polymer’s crystalline
organization by orienting the rings."' Positive and negative
dipoles also play an essential role in electrostatic interactions
between adjacent chains. The interaction between PETase and
the dipoles on the PET’s surfaces may be facilitated by a series of
cationic or anionic residues on the enzyme’s surface. These
residues are known to establish extensive Coulombic
interactions with the ligand’s polar groups. However, ion-pair
formation weakens at high salt concentrations due to increased
overall entropy, which may contribute to the enhanced catalytic
activity of PETase SM14 on PET despite these coulombic
interactions.*” Furthermore, because it belongs to the marine
environment, this microbial hydrolase may exhibit enhanced
enzymatic activity in ocean-like conditions. This observation
aligns with studies suggesting that salt concentrations (0—1500
mM NaCl) increase PETase activity."> One possible explanation
involves the loops in the active site where substrate-interacting
residues are arranged. The high ionic force caused by dissolved
salts may induce structural changes in this region, altering the
spatial arrangement of the ester bond. This reorientation could
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bring the ester bond closer to the catalytic triad or change its
orientation, thereby promoting hydrolysis.

B CONCLUSIONS

The accumulation of poly(ethylene terephthalate) (PET), a
highly resistant material with an annual production of 80 million
tons, poses significant threats to the environment and health.
Bioremediation with purified enzymes represents a promising
and environmentally acceptable solution for plastic waste
disposal. In this work, a new PETase was successfully produced
in E. coli and purified by IMAC chromatography. ESI-
ORBITRAP-MS for peptide-mass fingerprinting was performed
to confirm the correct amino acid sequence of the enzyme.
HPLC analysis of PET degradation products demonstrated the
presence of TPA, MHET, and BHET, which are established
markers of enzyme activity. PETase SM14 exhibited optimal
performance at pH 9.0 and showed thermostability up to 50 °C.
After 3 days of incubation, the highest concentration of released
TPA was 0.187 mM. Notably, the addition of 900 mM NaCl
enhanced enzyme activity by more than 100-fold, likely due to
conformational changes in the protein at pH 9.0 and its
interactions with the substrate. Additionally, the presence of salt
may weaken the substrate’s structure, further facilitating enzyme
activity.""** The crystal structure of PETase SM14 was solved at
1.43 A resolution, and a comparative analysis with IsSPETase and
PE-H revealed high structural similarity, with RMSDs of 0.691
and 0.81 A, respectively. Overall, our findings provide novel
valuable insight into a polyester hydrolase from a marine source.
Due to its thermostability and activity on PCP, PETase SM14
may represent an interesting tool for enzymatic PET waste
management.

H MATERIALS AND METHODS

PETase SM14 Sequence Analysis. The target protein (PETase)
was identified in the PAZy database (https://www.pazy.eu/doku.php)
among the 119 sequences recognized as acting on PET. The protein
sequence spanning residues 25—284, classified by InterPro automatic
annotation as a cutinase, is provided in the Supporting Information
along with details of the expression vector (Figure S7).

Production of PETase SM14 in E. coli. The gene encoding the
mature PETase sequence from Streptomyces sp. SM14 (UniProt ID:
AOA679PDB4) was designed for Ligation Independent Cloning using
the aLICatorR system (ThermoFisher) and purchased from IDT. LIC
was used to generate the PETase-pLATES2 plasmid, which was then
used to transform BL21 (DE3) E. coli competent cells. Transformed
cells were selected on LB plates containing 100 ug/mL ampicillin.
Positive colonies were screened by colony-PCR and grown overnight at
37 °C with shaking at 250 rpm. For protein expression, a 1 L LB/
ampicillin culture was grown at 37 °C, 170 rpm, and induced with 0.5
mM isopropyl f-D-1-thiogalactopyranoside for 3 h (Figure S8). Cells
were then harvested by centrifugation (10,000 rpm, 10 min),
resuspended in 50 mM phosphate buffer pH 8.0 (S mL/g of biomass),
and sonicated on ice using a Microson Ultrasonic cell disruptor. The
supernatant was loaded on a HisTrap HP column and purified using the
following buffers: buffer A (50 mM phosphate buffer, pH 8.0) and
buffer B (50 mM phosphate buffer pH 8.0, S00 mM imidazole). The
column was washed with 2 column volumes of buffer A, and the protein
was eluted using a linear gradient of buffer B. Peak fractions (Figure S9)
were collected. Protein concentration was determined by measuring
A,goand using an extinction coefficient (&,0) of 45,380 M™' cm™" and a
MW of 31,386 Da, as calculated using the ExPASy ProtParam Tool
(https://web.expasy.org/protparam/).

PETase SM14 Mass Spectrometry. MS/MS analyses were
performed using a UHPLC—MS Q_Exactive instrument (Thermo-
Fisher). Protein samples were extracted from a single band on the
SDS—PAGE. The results were analyzed by MASCOT software (http://
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mascot.cigs.unimo.it/mascot/) to identify the protein and verify its
sequence accuracy.

Circular Dichroism. CD spectra were recorded on a Jasco J-1500
spectrophotometer at 20 °C. CD spectroscopy was performed to
analyze the enzyme’s secondary structure and thermostability. Both
experiments were conducted on the enzyme after the His tag removal.
Spectra were averaged over three scans using a 2.0 mm quartz cuvette
with 2.5 M samples in a SO mM Tris (pH 8.0) and 150 mM NaCl
buffer. Thermal denaturation curves were recorded in 2.0 mm cuvettes
sealed with Parafilm with 2.5 uM samples. Temperature-induced
denaturation was monitored at 222 nm, increasing at a rate of 1 °C/min
from 5 to 110 °C. Readings were taken at 1 °C intervals with a 1 nm
bandwidth and a 10 s response time. Thermal-denaturation midpoints
(Tm) were determined by fitting the data to a sigmoidal transition
curve using the Boltzmann function. The secondary structure of
different variants was measured at 200—250 nm wavelengths at 20 °C.
Ellipticity versus wavelength was plotted using GraphPad Prism 10
software, with each spectrum averaged over three scans.

Thermal Shift Assay. The melting temperature of each variant was
measured using differential scanning fluorimetry with Sypro-Orange
dye (ThermoFisher Scientific) on an Applied Biosystems 7500 Real-
Time PCR system (ThermoFisher Scientific). For each condition, 12.5
UL of enzyme at the starting concentration of 10 #uM was added to 12.5
pL of a 10X Sypro-Orange dye solution diluted from a 5000X stock in
the same buffer that was used for the protein to reach the final volume of
25 puL, a 5X final concentration of the dye and a S M concentration of
the enzyme. All the Tm measurements were performed in 3 replicates
(Figures S10—S12). Fluorescence was monitored during the thermal
denaturation occurring to the protein upon increasing the temperature
from 15 °C to 95.3 °C.

Crystals of PETase SM14. Crystals of the enzyme without the His-
tag were grown at room temperature by using the vapor diffusion
method. A 1 L aliquot of a 10 mg/mL protein sample was mixed with 1
UL of a solution containing 0.2 M ammonium sulfate, 0.1 M MES
monohydrate pH 6.5, and 30% w/v polyethylene glycol monomethyl
ether 5000. Crystals, which appeared within 1—2 weeks, were frozen in
a chemically identical solution supplemented with 25% (v/v) glycerol
prior to X-ray diffraction data collection.

Data Collection and Processing. Diffraction data were obtained
using a Eiger2 XE 16M detector and a radiation of wavelength of
0.71326 A on the 103 beamline at the Diamond Light Source
(Oxfordshire, United Kingdom). Data processing was performed using
the AutoPROC package. Data collection and refinement statistics are
summarized in Table S2.

Structure Determination and Refinement. For PETase SM14
structure determination, initial data was obtained through molecular
replacement using Phaser, with the atomic coordinates of the
AlphaFold model (AF-A0OA679PDB4-F1) serving as the starting
model. Refinement was performed through iterative rounds of manual
adjustments in Coot and automated refinement using REFMACS.
Water molecules were added manually and automatically using the
refine tool in Coot from the CCP4 cloud package.

PETase SM14 Activity Assays. The enzymatic activity of PETase
SM14 was evaluated using PET PCP, while varying parameters such as
temperature and pH. Reaction tubes were set up by adding a squared
piece of PCP (A = 1 cm?) into 400 uL buffer containing 1 M protein
solution. The degrading activity of the enzyme toward post-consumer
plastic was tested at different pH values; 100 mM phosphate buffer was
used to run tests at pH 6.0 and 7.0, while 100 mM Tris—HCI was used
for tests at pH 8.0 and 9.0. The range of NaCl concentration was 0 mM,
300 mM, 500 mM, 700 mM, 900 mM, 1000 mM, 1100 mM, 1300 mM,
and 1500 mM. After an incubation time of 72 or 168 h, the reaction
tubes containing the PCP were vigorously mixed using a Vortex mixer,
and then the substrate was removed with tweezers, washed with SDS
1%, then rinsed with ddH,O and finally with 98% ethanol, while the
supernatant was filtered and further analyzed by RP-HPLC. For every
set of reactions, two control samples were prepared following the same
procedure: one was prepared without adding the protein to the reaction
mixture, while the other was prepared without adding the substrate.
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RP-HPLC Analyses. The reaction supernatants were dried using a
Thermo ScientificTM SavantTM DNA SpeedVacTM Concentrator
Kit and resuspended in H,O/acetonitrile. Solution A consists of 10%
formic acid Milli-Q water, while solution B is acetonitrile. An Agilent
Poroshell 120 EC-C18 column was equilibrated with a mobile phase of
80:20 (solution A/solution B) until pressure and UV parameters
reached stability. Then, 20 uL of each sample was loaded into the
column and eluted over a 20 min run at a flow rate of 1 mL/min at room
temperature with the following elution program: 80:20 (solution A/
solution B), followed by a 1S min linear gradient 20:50 (solution A/
solution B), and 2 min isocratic 50:50 (solution A/solution B). Then, to
return to the starting point, 3 min linear gradient from 50:20 (solution
A/solution B) and 2 min isocratic 80:20 (solution A/solution B) were
applied. The absorbance was measured at 240 and 254 nm. To
determine peak areas, the baseline was drawn manually and calculated
using the instrument’s software. TPA and BHET were the two main
products obtained. Their calibration curves were generated by injecting
standard solutions at concentrations of 0.5 2.5 mM, 10 mM, 20 mM,
and 30 mM for TPA and 0.0, 0.1, 0.25, and 0.4 mM for BHET.
According to Figure S13, the reaction product with the highest
retention time was BHET (2.6 min), followed by MHET (2.2 min,
assumed) and TPA (1.6 min).

Scanning Electron Microscopy Imaging. The morphology of
PCP films before and after enzyme exposure was examined by SEM on a
FEI Nova NanoSEM at an accelerating voltage of 10 kV. Samples were
metallized in a Gold Sputter Coater Emitech K550 for 60 s at 18 mA.
Digitized images were brought into Epax genesis software for assembly.

Atomic Force Microscopy. Protein activity was also assessed by
analyzing the plastic pieces after incubation with the enzyme by AFM.
Morphological characterization of PET samples was performed using
an NT-MDT SMENA Solver platform (Moscow, Russia); the analysis
was performed in semi-contact mode, and the images were analyzed

using Gwyddion 2.67 freeware (http://gwyddion.net).
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Polyethylene terephthalate (PET) accounts for ~6% of global plastic pro-
duction, contributing considerably to the global solid-waste stream and
environmental plastic pollution. Since the discovery of PET-depolymerizing
enzymes, enzymatic PET recycling has been regarded as a promising
method for plastic disposal, particularly in the context of a circular econ-
omy strategy. However, because the PET-degrading enzymes developed so
far suffer from relatively limited thermostability and low catalytic effi-
ciency, as well as degradation product inhibition, their large-scale industrial
applications are still largely hampered. To overcome these limitations, we
engineered the current PET-hydrolyzing enzyme gold standard [the ICCG
variant of leaf-branch compost cutinase (LCC-ICCG)] using in silico pro-
tein design methods to develop a PET-hydrolyzing enzyme that features
enhanced thermal stability and PET depolymerization activity. Our mutant,
LCC-ICCG-C09, features a 3.5°C increase in melting temperature relative
to the LCC-ICCG enzyme. Under optimal reaction conditions (68 °C), the
engineered enzyme hydrolyzes amorphous PET material into terephthalic
acid (TPA) with a two-fold higher efficiency compared to LCC-ICCG.
Owing to its enhanced properties, LCC-ICCG-C09 may be a promising
candidate for future applications in industrial PET recycling processes.

Abbreviations

BHET, bis(hydroxyethyl)terephthalate; CD, circular dichroism; DSF, differential scanning fluorimetry; EG, ethylene glycol; HPLC,
high-performance liquid chromatography; IPTG, isopropy! 1thiofD galactopyranoside; LB, Luria-Bertani broth; LCC, leaf-branch compost
cutinase; MD, molecular dynamics; MeCN, acetonitrile; MHET, mono(hydroxyethyl)terephthalate; PDB, Protein Data Bank; PET,
polyethylene terephthalate; PMSF, phenylmethylsulfonyl fluoride; pNPA, p-nitrophenyl acetate; RMSD, root mean square deviations; T,

melting temperature; TPA, terephthalic acid.
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Polyester degradation by a highly active PETase

Introduction

Worldwide plastic production reached 390 million met-
ric tons in 2021, of which 90.2% comes from
fossil-based production and only the remaining 9.8%
comes from post-consumer plastic recycling or
bio-based plastics [1]. This massive production and
usage of plastics, along with their very long persistence
in the environment, has led to an extreme global pollu-
tion threat, especially in marine environments [2-5].

Polyethylene terephthalate (PET), the most abun-
dant synthetic polyester in the environment, has an
average lifetime of 25-50 years and accounts for 6.2%
of the total plastic production [1]. It is widely used in
the production of textile fibers and resins for single-use
beverage bottles and packaging. Polyethylene tere-
phthalate is a thermoplastic polymer that is composed
of terephthalic acid (TPA) and ethylene glycol (EG)
subunits. Nowadays, PET is, to a large extent,
mechanically recycled, a process that results in a signif-
icant loss of the material’s properties and value [6].
Harsh chemical treatments involving the use of sulfuric
acid at 150 °C or carried out under alkaline conditions
in the presence of hazardous chemical catalysts (e.g.,
methyltrioctylammonium bromide) are also used, lead-
ing to the depolymerization of PET into its monomeric
building blocks via ester bonds cleavage. However, the
use of such harsh conditions makes it problematic to
expand this treatment on a large scale.

In 1977, Tokiwa and Suzuki proposed using lipase
enzymes to degrade polymeric materials [7]. Indeed,
enzymes work in mild conditions and can replace haz-
ardous chemicals, a concept known as green chemistry.
The first report of an efficient PET hydrolase (from
Thermobifida fusca) was published in 2005 [8]. Since
then, numerous thermally stable PET hydrolases and
their related enzymes from the cutinase group (EC.
3.1.1.74) have been identified in different organisms
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loses its activity at temperatures above 40 °C. There-
fore, more suitable scaffolds have also been explored,
such as, for instance, the Leaf-branch Compost Cuti-
nase (LCC), a naturally occurring PETase that has
been reported to outperform all other known
PET-degrading enzymes and to present a melting tem-
perature (7,,) of 84.7°C. This enzyme has been notice-
ably engineered in 2020 by Tournier et al. [15] leading
to the so-called ICCG variant (also known as LCC-
ICCG, or ICCG for brevity), which, in two different
accounts, is reported to feature a 7, of 91.7 or 94.0 °C
(Table 1).

To the best of our knowledge, this variant is currently
considered to be the gold standard PETase enzyme [16].
Despite its remarkable stability, the sequence space for
even a small enzyme like LCC is astounding (20*° or
10°8" theoretical possible sequences), leaving room to
search for even more stable and active enzymes. Here,
we set out to design improved PETase enzymes starting
from the LCC-ICCG variant and using design strategies
similar to those that we used previously with other clas-
ses of enzymes [17-20]. Our working hypothesis is that
improving the thermal stability would be beneficial for
the PETase enzymatic activity, as observed in notable
examples (IsPETase < LCC < LCC-ICCG). For this
reason, we set out to improve LCC-ICCG thermal sta-
bility, expecting further beneficial effects such as, for
instance, higher expression yield and enhanced enzy-
matic activity.

The field of computational design of thermostable
proteins is relatively mature, with several established
available methods that can help to generate a library
of mutants and rank them. The easiest and more

Table 1. Relevant PETase enzymes reported in the literature.

[9-13]. The search for thermostable PET hydrolases is Parent N y I}rg) -
driven by the fact that PET can be more effectively enayme ame ear e
hydrolyzed at temperatures close to its glass transition IsPETase (wild type) 2016 46.0 Yoshida et al. [14]
temperature (x~70-80°C in air, ~60-70°C in water). IsPETase IsPETaseTM 2019 57.6 Son et al. [44]
Near the glass transition temperature, the polymer Lce (wild type) 2020 847 T;’“r]mer etal.

. . . 15
chains become more flexible, enabling PET hydrolases

. . & . ¥ LCC LCC-ICCG 2020 94.0 Tournier et al.

to function optimally. In 2016, Yoshida et al. [14] 1]
reported on a mesophilic bacterium (Ideonella sakaien- Lce LCCICCG 2023 917 Arnal et al, [28]
sis) that can thrive on an amorphous PET film as its IsPETase — 2021 61.2 Meng et al. [45]
primary carbon source already at 30 °C, making the IsPETase IsPETaseTM VP01l 2021 61.6 Brott et al. [46]
enzyme responsible for PET hydrolysis (IsPETase) IsPETase DuraPETase 2021 77.0 Cui et al. [47]
the best option for PET waste decomposition. This  SPETase HotPETase 2022 825 Bell et al [25]
work spurred a great deal of interest and several PES-HT  L92F/Q94F 2022 86.7 Pfaff et al. [48]
fforts in providing enhanced IsPETase mutants. How- IsPETase  FastPETase 2023 671 Lu etal {491
ctiorts m p gen 51 - IsPETase DepoPETase 2023 69.4 Shi et al. [50]
ever, since IsPETase is heat-labile, the enzyme quickly
444 293, 443-455 © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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common approach involves the introduction of one or
more disulfide bonds, which can rigidify the backbone
of the protein and make it more stable. Other stabili-
zation methods generally aim at extending the intra-
molecular hydrogen bonding network, creating
intermolecular salt-bridges, or providing better packing
of the hydrophobic core (e.g., PROSS) [21]. The
Rosetta Supercharge method is meant to improve
the stability of the protein by making the surface more
hydrophilic, a feature that is usually associated with
more stable proteins [22].

While these methods are fast and have been success-
fully used, most of them use an implicit solvent model
(i.e., the solvent is modeled with a continuum rather
than with explicit atoms) and assume a rigid backbone
(which may limit the long-range structural effects of a
mutation). To overcome these limitations, we included
a further computational filter based on Molecular
Dynamics simulations in explicit water. By using an
orthogonal method, we aimed at screening and rank-
ing on a common platform the most promising
mutants generated by the methods described above.

Our efforts led to the development of three variants
that feature 7, values higher than current PETases
and, for one of them (LCC-ICCG-C09), further
enhanced catalytic activity on amorphous PET films.

Results

In silico design and selection of stabilizing
mutants

Enzyme engineering was initiated using the
LCC-ICCG variant reported by Tournier et al. [15], a
mutant of the wild-type leaf-branch compost cutinase
(LCC) bearing four point substitutions: F243I,
Y127G, S283C, and D238C. The latter two substitu-
tions introduce a second disulfide bond, complement-
ing the native C275-C292 bond. In both wild-type and
mutant enzymes, the catalytic site is centered on resi-
due S165. The crystal structure of the inactive S165A
LCC-ICCG variant is available in the Protein Data
Bank (PDB ID: 6THS). Our design strategy followed
established protocols [17-19] beginning with the rever-
sion of residue 165 to the catalytically active serine.
Residues within 5 A of S165 were excluded from muta-
genesis to preserve active site integrity. Three distinct
computational methods were employed, yielding three
separate series of variants.

The use of the Rosetta Supercharge method [22]
which aimed at increasing the charge on the surface of
the enzyme, led to the identification of 1 000 potential
enzyme variants, from which those 10 that featured
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the best Rosetta score (which we named CO01-C10)
were selected for further analysis. PROSS design [21]
produced 9 variants (P01-P09), and Disulfide-by-
Design [23] identified 125 enzyme variants, from which
we selected the best 10, named X01-X10.

The 29 candidate enzyme variants originating from
the different computational screening methods were
then subject to 1ps molecular dynamics (MD)
simulations in explicit water and ranked based on their
stability as assessed by RMSF analysis [17]. Our
MD-based ranking led to the selection of six candidate
mutants (C08, C09, P06, P08, X05, X09) for experi-
mental production and characterization (Fig. 1,
Fig. S1 and Table 2).

Thermal stability

The six candidate enzymes were expressed in E. coli
and purified. The final yields of all the enzymes were
around 16mg-L™' of bacterial culture (see yield in
Table S1). Wild-type LCC, a naturally occurring
PETase, has a T, of 84.7°C. This enzyme has been
previously engineered by Tournier et al. [15] leading to
the LCC-ICCG variant with a reported T, of 94.0 °C
(93.6 °C in our own assessment, a difference that could
be attributed to that fact that, for 7,, measurements,
Tournier ef al. used differential scanning fluorimetry
(DSF), whereas we used circular dichroism (CD)).
Indeed, during the thermal stability assessment of the
enzymes, it became apparent that the determination of
its melting temperature (7),) via differential scanning
fluorimetry (DSF) was unreliable. Specifically, the
denaturation curve could not be accurately derived
due to the T,, approaching 100 °C, which is the upper
operational limit of the Applied Biosystems 7500
Real-Time PCR System utilized for the DSF measure-
ments. As a result, a complete unfolding transition
(typically indicated by a plateau) could not be
observed for the enzymes within the instrumental con-
straints. To overcome this limitation and enable a con-
sistent comparison across all enzyme variants, we
employed CD spectroscopy. This technique facilitated
the accurate determination of T, values for all pro-
teins examined in the study. Consequently, we propose
that the discrepancy in the 7, of ICCG reported by
Tournier et al. compared to our findings likely arises
from the methodological differences between DSF and
CD-based measurements.

After our enzyme design campaign, we tested the
thermal stability of the six engineered variants
(Table 3); we found that the C09 (7,,=97.1°C) and
XO05 (7T,,,=96.9 °C) variants have a higher T,, than the
reference LCC-ICCG (7,,=93.6°C). The X09
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Fig. 1. Structural comparison of the enzyme variants selected for experimental characterization. Pink sticks represent the catalytic triad,
cyan sticks represent the four substitutions introduced in LCC-ICCG, and green sticks represent additional substitutions introduced in each
new variant (A: C08, B: C09, C: P06, D: P08, E: X05, F:X09). Figures are generated with the software PyMol [51].

(T,,=93.8 °C) variant exhibits similar thermal stability
to LCC-ICCG (Fig. S2). We did not determine the
melting temperature of P06 and P08 due to their negli-
gible enzymatic activity in preliminary experiments,
while for CO8 it was not possible to obtain a reliable
fit.

Enzymatic activity

Terephthalic acid (TPA) is one of the major degrada-
tion products of the activity of the enzymes on PET.
This compound can be detected by liquid chromatog-
raphy (HPLC), which allows a precise quantification
of product formation. Given the potential absorption
spectra overlaps of the degradation products that will
affect the absorption spectra recording in spectropho-
tometric methods, we chose HPLC for its higher speci-
ficity and precision in quantifying the enzymatic

reaction products as also described in the literature
[24]. To assess enzymatic activity, aliquots of the enzy-
matic reactions were harvested at multiple time points
and analyzed by HPLC for the quantification of TPA
production (Fig. 2A). Minor degradation products
(MHET and BHET) were also assessed (Fig. S3). We
used an enzyme concentration of 40 nm (equivalent to
1.2pg-mL™" enzyme in the reaction mixture) and an
amorphous PET film of 8.4mg in a 2mL microcentri-
fuge tube to evaluate the PET degradation activity of
the different mutants. The enzyme concentration corre-
sponds to ~0.3 mgenzymE/EPET, @ ratio lower than the
one reported in the original LCC-ICCG paper
(3 mgenzyMmE/gPET), but in agreement with the range
reported in the literature (0.2-3 mgrNnzymE/EPET)
[25-28] The experiments were done at 68 °C, the tem-
perature at which PET degradation is typically carried
out in bioreactors at an industrial scale to work below
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Table 2. List of substitutions relative to the sequence of the wild-
type LCC enzyme. In bold are the substitutions already present in
the LCC-ICCG scaffold.

Number of
Enzyme substitutions  Substitutions

LCCICCG [15] 4
co8 1"

Y127G, D238C, F243l, S283C

S48D, S57K, Y127G, S145R,
A209R, D238C, S241D, F243I,
N276D, N278K, $283C

S36D, Q40R, S48D, S57K, Y127G,
S145R, A209R, D238C, F243I,
N276D, N278K, §283C, Q293K

V75T, L84E, M91l, N120D,
Y127G, S133R, S136L, N140D,
A156P, 1174A, A209N, D238C,
F243I1, A250T, S253A, $283C

S64P, V75T, L84E, M91l, A99Q,
N120D, Y127G, S133R, S136L,
N140D, R143V, A152S, A156P,
1174A, N178D, T188C, A209N,
Q224N, V233M, V235l, D238C,
F2431, N248S, A250T, S253A,
$283C

Y127G, G206C, V215C, D238C,
F243l, $283C

D126C, Y127G, S130C, D238C,
F243l, $283C

C09 13

X05 6

X09 6

Table 3. Assessed melting temperature for different PETases and
improvement with respect to the LCC wild-type enzyme. The
estimation of T, is sensitive to the experimental setup and
conditions, which could explain the difference between the
reported T,, and the T,, determined by us. For proper comparison,
we assessed the T, of LCC-ICCG using the same setup that we
used for the measurement of the T, of our engineered enzymes.
The melting temperature was not measured for P06 and P08,
while for C08 it was not possible to obtain a reliable fit. n.d., not
determinable; n.m., not measured.

Enzyme Tm (°C) AT, (°C) References

WT-LCC 84.7 - Tournier et al. [15];
Pirillo et al. [24]

LCC-ICCG 94.0 +9.3 Tournier et al. [15]

LCC-ICCG 91.7 +7.0 Arnal et al. [17]

LCC-ICCG® 93.6+2.1 +8.9

C09 97.1+0.8 +12.4

X05 96.9+2.9 +12.2

X09 93.8+1.0 +9.1

cos n.d.

P06 n.m.

P08 n.m.

°Reassessed in this work.

the glass transition temperature of PET (7, ~ 70 °C). If
we exclude the first few hours, where ICCG performs
better, at 68 °C the mean TPA concentration at the

Polyester degradation by a highly active PETase

different time points is significantly higher for the C09
mutant than for ICCG up until day 6 (144 h, Fig. 2A,
B and Figs S3-S5). Moreover, the specific activity of
C09 is also significantly higher (x~2-fold) than that
of the gold standard LCC-ICCG over the same length
of time (Fig. 2C). All other enzymes show similar or
weaker performances compared to LCC-ICCG (X009,
C08, X05). At 68°C, complete sample degradation
could be observed with C09 already at day 4 (data not
shown), a feature not seen with any of the other
enzymes, including LCC-ICCG. The percentage of
weight loss after 6 days of reactions for all the enzymes
is shown in Fig. 2D and in Fig. S3D. In order to
assess the general functionality of the different PETase
variants, we also tested the esterase activity for the
PETase variants using p-nitrophenyl acetate (pNPA)
as a substrate. The specific activity against pNPA is
highest for C09 and CO08, followed by ICCG and X09.
The mutants X05, P06, and P08 have the lowest spe-
cific activity (Fig. S6).

Enzyme structure

We determined the crystal structure of C09 to assess
whether the substitutions lead to changes in the struc-
ture of the enzyme. The structure was determined at
1.28 A resolution. We compared the predicted second-
ary structure content based on CD with the experi-
mental results, showing good alignment between the
CD-based prediction and the crystallographic structure
(Table S2). The structural comparison of the C09 vari-
ant with the parent enzymes shows no significant
changes in the folding, as observed by the minimal
change in RMSD with respect to the WT (0.257 A)
and to the LCC-ICCG variant (0.152 /i). The position
and orientation of the catalytic triad (D210, H242,
and S265) overlap perfectly with the catalytic triad in
the parent enzymes (Fig. 3A). Although we observe
that increased stability leads to higher enzymatic activ-
ity, a mechanistic explanation of the phenomenon is
elusive. We hypothesize that the increase in stability
provided by the additional surface charges in the C09
variant may help to keep the surface-exposed catalytic
site in place even at high temperatures, such as those
used to test the activity of the enzyme (68 °C). Indeed,
all the substitutions introduced in the design process
are found mostly on the surface of the enzyme and
away from the catalytic triad (Fig. 3B; Fig. S7)
and are thus unlikely to affect the activity directly.
Rather, the substitutions may reduce the proportion of
the enzyme that may denature over time, and/or pre-
vent the unfolding of the exposed catalytic triad. The
denaturation (and the consequent loss of activity) is
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Fig. 2. Comparison of polyethylene terephthalate (PET) depolymerization over time for all enzymes. (A) Terephthalic acid (TPA) production

over time at 68 °C (LCC-ICCG - C09 — X05 — X09 — C08 40 nm, pH 8.0)

. Means + standard deviations (n=>5) are shown. Data points have

been reused in Figs S3A and S5. (B) Comparison of TPA production at 68°C at 4h and at 144 h. **P<0.01; ***P<0.001 (one-tailed
unpaired Welch's ttest). Means + standard deviations (n=5) are shown. Data points have been reused in Fig. S5. (C) Enzyme-specific
activity at the different time points (LCC-ICCG — C09 - X05 — X09 — C08 40nwm, 68°C, pH 8.0). Means =+ standard deviation (n=5) are
shown. Data points at 144 h have been reused in Fig. S6B. (D) Percentage of PET film weight loss after treatment (6 days at 68 °C, LCC-

ICCG and C09 n=8, X09 — C08 -X05 n=5, control n=3). The mean %
100% for C09.

expected to be negligible only for 7'< T, [29]. There-
fore, by increasing the 7, to 97.1 °C, the denaturation
effects may be significantly reduced at the working
temperature (68 °C), thus possibly explaining the gain
in activity of the C09 design. The stabilization of the
catalytic triad is confirmed by MD simulations, which
show that at increasing temperatures C09 features a
lower RMSF, in particular near the key catalytic resi-
due H242 (Fig. 30).

Discussion

Despite IsPETase being initially considered a promis-
ing enzyme for PET degradation, multiple studies have
shown that thermophilic PET hydrolases (e.g., LCC),
when operating at temperatures above 65 °C, outper-
form mesophilic enzymes in PET biorecycling [30].
Since its publication in 2020, the LCC-ICCG variant
has been considered the state-of-the-art PETase
enzyme. Hence, starting from this variant, we set out

448 293, 443-455 © 2025 The

of weight loss (black bar) for LCC-ICCG at day 6 is 76%, while it is

to engineer a novel enzyme with enhanced thermal sta-
bility and enzymatic activity. The resulting LCC-
ICCG-C09 design featured a significant improvement
in terms of thermal stability (7,,=97.1°C) with
respect to the gold standard LCC-ICCG (+3.5°C).
Under optimal reaction conditions (68 °C) and at labo-
ratory scale, the LCC-ICCG-C09 enzyme hydrolyzed
low-crystallinity PET materials into TPA with a 2-fold
higher efficiency compared to LCC-ICCG. The LCC-
ICCG-C09 variant may represent a further step
towards PET biorecycling. However, further work will
be needed to test this enzyme in industrially relevant
conditions. The LCC-ICCG-C09 variant could also
provide the basis for further rounds of enzyme
engineering.

Recent studies reported in the literature adopted
similar approaches to ours, introducing substitutions
to the LCC-ICCG enzyme to boost its performance
and reporting different degrees of success [26,28,31,32]
However, as reported in relevant reviews [33,34] direct
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Fig. 3. Structural comparison of relevant PETase enzymes: wild-type LCC (green), ICCG variant (cyan), and C09 variant (pink). The overall
structural alignment shows no significant differences between the enzymes, including the position and the orientation of the catalytic triad
(A). Panel B shows the position of mutations (sticks) in ICCG (cyan) and CO9 (pink) with respect to the catalytic site (pink sticks). Panel C
shows a comparison between the Root Mean Square Fluctuation (RMSF) of LCC, LCC-ICCG, and C09 at different temperatures (310, 350,
and 400K). The RMSF profiles show that the mutations (indicated with an asterisk) introduced in the CO9 variant reduce the structural
fluctuations of the enzyme, in particular near the catalytic residue H242 (red arrows). Figures in panel A and B are generated with the

software PyMol [51].

comparison of enzymatic performances is challenging type and concentration, pH, etc.). In this light, only a

due to the numerous variables involved in the experi- direct comparison with a recognized gold standard in
mental settings (PET crystallinity, PET form, PET the same experimental conditions can provide reliable
concentration, enzyme concentration, temperature, salt information.
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Although the field of PETase engineering is very
dynamic and is providing highly optimized enzymes,
several issues still need to be thoroughly investigated
to improve enzymatic PET degradation [34]. One of
the major challenges is related to the economic viabil-
ity of enzymatic degradation. Another challenge, more
directly related to protein engineering, concerns the
acidification of the medium due to the release of TPA,
which reduces the performance of the PETase enzymes
known to date. Hence, possible directions for enzyme
engineering research could be directed towards the
design of acid-tolerant PETase enzymes. Finally, while
our study primarily compares newly developed
enzymes with the current gold standard in a laboratory
setting, we recognize the need for industrial-scale vali-
dation, such as testing with post-consumer PET in
bioreactors.

Materials and methods

In silico design and selection of stabilizing
mutants

We started our enzyme engineering process from the
LCC-ICCG enzyme reported by Tournier et al. [15]. This
engineered enzyme is a mutant of the wild-type leaf-branch
compost cutinase (LCC) carrying 4 point mutations: F243I,
Y 127G, S283C, and D238C. The last two substitutions are
designed to induce the formation of a second disulfide
bond, in addition to the native one (C275-C292). In both
enzymes, the catalytic site is centered on residue S165. The
structure of the LCC-ICCG engineered enzyme is available
in the Protein Data Bank (PDB code: 6THS) as the inacti-
vated S165A variant.

In our design strategy, we applied protocols used in pre-
vious works [17-19] starting from the LCC-ICCG mutant
structure after reverting amino acid 165 from Alanine to
the catalytically active Serine. All residues within a distance
of 5A from S165 were excluded from the design and were
therefore left unchanged. The design was done using three
separate methods, resulting in three different series of
variants.

The first design strategy (C-series) was performed using
the Rosetta Supercharge tool [22]. This tool was employed
to reengineer the protein surface with amino acids that pre-
sent a high net charge, which is reported to prevent aggre-
gation of partially unfolded states. The design produced
1024 enzyme variants, and the best 10 based on the internal
score were kept for further ranking. The Rosetta Super-
charge tool directly provides a 3D model in PDB format
for the proposed mutants.

In the second design strategy (P-series) we used the
PROSS web server [21] to generate 9 different enzyme
designs with improved packing, hydrogen bond networks,

S. Bhattacharya et al.

and salt bridge networks. PROSS directly provided the
PDB structure of the proposed variants.

The third design strategy (X-series) employed the
Disulfide-by-Design web server [23] a tool for disulfide
bond prediction that allows finding pairs of amino acids
that can carry cysteine substitutions in the correct orienta-
tion to form disulfides. A total of 150 pair substitutions
were generated and, based on the internal scoring system,
the best 10 of them were retained for further testing. In this
case, we used the “Mutate Residue” tool in VMD to mod-
ify the proposed positions to cysteines.

Overall, our design campaign produced 29 different
enzyme variants that were then evaluated using MD simu-
lations; then ranked according to the method described in
previous works [17-20] Briefly, we solvated each molecular
model with a 15 A pad of TIP3P water, and we introduced
counter ions to neutralize the system charge, resulting in a
final simulation box of ~30.000 atoms. Hydrogen mass
repartitioning was applied to allow a time step of 4 fs [35].
The systems were subjected to 1000 energy minimization
steps, and it equilibrated for 1 ns at a pressure of 1 atm and
at a temperature of 300 K with NAMD software [36] using
AMBERI19SB force field [37] non-bonded cutoff of 121&,
rigid bonds, and particle-mesh Ewald long-range electro-
statics. During the equilibration simulation, the Ca atoms
of the protein were restrained by a 10 keal-mol A2
spring constant. The 1ps production runs were performed
using a NVT ensemble whereby all the parameters (non-
bonded cutoff, and PME) were the same as in the equili-
bration phase. All simulations were run in triplicates. Root
mean square deviations (RMSD) were monitored after each
MD run to assess structural convergence, while root mean
square fluctuations (RMSF) were calculated to assess the
improved stability of the design. As a result, the two best
structures from each design series were selected, namely
design LCC-ICCG-C08, LCC-ICCG-C09, LCC-ICCG-P06,
LCC-ICCG-P08, LCC-ICCG-X05, LCC-ICCG-X09. In the
remainder of this document, the “LCC-IGGC-" prefix of
enzyme names is omitted for brevity.

Protein expression and purification

The different codon-optimized nucleotide sequences of the
designed PETase mutants were cloned in a pET26b(+) bacte-
rial expression vector (Novagen, Malvern, Worcestershire,
UK), together with a C-terminal 6His-tag. All the different
mutants were transformed and expressed in Escherichia coli
BL21 Star (DE3) cells (Invitrogen, Carlsbad, CA, USA). A
sample of 4 mL of an overnight culture of the selected strain
grown in the presence of 50 pg-mL~' kanamycin was inocu-
lated into 2 L of Luria-Bertani broth (LB) at 37 °C, supple-
mented with 50mg-L~' kanamycin and grown until
ODygyp =0.6. The expression was induced with isopropyl 1-
thio-p-p-galactopyranoside (IPTG) at a final concentration of
0.1mm followed by overnight incubation at 18°C and
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220 rpm. Cells were collected by centrifugation and resus-
pended in lysis buffer (20mm Tris/HCl pH 8.0, 300 mm
NaCl) supplemented with 0.2 mm protease phenylmethylsulfo-
nyl fluoride (PMSF) and DNAse and then lysed by sonica-
tion on ice. After centrifugation (45000 g for 40 min at 4 °C),
the soluble fraction of the cell lysate was passed through a
0.45 pm filter and then loaded onto a HisTrap HP SmL (GE
Healthcare, Chicago, IL, USA) column equilibrated with
buffer A (20 mwm Tris/HCI pH 8.0, 300 mm Nacl and 10 mm
imidazole). The Ni affinity column was washed using 10 col-
umn volumes of buffer A. Before elution, five column vol-
umes (CV) of buffer A supplemented with 50 mm imidazole
were used to remove unspecific proteins from the resin. Then,
the bound His-tagged enzyme was eluted with the same
buffer supplemented with 500 mm imidazole in a linear gradi-
ent. The protein eluted completely with 250 mm imidazole.
The eluted fraction was loaded onto a PD-10 desalting col-
umn pre-equilibrated with buffer C (20 mm Tris/HCI pH 8.0,
300 mm NaCl) for buffer exchange. Buffer exchange was per-
formed simultaneously after the protein was purified. The
desired protein was concentrated to ~2mg-mL™! using an
Amicon 20 centrifugal filter with a molecular cutoff of 10
kDa and stored at —80°C. Protein concentration was
assessed using a NanoDrop OneC (Thermo Fisher Scientific,
Waltham, MA, USA). Sample purity was evaluated by 12%
SDS/PAGE. The final yields of all the enzymes were around
16 mg-L ™! of bacterial culture.

Circular dichroism

Circular dichroism (CD) measurements were performed on
a Jasco J-1500 spectropolarimeter at 20°C. CD was per-
formed to detect the secondary structure of different vari-
ants and to measure the thermostability of the enzyme. The
spectra were determined with the following parameters:
continuous scanning mode with a scanning speed of
50 nm-min~', band width 0.1nm, data pitch 0.nm at
20°C. A 1.0mm path length quartz cuvette was used for
Sum samples of different enzymes in 20 mm Tris/HCI pH
8.0, 150 mm NaCl. Thermal denaturation curves were mea-
sured in 1.0 mm path length cuvettes closed with a parafilm
on protein solutions. Protein denaturation was induced
upon increasing the temperature at a rate of 1°C-min~'
from 20°C to 120°C. The ellipticity at 222nm was
recorded at intervals of 0.2 °C using a 1-nm bandwidth and
a response of 10s.

The determination of the midpoints of the thermal dena-
turation curves (7,,,) was done by fitting the data to a sigmoi-
dal transition curve using a modified sigmoidal model [38]:

(b-T—c)—(d-T—e)

b= (1+ @)+ @ 1=0)

()

where T is the temperature, a represents the melting tem-
perature (7,,), and the terms (b-T—c¢) and (d-T—e)

Polyester degradation by a highly active PETase

account for baseline drift at low and high temperatures,
respectively. The parameter f controls the steepness of the
transition. This model allows for accurate fitting of CD
(circular dichroism) data across the full thermal range, cap-
turing both transition and baseline behavior (Fig. S2).

The secondary structures of all the different variants
were measured at 200-250 nm wavelengths and 20 °C. Ellip-
ticity was plotted versus wavelength with GraphPad Prism
10 software. Each recorded spectrum was the average of
three scans (Figs S8, S9). CD spectra for the C09 variant
were further analyzed using the K2D algorithm of the
DichroWeb tool [39] (Table S2).

Enzymatic reaction

Bis(hydroxyethyl)terephthalate (BHET), mono(hydroxyethyl)
terephthalate (MHET), terephthalic acid (TPA), and ethylene
glycol (EG) are the major depolymerization products of the
activity of the enzymes on PET. These compounds can be
separated efficiently on a CI8 reversed-phase high-
performance liquid chromatography HPLC column, thus
allowing a precise quantification of product formation. All
enzyme reactions were performed at a concentration of
40nm at 68°C in quintuplicates in 2.0 mL microcentrifuge
tubes in the reaction buffer (500 mm Tris/HCI pH 8.0,
300 mm NaCl). Amorphous, 250 pm-thick PET films (prod-
uct number ES301445/11) were purchased from Goodfellow
USA and cut into 6 mm diameter circular pellets using a hole
puncher. Individual pellets, whose weight was around 8.4 mg,
were then placed in 2 mL microcentrifuge tubes. The esterase
activity of enzyme variants was assessed by monitoring the
hydrolysis of p-nitrophenyl acetate (pNPA) [24]. Reactions
were performed at a concentration of 0.1-1.0 um in a 96-well
microplate at 25°C using I mm pNPA in a buffer containing
20mm Tris/HCl (pH 8.0) and 300mm NaCl. Enzymatic
activity was quantified by measuring the increase in absor-
bance at 405nm (Clariostar Plus), corresponding to the for-
mation of p-nitrophenolate (¢ = 11.6mm 'cm™!) (see
Fig. S6).

Reversed-phase liquid chromatography

The different compounds produced by PET hydrolytic
enzymes (TPA, as well as BHET and MHET) were quanti-
fied by reversed-phase HPLC (Tables S3-S5). HPLC ana-
lyses were performed on a Shimadzu LC-2030C 3D Plus
system equipped with a PDA detector, a column oven, and
an autosampler (Shimadzu, Kyoto, Japan). Separations
were carried out using a Kinetex C18 column (2.7 pm;
4.6 x 150 mm, Phenomenex, Torrance, CA, USA). Column
temperature was maintained at 40 °C with a flow rate of
1 mL-min~'. For the mobile phase, 0.1% H;PO, (solvent
A) and MeCN (solvent B) were used. The linear gradient
mode used for the elution was as follows: 0 min, 10% B;
0-15min, 10-40% B; 15-18 min, 40-65% B; 18-20 min,
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65% B; 20-23 min, 65-10% B; 23-25min, 10% B. At every
time interval, 100 pL of the sample was collected from the
reaction vial placed at the set temperature. The 0-72 h sam-
ples were diluted 21 times (50 pL of the provided sample
was transferred to autosampler vial and diluted in 1 mL of
10% MeCN +0.1% H;3PO,), whereas the 96h and 144 h
samples were diluted 101 times (10 pL of the provided sam-
ple was transferred to autosampler vial and diluted in 1 mL
of 10% MeCN +0.1% H;PO,4). Detection was accom-
plished via measurement of UV adsorption at 240 nm;
20 pL of each sample was injected into the system, and the
degradation products were quantified against standard cali-
bration curves ranged 0.1, 1.0, 5.0, 10.0, 50.0 (for TPA and
MHET) and 0.09, 0.9, 4.4, and 43.9 (for BHET) pg~mL’l.

Protein crystallization

Crystals of the C09 mutant were grown at room tempera-
ture using the vapor diffusion method by mixing a 2pL
drop of a 10mg-mL~" protein sample with a 2 uL drop of
a solution containing 0.1 M Sodium citrate tribasic dihy-
drate pH 5.6, 20% v/v 2-Propanol, 20% w/v Polyethylene
glycol 4000. Crystals, which appeared after one week, were
frozen in liquid nitrogen using 25% (v/v) glycerol as a
cryoprotectant prior to X-ray diffraction data collection.

Structure determination and refinement

For the structure of the C09 mutant, the initial phases were
obtained by molecular replacement using Phaser [40] and
the atomic coordinates of the crystal structure of a Leaf-
branch compost bacterial cutinase homolog (PDB entry
4EB0) as a search model. Refinement was performed by
alternating rounds of REFMACS [41] and manual adjust-
ments in Coot [42] Water molecules were added both man-
ually and automatically using the Coot_refine tool from the
CCP4 package [43] The crystallographic table is shown in
the SI file in Table S6.
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Abstract

Over recent decades, various enzymes capable of breaking down polyethyl-
ene terephthalate (PET) have emerged as sustainable tools for plastic
waste management. Among them, IsPETase from Ideonella sakaiensis
201-f6 stands out for its high catalytic activity at low temperatures. However,
the discovery of the PETase-like enzyme from the marine sponge Strepto-
myces sp. SM14 (PETaseSM14) has introduced a new class of biocatalysts
active at high-salt concentrations, whose structural and catalytic properties
remain poorly understood. This study explores the structural and catalytic
behavior of both IsPETase and PETaseSM14 under varying ionic strength
(from 150 to 900 mM of NaCl concentration) using all-atom molecular
dynamics simulations and in vitro assays. Results reveal that the flexible,
enlarged binding site of IsPETase improves substrate accommodation but
also causes catalytic residue displacement and rapid deactivation, particu-
larly under high-salt conditions. In contrast, PETaseSM14 has a smaller,
more rigid binding pocket that undergoes moderate widening upon salt con-
centration increasing, thus promoting water and substrate recruitment. Addi-
tionally, active forms of both enzymes bind PET chains in conformations
similar to those found in amorphous PET. These findings offer key structural
insights that can inform future enzyme engineering efforts for effective PET
degradation tailored to diverse environmental conditions.

KEYWORDS
Ideonella Sakaiensis 201-f6, molecular dynamics simulations, PETase, salt tolerance,
Streptomyces sp. SM14

Abbreviations: AFM, atomic force microscopy; BHET, bis(hydroxyethyl)
terephthalate; CG, coarse-grained; CGenFF, CHARMM general force field;
DFT, density functional theory; HPLC, high performance liquid
chromatography; MD, molecular dynamics; MHET, mono(hydroxyethyl)
terephthalate; PAZy, plastic-active enzymes database; PBCs, periodic
boundary conditions; PET, polyethylene terephthalate; QM/MM, quantum
mechanics/molecular mechanics; RMSD, root-mean-square deviation; RMSF,
root-mean-square fluctuation; SASA, solvent accessible surface area; TPA,
terephthalic acid; WT, wild type.

1 | INTRODUCTION

The abuse and improper waste management of plastic
materials has become a pressing issue for human health.
Due to their persistency in nature, plastics accumulated in
the environment are fragmented into smaller pieces, origi-
nating microplastics that migrate via rivers and oceans,
forming accumulating zones named “garbage patches”
(Lee et al., 2022). As a consequence of the widespread

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2025 The Author(s). Protein Science published by Wiley Periodicals LLC on behalf of The Protein Society.

Protein Science. 2026;35:e70386.
https://doi.org/10.1002/pro.70386

wileyonlinelibrary.com/journal/pro | 10f18


https://orcid.org/0000-0002-2241-3530
https://orcid.org/0009-0009-5353-865X
https://orcid.org/0000-0003-3428-5297
https://orcid.org/0000-0002-1286-5138
https://orcid.org/0000-0002-9284-3165
https://orcid.org/0000-0002-5529-0039
https://orcid.org/0000-0002-3187-2210
https://orcid.org/0000-0002-7614-2326
mailto:alessandro.berselli@unimore.it
mailto:francesco.munizmiranda@unimore.it
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/pro
https://doi.org/10.1002/pro.70386
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpro.70386&domain=pdf&date_stamp=2025-12-27

BERSELLI ET AL.

20f18 THE
2918 | WILEY_ @By

diffusion of these exogenous materials in the habitats,
many organisms adapted their metabolism to use plastic
compounds as a new source of carbon, leading to the
development of several plastic-degrading enzymes
(Ruginescu & Purcarea, 2024).

The first reports of microbial strains capable of
degrading aliphatic synthetic polyesters date back to
the 1970s (Potts et al., 1973; Tokiwa & Suzuki, 1977),
but the role of enzymes in plastic depolymerization was
recognized about 30 years later, with the documenta-
tion of the biocatalytic hydrolysis of polyethylene tere-
phthalate (PET) (Mller et al., 2005). Since that
discovery, the number of PET-active enzymes isolated
and characterized increased considerably, offering a
great opportunity for humans to exploit the naturally
evolved biotechnological systems to face the environ-
mental challenge of plastic pollution (Samak
et al., 2020; Wei & Zimmermann, 2017; Zimmermann &
Billig, 2011).

Today, the plastic-active enzymes database (PAZy)
(Buchholz et al., 2022) includes 311 distinct wild-type
(WT) PET hydrolytic enzymes biochemically character-
ized. Most of them exhibit peak activity under thermo-
philic conditions, close to the glass transition
temperature of PET (~61°C for amorphous dry PET
and ~79°C for high-crystallinity dry PET, reduced by up
to 16°C in water; Chen et al., 1998; Groeninckx
et al., 1974; Launay et al., 1999), due to the formation
of flexible and enzyme-accessible amorphous domains
(Alves et al, 2002). The isolation of the enzyme
PETase from the bacterial strain /deonella Sakaiensis
201-f6 (referred to as IsPETase hereafter) (Yoshida
et al., 2016), in 2016, represented a turning point in this
field. By converting PET mainly into mono- and bis-
hydroxyethyl terephthalate (MHET, BHET) and ter-
ephthalic acid (TPA), this enzyme outperformed other
homologous cutinases (Miller et al., 2005; Silva
et al., 2005; Sulaiman et al., 2012; Yoshida et al., 2016)
in terms of catalytic activity at low temperatures thanks
to the enhanced flexibility of its binding site, which facili-
tates the substrate recruitment even for relatively rigid
PET chains (Berselli et al., 2021; Fecker et al., 2018).
As a drawback of the higher binding site’s plasticity, the
catalytic efficiency of IsPETase drops at higher temper-
atures, hindering industrial application (de Castro
et al., 2017; Kawai et al., 2024). For this reason, in
recent years, huge efforts have been made to engineer
mutants of IsPETase featuring higher catalytic activity
and thermostability (Arnal et al., 2023; Bell et al., 2022;
Cui et al., 2021; Cui et al., 2024; Joo et al., 2018; Lu
et al., 2022; Son et al., 2019; Sun et al., 2021). While
IsPETase adapted to work at relatively low tempera-
tures (~37°C), the structure of other PETase-like
enzymes optimized towards the conditions of their
native habitat. A remarkable example is the marine-
sponge derived Streptomyces sp. SM14 PETase
(referred to as PETaseSM14 hereafter) (Almeida

et al.,, 2019; Carr et al., 2023). Although belonging to
the same family as IsPETase, this enzyme exhibits dis-
tinctive structural characteristics that evolved to adapt
to the high-salt conditions of the marine environment.
Indeed, in a previous study performed by some of us
(Carletti et al., 2025), it was shown that PETaseSM14
exerts catalytic activity enhanced in the presence of
high concentrations of NaCl, peaking at 900 mM. This
characteristic is contrary to that observed for IsPETase,
which degrades PET under low salt conditions but
quickly deactivates with the increasing ionic strength.

From a structural point of view, IsPETase and
PETaseSM14 are serine hydrolases, characterized by
a conserved Gly-x1-Ser-x2-Gly motif and a catalytic
triad composed of serine (S155/S160 in PETaseSM14
and IsPETase, respectively), histidine (H234/H237 in
PETaseSM14 and IsPETase, respectively) and aspar-
tate (D202/D206 in PETaseSM14 and IsPETase,
respectively) that exert the PET hydrolysis (Almeida
et al., 2019; Austin et al., 2018; Berselli et al., 2021;
Fecker et al., 2018; Joo et al., 2018). Both enzymes
consist of a single domain, resembling the typical fold-
ing of an a/p hydrolase (Ollis et al., 1992), character-
ized by a central nine-stranded twisted p-strand,
surrounded by seven a-helices (Figure 1a). The binding
site of the two proteins include the catalytic triad, a
methionine (M157/M161) and a tyrosine (Y88/Y87),
whose backbone form the oxyanion hole that stabilize
the intermediate states during the reaction (Berselli
et al., 2025; Burgin et al., 2024; Jerves et al., 2021).
Moreover, a tryptophane (W181/W185) and an isoleu-
cine (1204/1208), together with the tyrosine side chain,
constitute a superficial hydrophobic scaffold that anchor
the PET chains for binding (Figure 1b) (Berselli
et al., 2024; Joo et al., 2018).

However, relevant differences exist between the
two enzymes. For instance, the IsPETase W159 is
replaced by a histidine (H155) in PETaseSM14 (resi-
due x1 in the Gly-x1-Ser-x2-Gly motif). Moreover, IsPE-
Tase is characterized by (i) an extra turn extension of
the a 2-helix due to a three-residue insertion
(Figure S1), (ii) the inclusion of three 34p-helices, and
(iii) the presence of two disulfide bonds (C203-C239
and C273-C289) that confer enhanced flexibility to the
binding site, helping substrate recognition and binding
(Berselli et al., 2021; Fecker et al., 2018).

Although the halophilic nature of PETaseSM14 and
the low salt tolerance of IsPETase have been experi-
mentally assessed (Almeida et al., 2019; Carletti
et al., 2025; Carr et al.,, 2023), a precise molecular
understanding of how salt concentrations affects their
structure and PET binding at the catalytic site is still
lacking.

In this study, we expand our previous assessment
of the salt-concentration-dependent enzymatic activi-
ties of PETaseSM14 and IsPETase (originally per-
formed on  post-consumer plastics) (Carletti
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FIGURE 1 Three-dimensional structure of PETaseSM14 and IsPETase. (a) Structural superposition of the crystallographic structure of
PETaseSM14 (blue structure, PDB ID: 9HYD) (Carletti et al., 2025) and IsPETase (green structure, PDB ID: 6EQE) (Austin et al., 2018).

(b) Close-up view of the enzymes’ binding sites.

et al., 2025) by using PET powder as a uniform sub-
strate. We combine experimental assays with all-atom
molecular dynamics (MD) simulations to investigate
how different ionic strengths (150 and 900 mM NaCl)
influence the structural plasticity of the enzymes’ bind-
ing sites and their interaction with PET chains modeled
as entangled 9-mer slabs (Sahihi et al., 2024).

Our findings elucidate the mechanistic differences
in flexibility, hydration, and active-site stability that
underlie the divergent salt responses of these homolo-
gous enzymes, and provide insights for specific tar-
geted modifications to enhance the catalytic
performance of PETase-like enzymes across different
habitats.

2 | RESULTS

21 | PETaseSM14 and IsPETase exhibit
different activity profiles in the presence
of NaCl

The activity of IsPETase and PETaseSM14 was evalu-
ated in previous work using PET film and post-
consumer plastic as substrates (Carletti et al., 2025; Di
Rocco et al.,, 2023). The optimal reaction conditions
established in those studies were applied here to
assess the enzymatic activity on pure PET powder.
PETaseSM14 and IsPETase activities were assessed
using 5 mg mL~" of PET powder and allowing the reac-
tion to run for 72 h in the presence of 0, 150, 300, 700,
and 900 mM of NaCl. Calibration curves for TPA were
generated using standard solutions and the relative
standard deviation was evaluated for three consecutive

0.8-
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< -8 PETaseSM14
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FIGURE 2 Analysis of the activity in the presence of 0, 150,

300, 700, and 900 mM NaCl on PET powder after 72 h of incubation
at 37°C with 400 rpm for (green line) IsPETase, (blue line)
PETaseSM14. The protein concentration was 1 pM and the buffer
used are: 100 mM Tris—HCI buffer at pH 8.0 for IsPETase and

100 mM Tris—HCI pH 9.0 for PETaseSM14. The data and the
associated errors are reported as the mean and standard deviation of
the triplicate. When not visible, the error bars fall within the size of the
symbols.

runs, yielding a solid linear relationship (r?> = 0.9974 for
TPA signal at 1.7 min and r? = 0.9998 for TPA signal
at 2.1 min) (Figure S2). The linear regression parame-
ters were then used to quantify the TPA concentration
of all samples. The amount of TPA released from the
enzymatic activity is reported in Figure 2 as a function
of salt concentration, including values at 150 and
900 mM of NaCl, consistent with those used in the sim-
ulations reported hereafter. In the presence of NaCl,
the two enzymes displayed opposite behaviors:
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PETaseSM14 exhibited a pronounced increase in TPA
production, achieving the highest activity at 900 mM of
salts, as remarked in a previous study (Carletti
et al., 2025). In contrast, IsPETase activity was drasti-
cally reduced in the presence of high salts concentra-
tion, showing a decrease of almost 90% in TPA release
at 900 mM of NaCl.

Therefore, analytical investigation shows that a
greater amount of NaCl exerts a positive impact on
PETaseSM14 activity but inhibits IsPETase. However,
the structural basis of these effects remains unclear. In
the following, we integrate these experimental findings
with a detailed in silico analysis to investigate how
variations in ionic strength influence the structural prop-
erties of the two enzymes and to provide a molecular-
level understanding of their contrasting responses to
salt concentration.

2.2 | PETaseSM14 and IsPETase exhibit
different flexibility of the binding domains

Given the different activity observed for the two
enzymes at varying ion concentrations, we performed a
molecular-level comparison of their structural properties
and their PET-binding characteristics using MD simula-
tions. To investigate the enzyme-substrate interactions,
each protein was adsorbed onto a PET slab, used as a
proxy for a realistic substrate (Sahihi et al., 2024), and
solvated at 150 and 900 mM of NaCl concentrations.

The structural stability of these systems was
assessed by computing the root-mean square deviation
(RMSD) of the protein backbones over time. The
results reported in Figure S3a show that each system
reaches a plateau between 1.3 and 1.8 A after approxi-
mately 100 ns of MD simulation, indicative of global sta-
bility of the tertiary structures. Despite the similarities in
terms of global rearrangements highlighted for the four
systems, relevant differences are found in the local dis-
placements of the protein domains, as shown by the
root-mean square fluctuations (RMSF) displayed in
Figure S3b. In particular, the regions corresponding to
residues from 200 to 210 (labeled as domain “1”) and
from 230 to 250 (labeled as domain “2”) include the
catalytic residues D202/D206 and H234/H237 in PETa-
seSM14 and IsPETase, respectively (Figure S3c).

The analysis reveals that amino acid stretches with
RMSF values of 1.8 and 2.7 A for IsPETase (green and
red traces for 150 and 900 mM of ion concentration,
respectively). In contrast, values below 1A are
observed for PETaseSM14 at 150 mM (blue trace),
with a marginal increase observed at 900 mM (orange
trace). This difference is mainly due to the well-known
three-residue insertion in the a 6— 8 loop of ISPETase
(Figure S1), which confers to the enzyme’s binding site
a higher flexibility compared to PETaseSM14, and the
other homologous serine hydrolases  (Austin

et al., 2018; Berselli et al., 2021; Berselli et al., 2024;
Fecker et al., 2018; Joo et al., 2018). This characteristic
is peculiar to IsPETase and it is crucial for the recruit-
ment of the PET substrate, enabling this enzyme to out-
perform other hydrolases in terms of catalytic efficiency
under mild conditions (low temperature and physiologi-
cal ion concentration) (Fecker et al.,, 2018; Han
et al,, 2017; Joo et al., 2018). Additionally, from the
superposition of the crystallographic conformations of
the binding sites of the two enzymes (Figure 1b, IsPE-
Tase in green, PDB ID: 6EQE [Austin et al., 2018],
PETaseSM14 in cyan, PDB ID: 9HYD [Carletti
et al., 2025]) it can be observed an optimal overlap of
the side chains of each amino acid, except for
Y87/Y88. Indeed, this residue faces the 1204 and W181
side chains in PETaseSM14, whereas it is shifted away
from the binding site and exposed to the bulk solvent in
IsPETase.

2.3 | The widening of the IsPETase
binding site compromises the stability of
the catalytic triad

The structural differences between the binding sites of
PETaseSM14 and IsPETase result in distinct degrees
of opening and overall size of the cleft, modulating the
accessibility of both the solvent and the substrate.

To quantitatively assess the extent of cleft opening
under different ionic strengths, we measured the inter-
residue distances between the key hydrophobic
solvent-exposed amino acids responsible for the bind-
ing and stabilization of the PET chains. The atoms con-
sidered in each calculation are listed in Table 1.
Specifically, the distances between Y87/Y88 and 1208/
1204 (d1, Figure 3a), and between Y87/Y88 and W185/
W181 (d2, Figure 3b), were used as geometric proxies
to estimate the width of the cleft and the surface avail-
able for substrate accommodation. In PETaseSM14,
d1 remains stable between 6.5 and 7.0 A at both
150 and 900 mM concentrations (Figure 3a, blue and
orange traces, respectively). On the other hand, IsPE-
Tase exhibits a considerably larger d1 value of approxi-
mately 9 A, on average, at 150 mM, which increases to
around 10.7 A at 900 mM (Figure 3a, green and red
traces, respectively). Regarding d2, PETaseSM14
shows an increase from ~8.5 A at 150 mM to ~10.5 A
at 900 mM, whereas IsPETase maintains a constant
value around 10-10.5 A across both conditions. These
results suggest that the inherently narrower and more
rigid cleft of PETaseSM14 undergoes moderate widen-
ing at elevated ionic strength, with d2 increasing by 2 A
on average. Conversely, the cleft of IsPETase is
already wide at 150 mM and exhibits only a slight
expansion at 900 mM.

This structural variability has direct implications for
substrate accessibility and the stability of the catalytic
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TABLE 1 Atoms used in the calculation of inter-residue distances.

Distance System

d1 PETaseSM14
d1 IsPETase

d2 PETaseSM14
d2 IsPETase

d3 PETaseSM14
d3 IsPETase

d4 PETaseSM14
d4 IsPETase

o5
oo™
s
=

Residue1 (Atom1) Residue2 (Atom2)

Y88 (OH) 1204 (CD1)
Y87 (OH) 1208 (CD1)
Y88 (OH) W181 (CG)
Y87 (OH) W185 (CG)
$156 (OG) H234 (ND1)
$160 (OG) H237 (ND1)
H155 (ND1) N238 (CG)
W159 (CG) N241 (CG)

Note: The atoms considered in the calculation of each distance (d1-d4) for the two enzymes are defined according to the CHARMM nomenclature.

site. While a more open cleft in IsPETase may facilitate
rapid substrate recruitment, excessive widening, partic-
ularly under high salt conditions, could destabilize the
local interaction network that supports the catalytic
triad. Disruption of this architecture may impair the
enzymatic activity, as observed experimentally under
high ionic strength (Carletti et al., 2025).

2.4 | Histidine 155 helps stabilizing the
catalytic triad in PETaseSM14

To understand whether the different sizes of the
enzymes’ binding pockets at the two ion concentrations
affect the integrity of the catalytic triad, we monitored
the distance between the catalytic S160/S156 and
H237/H234 side chains during the simulated trajecto-
ries (Figure 4a, d3). From this analysis, it can be
observed that the d3 distance in PETaseSM14 is stable
at both conditions. At 150 mM, values between 3.0 and
5.0 A are reached (blue trace), with only a transient
oscillation between 380 and 450 ns. Even greater sta-
bility is observed at 900 mM, at which d3 is confined
between 2.5 and 3.0 A for the first 400 ns, slightly
increasing up to 5 A only during the last part of the sim-
ulation (orange trace).

A different trend is observed for IsPETase. At
150 mM, the d3 distance is maintained stable below
5.0 A for ~100 ns, then shifting to values up to 15.0 A
in the rest of the MD simulation (green trace). The dis-
ruption of the S160-H237 interaction is observed at an
earlier point in the trajectory, approximately 40 ns, at
900 mM. At that time, d3 starts to increase, reaching
values of around 20 A by the end of the simulation (red
trace). Based on this evidence, when the catalytic
S160/S156 interacts with H237/H234 (d3 ~ 5 A), the
enzyme is defined as active, because this configuration
can initiate the hydrolysis of the PET chain (Figure 4c)
(Austin et al., 2018; Berselli et al., 2024; Fecker
et al., 2018). On the other hand, when d3 is disrupted,
the enzyme becomes inactive, since the catalytic histi-
dine is too far from the serine and the enzyme is not

able to depolymerize the substrate even if it is correctly
bound to the active site.

This structural rearrangement is associated with the
remodeling and opening of the IsPETase binding sites.
Indeed, we found that the disruption of d3 correlates
with the stability of the interaction between the residue
adjacent to the catalytic serine, W159 in IsPETase and
H155 in PETaseSM14, with the conserved N241/N238
side chain (Figure 4b, d4). In particular, it can be
observed that d4 remains stable in PETaseSM14 dur-
ing the MD simulations, with average values of ~5.0 A
at both 150 mM (blue trace) and 900 mM (orange trace)
of NaCl concentration, respectively. On the other hand,
the same distance (d4) between W159 and N241
slowly increases over time for IsPETase at 150 mM of
ion concentration (green trace), remaining stably below
5 A for ~120 ns, then increasing up to ~6 A for the suc-
cessive 180 ns and ultimately reaching values of ~8 A
in the last part of the MD simulation. Moreover, the d4
interaction is lost more rapidly in the MD simulation per-
formed at 900 mM of ion concentration (red trace),
increasing from ~5 to ~7.5 A within the first 40 ns, and
eventually reaching ~9 A by the end of the trajectory.

Notably, the displacement of W159 away from N241
results in the insertion of its indole side chain between
S160 and H237 (Figure 4c). This rearrangement, which
coincides with the transition from the active to the inac-
tive state in IsPETase, prevents reformation of the cata-
lytic contact, rendering the process largely irreversible
within the simulated timescale. In contrast, in PETa-
seSM14, H155 remains stably bound to N238 through-
out the simulations, regardless of NaCl concentration
(Figure 4b, d4). This configuration allows S156 and
H234 to align properly within the binding cleft
(Figure 4c), maintaining the enzyme in an active confor-
mation for approximately 85% of the simulation time at
150 mM NaCl and throughout the entire trajectory
at 900 mM. Furthermore, unlike IsPETase, PETa-
seSM14 exhibits a reversible transition between active
and inactive states, as shown by the temporary fluctua-
tions of d3 (Figure 4a), which return to a stable value of
~5 A for the remainder of the simulation.
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FIGURE 3 Size of the PETaseSM14 and IsPETase binding sites. The distances between (a) tyrosine and isoleucine side chains (d1) and
between (b) the tyrosine and tryptophan side chains (d2) were calculated during the 500 ns-long MD simulations. The value and the associated
error are reported as the average and standard deviation over the three independent replicas performed for each system. (c) Representative
snapshots of the PETaseSM14 and IsPETase binding sites at varying NaCl concentrations. The d1 and d2 average values, calculated from MD

simulations, are indicated.
2.5 | PETaseSM14 binding site recruits
more water at a high ion concentration

The changes in size and conformation of the binding
pocket observed for the two enzymes are expected to

influence their accessibility to both the solvent and the
substrate. As an initial assessment of the binding site
hydration, we calculated the solvent-accessible sur-
face area (SASA) of the enzymes’ binding crevices
(Figure 5a). This analysis showed that the solvent-
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FIGURE 4 Catalytic triad stability in PETaseSM14 and IsPETase. The distances between (a) the catalytic serine and histidine side chains
(d3) and between (b) H155 or W159, in PETaseSM14 and IsPETase, respectively, and the adjacent asparagine (d4) were calculated over the
course of 500 ns-long MD simulations. The value and the associated error are reported as the average and standard deviation over the three
independent replicas performed for each system. (c) Representative snapshots of the active and inactive states of the PETaseSM14 and

IsPETase active sites are shown.

exposed surface area of PETaseSM14 is significantly
lower than that found for IsPETase (Table S1). Interest-
ingly, however, a modest yet significant ~10% increase
in solvent-exposed surface is observed for PETa-
seSM14 when the NaCl concentration increases from
150 to 900 mM. On the other hand, the SASA is almost
identical in IsPETase at the two different conditions.
This structural characteristic correlates with the number
of water molecules that populate the cavity during the
MD simulations (Figure 5b). This feature was calcu-
lated by adopting a 6 A-cutoff from the catalytic serine,
which is buried at the bottom of the catalytic cleft and
serves as the key site for the enzymatic activity. The
average number of water molecules recruited by the
binding site increases by ~35% in PETaseSM14 with
raising ion concentration (Table S1). On the other hand,
the binding site of IsPETase remains well hydrated
under both conditions, with the number of water mole-
cules changing by <10% as the ion concentration
increases from 150 to 900 mM (Table S1). The varia-
tion in water-accessible volume within the active sites
of the two enzymes at different NaCl concentrations is
highlighted by the tunnels sampled with Caver
(Chovancova et al., 2012). In these analyses, tunnels
originating near the active site were identified from

conformations obtained during MD simulations.
Figure 5c highlights the most representative pathways,
selected after clustering and distinguished by different
colors. Notably, in PETaseSM14 at 150 mM NaCl, the
tunnel openings remain largely confined to the protein
surface, with only minimal penetration into the enzyme
interior. At 900 mM, however, although the superficial
opening of the active site remains comparable to that at
lower salt concentration, the accessible tunnels extend
deeper into the active site, protruding further into the
protein core. By contrast, in ISPETase at both 150 and
900 mM NacCl, the tunnels consistently span a broader
surface volume and penetrate more extensively into the
active site.

2.6 | The increased ionic strength
weakens the network of interactions within
the binding site

The electrostatic potential surfaces of the two enzymes
calculated at the two ion concentrations are reported in
Figure 6a, b. At both conditions, PETaseSM14 exhibits
a predominant acidic character (red regions) consistent
with its lower isoelectric point (pl = 6.34) compared to
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FIGURE 5 Hydration of the PETaseSM14 and IsPETase binding sites. (a) Solvent accessible surface area (SASA) and (b) number of water
molecules inside the binding sites of PETaseSM14 (upper panels) and IsPETase (lower panels) during 500-ns long MD simulations at 150 and
900 mM NaCl concentrations. The profiles and the associated errors are reported as the mean and standard deviation over the three replicas
performed for each system. (c) Protein tunnels sampled near the active site with Caver (Chovancova et al., 2012). The most representative
pathways obtained from clustering are shown in different colors. Calculations were initiated from the Oy atom of the catalytic serine, whose side

chain is depicted as sticks.

IsPETase and establishing preferential contacts with
cations (Figure S4a). On the other hand, IsPETase dis-
plays a basic character, with a pl = 9.54, and mainly
interacts with anions (Figure S4b). However, the
increase in the number of ions in solution to 900 mM
(Figure 6b) reduces the extension of the charged sur-
faces of both PETaseSM14 and IsPETase in compari-
son to that observed at 150 mM (Figure 6a). This
variation arises from the increasing number of interac-
tions between the ions and the charged residues of the
two enzymes, along with the decrease in the permittiv-
ity of the solvent under high-salt conditions, which
drops from ~73.6 at 150 mM to ~65.8 at 900 mM NacCl
concentration (Buchner et al., 1999).

Interestingly, cation interactions occur predominantly
on surface-exposed protein regions that are distant from
the active site of both enzymes (Figure S4c). Conversely,
both PETaseSM14 and IsPETase form contacts with CI™
near the active site, particularly at high-salt concentrations
(Figure S4d). This increase in protein-anion interactions
in the region surrounding the binding sites is expected to
loosen the local stabilizing interaction network, particularly
in IsPETase. To explore this hypothesis, we calculated
the distances map between each residue of the binding
site of the two enzymes (Figure 5c) as the average over
values calculated from the simulated trajectories. By com-
paring the interactions pattern between residues in
PETaseSM14 at the two ion concentrations, minimal
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FIGURE 6 Effect of ion concentrations on the PETaseSM14 and IsPETase. Electrostatic potential surface of PETaseSM14 and IsPETase
at (@) 150 mM and (b) 900 mM of NaCl concentration. The binding site locations and key residues are indicated with the green dotted circles.

(c) Distance maps of residues forming the PETaseSM14 and IsPETase binding sites at the two ion concentrations. The maps report the average
values of each cross-distance calculated over the three 500-ns MD simulation replicas. The color scale ranges from 0 A (blue spots) to 214 A

(red spots).

variations are observed, with the distances between the
pairs W155 and Y88, W155 and W181, W155 and 1204,
and M157 and H234 subjected to minimal increase at
900 mM. Importantly, the catalytic triad, composed of
S156, H234, and D202, maintains inter-residue distances
consistently below 5 A at both ionic strengths. This obser-
vation aligns with the activelinactive state transition
described in Figure 4a, further supporting the structural
integrity and conformational stability of the active site
across varying ionic environments.

On the other hand, significant changes are
observed in IsPETase. Even at 150 mM, the dis-
tances between residues belonging to the active site
appear markedly larger than those observed in
PETaseSM14, as pinpointed by the abundance of

orange and red-colored spots in Figure 5c, indicative
of distances exceeding 9 A. This pattern is consistent
with the inherently broader and flexible binding site of
IsPETase, which facilitates the efficient accommoda-
tion of the substrate under physiological conditions.
Notably, at 150 mM, H237 is located more than 14 A
away from Y87, W185, and M161 (dark red regions),
while some contacts are still observed with S160,
W159 and D206 and 1208. However, these interac-
tions are entirely lost at 900 mM, owing to the rapid
displacement of H237 that leads to the inactivation of
IsPETase. This shift is accompanied by the move-
ment of W159 towards D206 and 1208 at 900 mM,
which reflects the accelerated transition from the
active to the inactive conformation of IsPETase
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under the high-salt conditions previously described
(Figure 4c).

2.7 | PET-bound trans:gauche ratio
increases at the increase of ion
concentration

Finally, we examined the interactions between the
enzymes’ active site and the PET chains localized at
the surface of the slab. In order to characterize whether
the model of amorphous PET employed in this work
represented a realistic proxy of a physical sample, we
calculated the distributions of the frans (Figure S5a)
and gauche (Figure S5b) conformers in the bulk of the
PET slab. Indeed, several experimental data showed
that the percentage of the O-C—-C-O dihedral angle
corresponding to the gauche conformation (angle abso-
lute value ~70°) ranges between 75% and 88%
(Cunningham et al., 1974; Guévremont et al., 1995;
Rodriguez-Cabello et al., 1996; Wei et al., 2019),
whereas the frans conformation (angle absolute value
~180°) corresponds to ~14% of the total distribution
(Schmidt-Rohr et al., 1998; Wei et al., 2019). Notably,
the trans:gauche ratio calculated in the PET bulks of
our MD simulations is around 14:82 in each system
(Figure S6; distributions shown in Figure S5c¢,d), reveal-
ing a remarkable agreement with the data available in
the literature (Cunningham et al., 1974; Guévremont
et al., 1995; Rodriguez-Cabello et al., 1996; Wei
et al., 2019). However, when we considered only the
fraction of PET bound to the active site of the enzymes,
these distributions changed significantly. The mono-
mers bound to PETaseSM14 at 150 mM are almost
exclusively in the gauche conformation (Figure S6a),
with only 0.26% of the trans state observed. On the
other hand, in the PETaseSM14 at 900 mM
(Figure S6b) and IsPETase at 150 mM (Figure S6c),
the ftrans:gauche distribution closely resembles that
observed in the bulk. Finally, in the IsPETase at
900 mM (Figure S6d), the ratio considerably drifts from
that observed in the PET bulk, with ~32% of trans and
only ~56% of gauche conformation.

These variations are attributed to the different
sizes and accessibility of the enzymes’ binding site at
varying ion concentrations. At 150 mM, the binding
cleft of PETaseSM14 remains relatively rigid and nar-
row. This prevents PET chains from being accommo-
dated in the trans conformation, which requires more
spatial freedom due to its extended geometry.
Instead, at higher ion concentrations, the binding site
of PETaseSM14 becomes capable of recruiting PET
chains in a conformational distribution that mirrors that
of the bulk phase.

A similar scenario is observed for IsPETase at
150 mM, whose naturally wider and more flexible

binding cleft enables the recruitment of both trans and
gauche PET conformers with bulk-like statistics.

2.8 | The hydrophobic and aromatic
residues stabilize the PET binding onto the
catalytic site

A precise assessment of the contacts established by
each residue of the enzyme’s catalytic site with PET
(Figure 7a) reveals that the most frequent interactions
are provided by the aliphatic 1208/1204 and the aromatic
W185/W181 and Y87/Y88 side chains, collectively con-
tributing to ~75% of the total enzyme-PET contacts. In
particular, these aromatic residues are known to play
crucial roles in the substrate recognition and correct
positioning within the active site by establishing stack-
ing interactions with the benzene groups of the PET
chains (Austin et al., 2018; Berselli et al., 2024). The
time traces of the contacts formed by the side chains of
W185/W181 and Y87/Y88 with the aromatic moieties
of the PET chains (Figure S7) show distinct trends. For
tryptophan, W185 in IsPETase forms approximately
20% more interactions with PET than W181 in PETa-
seSM14. Furthermore, the average values obtained at
900 mM are approximately 10% higher than those
obtained at 150 mM for both enzymes. (Figure S7a).
The average contact numbers for tyrosine in
PETaseSM14 at 150 mM and 900 mM are slightly
higher than in IsPETase at the same salt concentra-
tions. Both systems establish ~15-20% more contacts
at 900 mM than at 150 mM (Figure S7b). These results
indicate that aromatic residues remain essential for
coordinating substrate chains in both systems, with
tryptophan contributing more contacts in IsPETase and
tyrosine contributing more in PETaseSM14. Regarding
the other residues of the binding site, a notable sub-
strate exposure is observed for M161/M157 and H234/
H237. In particular, the latter shows a significant 43%
increase in the average contact number for ISPETase
at 900 mM compared to 150 mM. This is consistent
with the displacement of this residue towards the
enzyme’s surface during MD simulations, resulting in
increased exposure to the substrate bulk (Figure 3a).

Finally, contacts between PET and the catalytic ser-
ine, which is buried at the bottom of the binding site,
are the least frequent. Nevertheless, notable differ-
ences emerge between the two enzymes. Indeed, due
to the broad and shallow architecture of the IsPETase
binding site, PET chains establish approximately four
times more interactions with S160 than with S156 in
PETaseSM14 at both ion concentrations, indicating an
improved capacity to accommodate the substrate near
the catalytic center.

However, the trend changes significantly when con-
sidering the subset of configurations where the catalytic
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Interactions between PET and the PETaseSM14 and IsPETase binding sites. (a) Contacts between the PET chains and the

residues forming the binding sites of PETaseSM14 (upper panel) and IsPETase (lower panel). The bars and the associated errors report the
average and standard deviation of the total contacts established in each of the three 500-ns-long MD simulation replicas. (b) Number of reactive
configurations sampled during the 500-ns-long MD simulations, averaged over the three replicas performed for each system.

serine is simultaneously in contact with (i) one ester
C-atom of a PET chain and (ii) the enzyme binding site
and the catalytic histidine (i.e., in the active state;
Figure 7b). Under these conditions, with the enzyme in
an active state (Figure 4) and effectively bound to the
substrate, the system is primed for catalysis, and we
refer to these configurations as reactive states. Based
on statistics from our MD simulations, the average
number of reactive states for PETaseSM14 is ~20%
lower than those obtained for IsPETase at 150 mM
(blue and green bar, respectively). However, at the
higher NaCl concentration, the number of reactive
states observed for IsPETase decreases by approxi-
mately 50% (Figure 7b, red bar), while that for PETa-
seSM14 doubles (Figure 7b, orange bar) relative to
their respective values at 150 mM.

3 | DISCUSSION

IsPETase, secreted by Ideonella Sakaiensis 201-f6,
and PETaseSM14, expressed by the marine sponge
Streptomyces sp. SM14, are characterized by the same
catalytic scaffold; however, significant differences have
evolved to adapt each enzyme to its native environ-
ment. Activity assays on PET powder degradation per-
formed in this study and supporting evidence from the
literature (Carletti et al., 2025; Carr et al., 2023; Weigert
et al., 2022) indicate that NaCl concentration exerts a
positive effect on the activity of PETaseSM14, consis-
tent with its hypersaline marine origin, while having a
negative effect on IsPETase. To date, this phenome-
non has been observed using analytical techniques
such as HPLC, SEM, and AFM, which do not elucidate
the structural basis of these effects.

To address this gap, we employed molecular model-
ing and MD simulations to deliver a detailed structural
comparison and molecular-level explanation of the
experimentally observed differences between the two
homologous plastic-degrading enzymes. The results
obtained from 500-ns-long MD simulations reveal that
the IsPETase binding site is significantly wider and more
flexible than that found for PETaseSM14. While this
characteristic is beneficial for substrate binding at low
ion concentration (150 mM), the excessive plasticity of
the active site leads to the fast inactivation of IsSPETase
at a higher ion concentration (900 mM). The quick dis-
placement of the catalytic residue H237 from S160 is
triggered by the flipping of the W159 side chain, impair-
ing the enzyme’s ability to initiate hydrolysis, even when
the substrate is correctly positioned within the binding
site. The role of W159 in IsPETase has been assessed
via site-directed mutagenesis in a number of previous
studies (Austin et al., 2018; Joo et al., 2018), in which
this residue was replaced with a histidine. This mutation
narrows the binding cleft, thus making the enzyme more
structurally similar to other homologous cutinases. How-
ever, its impact on enzymatic activity remains a matter of
debate. The bulky tryptophan side chain contributes to a
shallower binding cleft compared to that of other hydro-
lases (Karunatillaka et al., 2022). While this characteris-
tic is suggested by Joo et al. (2018) to facilitate
substrate uptake and turnover, the W159H/S238F dou-
ble variant characterized by Austin et al. (Austin
et al., 2018) outperformed the WT enzyme in terms of
crystalline PET degradation, suggesting a potentially dif-
ferent functional outcome.

By contrast, PETaseSM14 remains more rigid and
undergoes minor, yet beneficial, conformational rearran-
gements during MD simulations at high ionic strength.

35UB017 SUOWILLOD BA11Ea1D) 3jqealjdde ayy Aq pausenob ae sapiie YO ‘@sn JO sajnl 1oy ARig 1T aUlUQ AB|IAA UO (SUOT IPUOD-PUR-SWLBI/LI0D A3 | 1M ARG 1 PU1|UO//SANY) SUOIPUOD PUe SWLB | 3L} 39S *[9202/90/92] Lo Ariqi auljuQ A8|IM ‘elAR aueiyoo) Aq 98€0, 01d/Z00T OT/I0p/Wod" A8 |1m A Relq i put|uo//Sdiy Wolj pepeojumoq ‘T ‘9202 X968691T



BERSELLI ET AL.

12 of 18 THE
2ot | WILEY_ @By

Indeed, the slight opening of the binding crevice observed
at 900 mM improves the recruitment of water and the
substrate, while always maintaining the catalytic triad in
an active state. In particular, under high-salt conditions,
the binding site of PETaseSM14 accommodates an aver-
age of ~2 additional water molecules compared to the
low-salt conformation, with the water-accessible volume
extending deeper into the active site relative to that
observed at 150 mM. Given the mechanistic role of water
in the catalytc mechanism of hydrolases (Berselli
et al., 2025; Burgin et al., 2024; Garcia-Meseguer
et al., 2023; Jerves et al., 2021), we suggest that the
enhanced hydration of the PETaseSM14 binding site
observed at high salinity contributes to sustained catalytic
turnover.

To model PET binding, and consistent with a previous
study on a similar system (Sahihi et al., 2024), we
adopted 9-monomers-long PET chains to reproduce the
amorphous polymer sample. Indeed, this size represents
the minimal length to form an entangled network between
polymeric chains, and it is considered an optimal trade-off
between accuracy in the reproduction of the mechanical
features of amorphous PET and the computational cost
(Aharoni, 1978; Roberge et al., 2004). The ability of
PETaseSM14 at 900 mM and IsPETase at 150 mM to
accommodate PET chains in the same conformational
distribution observed in the bulk suggests greater sub-
strate compatibility and potentially enhanced catalytic effi-
ciency compared to PETaseSM14 at 150 mM or
IsPETase at 900 mM. This is particularly relevant given
that conformational transitions between trans and gauche
states are extremely slow at room temperature (Wei
et al., 2019), and the presence of a pre-organized binding
site capable of accommodating the substrate without
requiring extensive conformational rearrangements could
significantly enhance enzymatic turnover by making the
process less entropically demanding.

Nevertheless, while the modest remodeling of the
PETaseSM14 binding site does not substantially improve
substrate penetration towards the catalytic serine, PET
chains penetrate more efficiently in the broader and shal-
lower cleft of IsPETase. Moreover, in both enzymes the
substrate remains primarily stabilized by the surface-
exposed tryptophan (W181/W185) and tyrosine
(Y88/Y87) side chains. This observation aligns with a
number of previous studies highlighting the role of hydro-
phobic and z-stacking interactions in PET stabilization
(Austin et al., 2018; Berselli et al., 2024; da Costa
et al., 2021; Fecker et al., 2018; Guo et al., 2023; Joo
et al., 2018), as mutations in these residues were shown
to be deleterious to the enzymatic activity of IsPETase
(Austin et al., 2018; Han et al., 2017). However, the
increased recruitment of water, the accommodation of
PET chains with a bulk-like conformational distribution
and the persistent stability of the catalytic scaffold in an
active state observed for PETaseSM14 at 900 mM,
significantly enhances the number of reactive

configurations sampled during the MD simulations.
Indeed, the states in which the enzyme is simulta-
neously in an active form and the PET chain is correctly
positioned within the binding site of PETaseSM14 at
900mM occur at approximately twice the frequency
compared to 150mM NaCl. In contrast, IsPETase
exhibits approximately a 50% reduction in reactive
states when transitioning from 150 to 900 mM NaCl. This
trend mirrors the experimentally measured activity pat-
tern, bridging molecular simulations insights with in vitro
physiological responses and providing a molecular-level
explanation of the structural adaptations that enable
enzymatic activity across diverse environments.

The findings of this study help pave the way for pre-
cise engineering strategies aimed at enhancing the
effectiveness of these biotechnologies in marine eco-
systems, where the accumulation of micro- and nano-
plastics is an urgent environmental concern.

4 | MATERIALS AND METHODS

4.1 | Production of PETases

The enzymes employed in this work were produced in
accordance with previous studies (Carletti et al., 2025;
Di Rocco et al., 2023). IsPETase from Ideonella
sakaiensis 201-f6 was expressed and purified from the
green microalga Chlamydomonas reinhardtii. We used
a photosynthetic restoration strategy in which the
enzyme is constitutively expressed in the chloroplast,
as reported by Di Rocco et al. (2023). PETaseSM14
from the marine sponge Streptomyces sp. SM14 was
produced in Escherichia coli BL21 (DE3) and purified
as reported by Carletti et al. (2025).

4.2 | Enzyme activity assay

All chemicals used were of the highest purity available.
All aqueous solutions were prepared in deionized
water. For the TPA calibration curve reported in
Figure S2 a pure TPA powder from Fluka chemicals
(n.86420, purity >99%) was used. The enzymatic activ-
ity was evaluated using PET powder (Goodfellow, prod-
uct code ES30-PD-000132, particle size 300 pm,
crystallinity >50%) at the final concentration of
5mg mL~", into 100 pL buffer containing 1 uM protein
solution. Thermal and pH conditions assessed in previ-
ous works have been used (Carletti et al., 2025; Di
Rocco et al., 2023), in particular: 100 mM Tris—HCI
buffer at pH 8.0 for IsPETase and 100 mM Tris—HCI-
pH 9.0 for PETaseSM14, incubated at 37°C. The NaCl
concentrations tested were 0, 150, 300, 700 and
900 mM. After an incubation time of 72 h, the reaction
tubes were vigorously mixed and centrifuged, then the
supernatant was filtered and further analyzed by RP-
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HPLC. For every set of reactions, two control samples
were prepared following the same procedure: one with-
out adding the protein, while the other without adding
the substrate. The RP-HPLC analysis consists of a lin-
ear gradient procedure using an Agilent Poroshell
120 EC-C18 column, equilibrated with a mobile phase
of 80:20 solution A (0.1% formic acid): solution B
(100% acetonitrile). 20 pL of each sample were loaded
into the column and eluted over a 20-min run at a flow
rate of 1 mL/min, at room temperature with the following
elution steps: 80:20 (solution A: solution B), followed by
a 15-min linear gradient 20:50 (solution A: solution B),
2 min isocratic 50:50 (solution A: solution B), followed
by 3 min linear gradient from 50:20 (solution A: solution
B) and 2 min isocratic 80:20 (solution A: solution B).
The absorbance was measured at 240 nm and
254 nm, to detect the carbonyl groups and aromatic
rings of the reaction products. To determine peak
areas, the baseline was drawn manually and calculated
using instrument software. According to the chromato-
grams obtained (Figure S8), the reaction product with
the highest retention time was BHET (2.9 min), followed
by MHET (2.5 min, assumed) and TPA (1.7 and
2.1 min), which was the main product obtained.

4.3 | Preparation and equilibration of
PET9 slab

The initial configuration and topology of the PET9 melt
system was produced with the polymer builder tool of
CHARMM-GUI (Figure S9a) (Choi et al., 2021; Jo
et al., 2008). We generated a cubic system with size
~60 x 60 x 60 A® and including 100 9-monomers-long
PET chains, resulting a total of 20,000 atoms, and a den-
sity of ~1.23 g - cm™3, in line with the experimental value
(Thompson & Woods, 1955). This system was parame-
trized using the CHARMM general force field (CGenFF)
(Vanommeslaeghe et al., 2010), which demonstrated
successful performances in previous works on ion track
formation in PET samples (Shen et al., 2023), ion conduc-
tion through PET nanopores (Cruz-Chu et al., 2009), and
PET binding onto plastic degrading enzymes (Berselli
et al., 2024; Poléto & Lemkul, 2025; Sahihi et al., 2024).
Following the protocol prescribed by CHARMM-GUI, the
coarse-grained (CG) model of the melted PET systems
was equilibrated at 300 K, followed by the conversion to
the all-atom structure, that is provided as an output to the
user. This represents the starting structure for classical
MD simulations, which was further minimized for 10,000
steps followed by 250 ps of equilibration in the NVT
ensemble at a temperature of 300 K and the heavy atoms
of the system restrained. Then, the system underwent a
simulated annealing procedure to achieve an amorphous-
like conformational distribution in the absence of posi-
tional restraints. This step was conducted by progres-
sively heating the system from 300 to 750 K with a 50 K -
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ps~" rate. Then, 4 ps of equilibration were carried out at
750 K, followed by cooling from 750 to 300 K with the
same rate as that used for heating. We stress that this
procedure did not require extensive simulations to
achieve an accurate representation of amorphous PET
sample thanks to the reliable initial configuration provided
by CHARMM-GUI. After the simulated annealing step,
further 250 ps of equilibration were carried out in the NVT
ensemble at T = 300 K, followed by 1 ns of standard MD
simulation in NPT at T= 300 K and p = 1 bar. Constant
temperature and pressure were maintained by a Lange-
vin thermostat and Nosé-Hoover Langevin barostat,
respectively (Feller et al., 1995; Martyna et al., 1994). The
oscillation piston period was set to 50.0 fs and the damp-
ing time scale to 25.0 fs. The damping coefficient of the
Langevin thermostat was set to 1 ps~'. Long-range elec-
trostatic interactions were computed using the Particle
Mesh Ewald (PME) algorithm (Darden et al., 1993), with
spline interpolation order 6. Electrostatic and van der
Waals (VdW) interactions were calculated with a cutoff of
12 A as prescribed by the CHARMM force field. A switch-
ing function was applied, starting to take effect at 10 A to
obtain a smooth decay as indicated in Ref. (Steinbach &
Brooks, 1994). Chemical bonds involving hydrogen atoms
and heavy atoms were constrained with SHAKE
(Ryckaert et al., 1977), enabling the adoption of a time
step (6 t) of 2fs. Each MD simulation was performed
with NAMD (Phillips et al., 2005; Phillips et al., 2020).

44 | Assembly of enzyme-PET systems

To reproduce the system with the enzyme adsorbed
onto the PET surface, we selected as a starting config-
urations the crystallographic structures of the IsPETase
(PDB ID: 6EQE, resolution: 0.92 A) (Austin et al., 2018)
and PETaseSM14 (PDB ID: 9HYD, resolution: 1.43 A)
(Carletti et al., 2025). The CHARMM coordinate file for
these structures were generated with the PDB reader
of CHARMM-GUI (Jo et al., 2008), by specifying the
protonation state of the histidine residues based on
the pKa predicted with PropKa (Olsson et al., 2011).
Then, using VMD (Humphrey et al., 1996), we manually
positioned the enzyme structures and the equilibrated
model of the melted PET within the same simulation
box, with the catalytic serine (S160 in IsPETase, S156
in PETaseSM14) pointing towards the PET surface. At
the initial stage, the enzyme and PET surface were
kept separated by a minimal distance of 7 A to prevent
steric clashes and significant interactions (Figure S9b).
The initial configurations of the enzyme-PET systems
were solvated and added with the NaCl ion bath
(150 or 900 mM) using the solvate and autoionize pack-
ages of VMD, respectively, while the topologies were
built with psfgen. The ester bond between the nine PET
monomers belonging to the same chain were pre-
served by adding the patch P00080. Moreover, the

35UB017 SUOWILIOD aAIE81D 3|ael dde ay) Ag pausenob ae sapie O ‘8sn JO S3|n Joj ARiqIT 8uluQ /8|1 U0 (SUOTIPUCO-PUB-SWLB)WIOD A3 | 1M AZIq 1 BU1UO//SdNY) SUONIPUOD Pue SWB | 8L 885 *[920Z/90/92] U0 ARiq1auluQ A3|IM 1A aueIyd0D AQ 98£0, 0.4d/Z00T OT/I0P/L0D A3 1M Ale.q 1 Buluo//Sdiy WwoJ) papeojumoq ‘T ‘9Z0Z ‘X968697T


http://bioinformatics.org/firstglance/fgij//fg.htm?mol=6EQE
http://bioinformatics.org/firstglance/fgij//fg.htm?mol=9HYD

BERSELLI ET AL.

14 of 18 THE
1ot | WILEY_§BH0ey

disulfide bonds between C203 and C239 and between
C273 and C289 of IsPETase were included. The result-
ing solvated systems were included in rectangular
boxes with size 90 x 90 x 150 A3, counting approxi-
mately 110,000 atoms each (Figure S9c).

4.5 | Molecular dynamics simulations
The solvated enzyme-PET systems at the two different
ion concentrations were equilibrated following a multi-
step procedure. After 5 ps of energy minimization, the
system was progressively heated to the selected tem-
perature of 310 K. Then, 10 ns of equilibration were
conducted in the NVT ensemble adopting a § t=1fs,
followed by 20ns in NVT with § t=2fs and 20ns in
NPT with § t=2fs. This cumulative 50-ns-long equili-
bration was performed with progressive release of posi-
tional constraints to allow slow relaxation of the system
and the diffusion of PET chains, allowing the adsorption
of the enzyme onto the PET surface (Figure S9b). The
timestep, timescale, ensemble and restraints adopted
in each of the five 10-ns-long steps of equilibration are
summarized in Table S2.

After the equilibration, 500 ns of standard MD simu-
lations were performed maintaining only the minimal
restraints as those used in the last step of equilibration
to avoid roto-translation of the protein during the MD
simulation (Figure S10). To ensure adequate statistics
and reproducibility, each system was separately equili-
brated and simulated in three independent replicas.
The topology, coordinate and output files associated
with each replica of each system (IsPETase-PET9 and
PETaseSM14-PET9 at 150 and 900 mM of NaCl con-
centration) are freely available on Zenodo (https:/
zenodo.org/records/17412459). Rectangular PBCs
were adopted to replicate the system and remove box
surface effects. Chemical bonds involving hydrogen
atoms and heavy atoms of the protein were constrained
with SHAKE (Ryckaert et al., 1977), while those of
water molecules were kept fixed with SETTLE
(Miyamoto & Kollman, 1992). Each MD simulation was
performed with NAMD (Phillips et al., 2005; Phillips
et al., 2020) and the CHARMMS36/CHARMM36m
(Huang et al., 2017; Huang & MacKerell, 2013) force
field under Langevin dynamics adopting the same
parameters as those used for melted PET equilibration.

4.6 | Analysis of molecular dynamics
simulations

4.6.1 | RMSD and RMSF

The backbone root-mean-square deviations (RMSD),
the root-mean-square fluctuations (RMSF) of the

enzyme, the inter-residue distances, and the
inter-residue distance maps were calculated with MDA-
nalysis (Gowers et al., 2016; Michaud-Agrawal
et al., 2011) and plotted with the matplotlib library of
Python (https://matplotlib.org) (Hunter, 2007). The
results and associated error are reported as the aver-
age and standard deviation over the three replicas per-
formed for each system.

4.6.2 | Inter-residue distances

The distances calculated to assess the size of the
active site cleft (d1, d2, Figure 3) or the active/inactive
states (d3, d4, Figure 4) were calculated with MDAnaly-
sis (Gowers et al., 2016; Michaud-Agrawal et al., 2011),
and reported as the mean and standard deviation over
the three replicas performed for each system. The
atoms considered in each calculation are indicated in
Table 1.

46.3 | SASA
The solvent-accessible surface area (SASA) of the
binding sites of the protein (S156/S160, H234/H237,
D204/D206, M157/M161, Y88/Y87 and W181/W185 in
PETaseSM14/IsPETase) was calculated with VMD
(Humphrey et al., 1996) using a probe radius of 1.4 A.

464 |
pocket

Water molecules inside the binding

The number of water molecules inside the binding
pocket was calculated with MDAnalysis (Gowers
et al., 2016; Michaud-Agrawal et al., 2011) by consid-
ering a radius of 6 A from the catalytic serine Oy
atom. This cutoff was selected as this is the distance
between the catalytic serine Oy atom and the Oy
atom of the Y87/Y88 side chain, which is the outer-
most, solvent-exposed residue of the binding site
(Figure S11).

4.6.5 | Proteintunnels

The tunnels and the free volume near the active site
of the system were sampled with Caver 3.0
(Chovancova et al., 2012). The Oy atom of the cata-
lytic serine was used as the starting point for the cal-
culations. Configurations were sampled every 50 ns
along each MD trajectory using the default parame-
ters and the resulting tunnels were clustered using
the average-link hierarchical algorithm with a thresh-
old of 4.0.
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The electrostatic potential maps were computed with
the adaptive Poisson-Boltzmann solver (APBS) code
(Jurrus et al., 2018). The crystal structures of the two
enzymes were used as input for the APBS calculations.
Prior to the calculations, the NaCl concentrations and
the solvent dielectric constants were set to match the
conditions of the MD simulations. The dielectric con-
stants were chosen based on the values reported in
Ref. (Buchner et al., 1999) for the temperature
T =308 K, with 73.57 and 65.80 being the closest
available values for the target concentrations of
150 and 900 mM, respectively.

4.6.7 | Isoelectric point
The isoelectric point (pl) of each protein was calculated
with the ExPASy Analysis tool (Gasteiger et al., 2005).

4.6.8 | Contacts number

The contacts between ions and the enzyme’s surface
were calculated with MDAnalysis (Gowers et al., 2016;
Michaud-Agrawal et al., 2011) adopting a cutoff of 5 A.

4.6.9 | PET chains conformational
distribution

The conformational distribution of the PET chains was
calculated by considering the dihedral angles formed
by the ethylene glycol unit of each monomer, com-
posed of the atoms O3—-C9-C10-01, according to the
PDB nomenclature used in the coordinate and topology
files. Following the classifications proposed in Refs
(Alves et al., 2002; Wei et al., 2019). the conformation
was defined as gauche when the absolute value of the
dihedral angle was 70° + 20°, while it was defined as
trans when the absolute value of the dihedral angle
was 180° + 20°. Dihedral angles of the substrate bound
to the enzyme’s binding site were calculated from the
PET fraction within 8 A of the catalytic serine, while
those for the substrate bulk were obtained from the
100 PET chains excluding the bound fraction.

4.6.10 |
states

Number of enzyme-PET reactive

The number of reactive states was calculated with
MDAnalysis (Gowers et al., 2016; Michaud-Agrawal
et al., 2011) by counting the number of states in which
the distance between the O y atom of the catalytic

i _WILEY LB
serine side chain was simultaneously <5A away from
the N ¢ atom of the catalytic histidine and from the ester
carbon atom of a PET chain (C1 or C8 according to the
PDB nomenclature used in the coordinate and topology
files). The results and associated errors are reported as
the average and standard deviation over the three
replicas.

AUTHOR CONTRIBUTIONS

Alessandro Berselli: Conceptualization; investigation;
writing — original draft; methodology; validation; visualiza-
tion; writing — review and editing; formal analysis; project
administration; data curation; resources. Alan Carletti:
Conceptualization; investigation; writing — review and
editing; visualization; methodology; data curation. Maria
Cristina Menziani: Conceptualization; investigation;
writing — review and editing; project administration; super-
vision; funding acquisition; resources. Shapla Bhatta-
charya: Writing — review and editing; validation. Rossella
Castagna: Validation; writing — review and editing. Emilio
Parisini: Writing — review and editing; validation; concep-
tualization. Giulia di Rocco: Conceptualization; supervi-
sion; writing — review and editing; visualization; validation;
methodology; investigation; project administration.
Francesco Muniz-Miranda: Project administration; fund-
ing  acquisition; investigation;  conceptualization;
writing — review and editing; visualization; methodology;
supervision; resources.

ACKNOWLEDGMENTS

We acknowledge CINECA awards under the ISCRA ini-
tiative (the Iscra C project HP10C1FZRH granted to Ales-
sandro Berselli and the Iscra C project HP10C4M2EF
granted to Francesco Muniz-Miranda), for the availability
of high-performance computing resources and support.
We are also grateful to Prof. Dr. Alfonso Pedone for
enabling us access to the local computational cluster.
The research was supported financially by the Italian
“Ministero dell'Universita e della Ricerca” (MUR) initiative
PRIN 2022 on the project 2022W9XTYB entitled “Enzy-
learning” (020140_23_PRIN-2022 granted to FMM as
“deputy PI”) and the local “FAR2023-linea post-dottorato™
initiative of UNIMORE. Alan Carletti thanks MIUR, Minis-
tero dell’lstruzione, dell'Universita e della Ricerca (PRIN
2020, E53C2001365001 to MS). Shapla Bhattacharya
acknowledges the Latvian Recovery and Resilience Fund
and the Latvian Institute of Organic Synthesis for student
grants (No. ANM_OSI_DG_31 and No. IG-2025-02). Emi-
lio Parisini thanks the Latvian Recovery and Resilience
Fund (grant No. 74/0SI/ZG) for financial support. Emilio
Parisini and Rossella Castagna wish to thank the Euro-
pean Union’'s HORIZON-WIDERA-2023-ACCESS-04
programme for financial support under grant agreement
101159534 (WIDEnzymes). This manuscript reflects only
the authors’ views and opinions. Neither the European
Union nor the granting authority can be considered

35UB017 SUOWILIOD aAIE81D 3|ael dde ay) Ag pausenob ae sapie O ‘8sn JO S3|n Joj ARiqIT 8uluQ /8|1 U0 (SUOTIPUCO-PUB-SWLB)WIOD A3 | 1M AZIq 1 BU1UO//SdNY) SUONIPUOD Pue SWB | 8L 885 *[920Z/90/92] U0 ARiq1auluQ A3|IM 1A aueIyd0D AQ 98£0, 0.4d/Z00T OT/I0P/L0D A3 1M Ale.q 1 Buluo//Sdiy WwoJ) papeojumoq ‘T ‘9Z0Z ‘X968697T



toots | WILEY_ 8§y

BERSELLI ET AL.

responsible for them. Open access publishing facilitated
by Universita degli Studi di Modena e Reggio Emilia, as
part of the Wiley - CRUI-CARE agreement.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

All MD simulations were produced with NAMD3 (https:/
www.ks.uiuc.edu/Research/namd/). Trajectories were
analyzed with VMD (https://www.ks.uiuc.edu/Research/
vmd/) and the Python library MDAnalysis (https://
www.mdanalysis.org). NAMD (https://www.ks.uiuc.edu/
Research/namd/license.html) and VMD (https://www.
ks.uiuc.edu/Research/vmd/current/LICENSE.html) are
distributed free of charge for non-exclusive, non-
commercial use. MDAnalysis is available under the
“GNU general public license” (https://www.gnu.org/
licenses/old-licenses/gpl-2.0.html). Data for PET slab
equilibration, initial structure and topology of each
PETase-PET system at two ion concentrations and
intermediate coordinate, input and output files (every
10 ns) for the three 500-ns-long replicas of each sys-
tem and the HPLC data analysis are publicly available
on Zenodo. https://zenodo.org/records/17412459. Each
additional file can be provided by the authors upon rea-
sonable request.

ORCID
Alessandro Berselli
2241-3530

Alan Carletti (» https://orcid.org/0009-0009-5353-865X
Maria Cristina Menziani ‘> https://orcid.org/0000-0003-
3428-5297

Shapla Bhattacharya
1286-5138

Rossella Castagna
3165

Emilio Parisini
0039

Giulia di Rocco
2210
Francesco Muniz-Miranda
0002-7614-2326

https://orcid.org/0000-0002-

https://orcid.org/0000-0002-
https://orcid.org/0000-0002-9284-
https://orcid.org/0000-0002-5529-
https://orcid.org/0000-0002-3187-

https://orcid.org/0000-

REFERENCES

Aharoni SM. Unperturbed dimensions and critical molecular weight
for entanglement of poly(ethylene terephthalate) and
poly(ethylene isophthalate). Die Makromolekulare Chemie.
1978;179:1867-71.

Almeida EL, Carrillo Rincon AF, Jackson SA, Dobson ADW. In silico
screening and heterologous expression of a polyethylene
terephthalate hydrolase (PETase)-like enzyme (SM14est) with
Polycaprolactone (PCL)-degrading activity, from the marine
sponge-derived strain Streptomyces sp. SM14. Frontiers in
Microbiology. 2019;10:2187.

Alves NM, Mano JF, Balaguer E, Meseguer Duefias JM, Gémez
Ribelles JL. Glass transition and structural relaxation in semi-

crystalline poly(ethylene terephthalate): a DSC study. Polymer.
2002;43:4111-22.

Armal G, Anglade J, Gavalda S, Tournier V, Chabot N,
Bornscheuer UT, et al. Assessment of four engineered PET
degrading enzymes considering large-scale industrial applica-
tions. ACS Catalysis. 2023;13:13156—66.

Austin HP, Allen MD, Donohoe BS, Rorrer NA, Kearns FL,
Silveira RL, et al. Characterization and engineering of a plastic-
degrading aromatic polyesterase. Proceedings of the National
Academy of Sciences of the United States of America. 2018;
115:E4350-7.

Bell EL, Smithson R, Kilbride S, Foster J, Hardy FJ, Ramachandran S,
et al. Directed evolution of an efficient and thermostable PET depo-
lymerase. Nature Catalysis. 2022;5:673-81.

Berselli A, Menziani MC, Muniz-Miranda F. Structure and energetics
of PET-hydrolyzing enzyme complexes: a systematic compari-
son from molecular dynamics simulations. Journal of Chemical
Information and Modeling. 2024;64:8236-57.

Berselli A, Menziani MC, Piccini G, Muniz-Miranda F. Molecular-level
mechanistic insights into PETase-catalyzed plastics hydrolysis
from accurate QM/MM free energy calculations. ACS Catalysis.
2025;15:10702-21.

Berselli A, Ramos MJ, Menziani MC. Novel pet-degrading enzymes:
structure-function from a computational perspective. ChemBio-
Chem. 2021;22:2032-50.

Buchholz PCF, Feuerriegel G, Zhang H, Perez-Garcia P, Nover L-L,
Chow J, et al. Plastics degradation by hydrolytic enzymes: the
plastics-active enzymes database—PAZy. Proteins: Structure,
Function, and Bioinformatics. 2022;90:1443-56.

Buchner R, Hefter GT, May PM. Dielectric relaxation of aqueous NaCl
solutions. Journal of Physical Chemistry A. 1999;103:1-9.

Burgin T, Pollard BC, Knott BC, Mayes HB, Crowley MF,
McGeehan JE, et al. The reaction mechanism of the Ideonella
sakaiensis PETase enzyme. Communications Chemistry. 2024;
7:1-14.

Carletti A, Bhattacharya S, Pedroni S, Berto M, Bonettini R,
Castagna R, et al. Functional and structural characterization of
PETase SM14 from marine-sponge Streptomyces sp. active on
polyethylene terephthalate. ACS Sustainable Chemistry & Engi-
neering. 2025;13:7460-8.

Carr CM, Keller MB, Paul B, Schubert SW, Clausen KSR, Jensen K,
et al. Purification and biochemical characterization of SM14est,
a PET-hydrolyzing enzyme from the marine sponge-derived
Streptomyces sp. SM14. Frontiers in Microbiology. 2023;14:
1170880.

Chen Y, Lin Z, Yang S. Plasticization and crystallization of
poly(ethylene terephthalate) induced by water. Journal of Ther-
mal Analysis and Calorimetry. 1998;52:565-8.

Choi YK, Park S-J, Park S, Kim S, Kern NR, Lee J, et al. CHARMM-
GUI polymer builder for modeling and simulation of synthetic
polymers. Journal of Chemical Theory and Computation. 2021;
17:2431-43.

Chovancova E, Pavelka A, Benes P, Strnad O, Brezovsky J,
Kozlikova B, et al. CAVER 3.0: a tool for the analysis of transport
pathways in dynamic protein structures. PLoS Computational
Biology. 2012;8:1002708.

Cruz-Chu ER, Ritz T, Siwy ZS, Schulten K. Molecular control of ionic
conduction in polymer nanopores. Faraday Discussions. 2009;
143:47-62.

Cui Y, Chen Y, Liu X, Dong S, Tian Y, Qiao Y, et al. Computational
redesign of a PETase for plastic biodegradation under ambient
condition by the GRAPE strategy. ACS Catalysis. 2021;11:
1340-50.

CuiY, ChenY, Sun J, Zhu T, Pang H, Li C, et al. Computational rede-
sign of a hydrolase for nearly complete PET depolymerization at
industrially relevant high-solids loading. Nature Communica-
tions. 2024;15:1417.

35UB017 SUOWILIOD aAIE81D 3|ael dde ay) Ag pausenob ae sapie O ‘8sn JO S3|n Joj ARiqIT 8uluQ /8|1 U0 (SUOTIPUCO-PUB-SWLB)WIOD A3 | 1M AZIq 1 BU1UO//SdNY) SUONIPUOD Pue SWB | 8L 885 *[920Z/90/92] U0 ARiq1auluQ A3|IM 1A aueIyd0D AQ 98£0, 0.4d/Z00T OT/I0P/L0D A3 1M Ale.q 1 Buluo//Sdiy WwoJ) papeojumoq ‘T ‘9Z0Z ‘X968697T


https://www.ks.uiuc.edu/Research/namd/
https://www.ks.uiuc.edu/Research/namd/
https://www.ks.uiuc.edu/Research/vmd/
https://www.ks.uiuc.edu/Research/vmd/
https://www.mdanalysis.org
https://www.mdanalysis.org
https://www.ks.uiuc.edu/Research/namd/license.html
https://www.ks.uiuc.edu/Research/namd/license.html
https://www.ks.uiuc.edu/Research/vmd/current/LICENSE.html
https://www.ks.uiuc.edu/Research/vmd/current/LICENSE.html
https://www.gnu.org/licenses/old-licenses/gpl-2.0.html
https://www.gnu.org/licenses/old-licenses/gpl-2.0.html
https://zenodo.org/records/17412459
https://orcid.org/0000-0002-2241-3530
https://orcid.org/0000-0002-2241-3530
https://orcid.org/0000-0002-2241-3530
https://orcid.org/0009-0009-5353-865X
https://orcid.org/0009-0009-5353-865X
https://orcid.org/0000-0003-3428-5297
https://orcid.org/0000-0003-3428-5297
https://orcid.org/0000-0003-3428-5297
https://orcid.org/0000-0002-1286-5138
https://orcid.org/0000-0002-1286-5138
https://orcid.org/0000-0002-1286-5138
https://orcid.org/0000-0002-9284-3165
https://orcid.org/0000-0002-9284-3165
https://orcid.org/0000-0002-9284-3165
https://orcid.org/0000-0002-5529-0039
https://orcid.org/0000-0002-5529-0039
https://orcid.org/0000-0002-5529-0039
https://orcid.org/0000-0002-3187-2210
https://orcid.org/0000-0002-3187-2210
https://orcid.org/0000-0002-3187-2210
https://orcid.org/0000-0002-7614-2326
https://orcid.org/0000-0002-7614-2326
https://orcid.org/0000-0002-7614-2326

BERSELLI ET AL

Cunningham A, Ward IM, Willis HA, Zichy V. An infra-red spectroscopic
study of molecular orientation and conformational changes in
poly(ethylene terephthalate). Polymer. 1974;15:749-56.

da Costa CHS, dos Santos AM, Alves CN, Marti S, Moliner V,
Santana K, et al. Assessment of the PETase conformational
changes induced by poly(ethylene terephthalate) binding. Pro-
teins. 2021;89:1340-52.

Darden T, York D, Pedersen L. Particle mesh Ewald: an N-log
(N) method for Ewald sums in large systems. The Journal of
Chemical Physics. 1993;98:10089-92.

de Castro AM, Carniel A, Nicomedes Junior J, da Conceicdo
Gomes A, Valoni E. Screening of commercial enzymes for
poly(ethylene terephthalate) (PET) hydrolysis and synergy stud-
ies on different substrate sources. Journal of Industrial Microbiol-
ogy & Biotechnology. 2017;44:835-44.

Di Rocco G, Taunt HN, Berto M, Jackson HO, Piccinini D, Carletti A,
et al. A PETase enzyme synthesised in the chloroplast of the
microalga Chlamydomonas reinhardtii is active against post-
consumer plastics. Scientific Reports. 2023;13:10028.

Fecker T, Galaz-Davison P, Engelberger F, Narui Y, Sotomayor M,
Parra LP, et al. Active site flexibility as a Hallmark for efficient
PET degradation by |. sakaiensis PETase. Biophysical Journal.
2018;114:1302—-12.

Feller SE, Zhang Y, Pastor RW, Brooks BR. Constant pressure
molecular dynamics simulation: the Langevin piston method.
The Journal of Chemical Physics. 1995;103:4613-21.

Garcia-Meseguer R, Orti E, Tufidn |, Ruiz-Pernia JJ, Aragd J. Insights
into the enhancement of the poly(ethylene terephthalate) degra-
dation by FAST-PETase from computational modeling. Journal
of the American Chemical Society. 2023;145:19243-55.

Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD,
et al. Protein identification and analysis tools on the ExPASy
server. In: Walker JM, editor. The proteomics protocols handbook.
Springer Protocols Handbooks. Totowa, NJ: Humana Press; 2005.
p. 571-607. https://doi.org/10.1385/1-59259-890-0:571

Gowers RJ, Linke M, Barnoud J, Reddy TJE, Melo MN, Seyler SL,
et al. MDAnalysis: a python package for the rapid analysis of
molecular dynamics simulations. Proc SciPy. 2016;2016:98—105.

Groeninckx G, Berghmans H, Overbergh N, Smets G. Crystallization
of poly(ethylene terephthalate) induced by inorganic
compounds. |. Crystallization behavior from the glassy state in a
low-temperature region. Journal of Polymer Science Polymer
Physics Edition. 1974;12:303-16.

Guévremont J, Ajji A, Cole KC, Dumoulin MM. Orientation and confor-
mation in poly(ethylene terephthalate) with low draw ratios as
characterized by specular reflection infra-red spectroscopy.
Polymer. 1995;36:3385-92.

Guo X, Jiang Y, Xie D, Zhou Y. Computational investigation on the
binding modes of PET polymer to PETase. Journal of Biomolec-
ular Structure & Dynamics. 2023;42(13):6842-8.

Han X, Liu W, Huang J-W, Ma J, Zheng Y, Ko T-P, et al. Structural
insight into catalytic mechanism of PET hydrolase. Nature Com-
munications. 2017;8:1-6.

Huang J, MacKerell AD. CHARMMS36 all-atom additive protein force
field: validation based on comparison to NMR data. Journal of
Computational Chemistry. 2013;34:2135-45.

Huang J, Rauscher S, Nawrocki G, Ran T, Feig M, de Groot BL, et al.
CHARMM36m: an improved force field for folded and intrinsi-
cally disordered proteins. Nature Methods. 2017;14:71-3.

Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics.
Journal of Molecular Graphics. 1996;14(33-38):27-8.

Hunter JD. Matplotlib: a 2D graphics environment. Computing in Sci-
ence & Engineering. 2007;9:90-5.

Jerves C, Neves RPP, Ramos MJ, da Silva S, Fernandes PA. Reac-
tion mechanism of the PET degrading enzyme PETase studied
with DFT/MM molecular dynamics simulations. ACS Catalysis.
2021;11:11626-38.

St _WILEY L7

Jo S, Kim T, lyer VG, Im W. CHARMM-GUI: a web-based graphical
user interface for CHARMM. Journal of Computational Chemis-
try. 2008;29:1859-65.

Joo S, Cho IJ, Seo H, Son HF, Sagong H-Y, Shin TJ, et al. Structural
insight into molecular mechanism of poly(ethylene terephthalate)
degradation. Nature Communications. 2018;9:382.

Jurrus E, Engel D, Star K, Monson K, Brandi J, Felberg LE, et al.
Improvements to the APBS biomolecular solvation software
suite. Protein Science. 2018;27:112-28.

Karunatillaka |, Jaroszewski L, Godzik A. Novel putative polyethylene
terephthalate (PET) plastic degrading enzymes from the envi-
ronmental metagenome. Proteins. 2022;90:504—-11.

Kawai F, lizuka R, Kawabata T. Engineered polyethylene terephthal-
ate hydrolases: perspectives and limits. Applied Microbiology
and Biotechnology. 2024;108:404.

Launay A, Thominette F, Verdu J. Water sorption in amorphous
poly(ethylene terephthalate). Journal of Applied Polymer Sci-
ence. 1999;73:1131-7.

Lee M, Kim H, Ryu H-S, Moon J, Khant NA, Yu C, et al. Review on
invasion of microplastic in our ecosystem and implications. Sci-
ence Progress. 2022;105:368504221140766.

Lu H, Diaz DJ, Czarnecki NJ, Zhu C, Kim W, Shroff R, et al. Machine
learning-aided engineering of hydrolases for PET depolymeriza-
tion. Nature. 2022;604:662—7.

Martyna GJ, Tobias DJ, Klein ML. Constant pressure molecular
dynamics algorithms. The Journal of Chemical Physics. 1994;
101:4177-89.

Michaud-Agrawal N, Denning EJ, Woolf TB, Beckstein O. MDAnaly-
sis: a toolkit for the analysis of molecular dynamics simulations.
Journal of Computational Chemistry. 2011;32:2319-27.

Miyamoto S, Kollman PA. SETTLE: an analytical version of the
SHAKE and RATTLE algorithm for rigid water models. Journal
of Computational Chemistry. 1992;13:952—62.

Miller R-J, Schrader H, Profe J, Dresler K, Deckwer W-D. Enzymatic
degradation of poly(ethylene terephthalate): rapid hydrolyse
using a hydrolase from T. fusca. Macromolecular Rapid Commu-
nications. 2005;26:1400-5.

Ollis DL, Cheah E, Cygler M, Dijkstra B, Frolow F, Franken SM, et al.
The a/B hydrolase fold. Protein Engineering. 1992;5:197-211.

Olsson MHM, Segndergaard CR, Rostkowski M, Jensen JH.
PROPKARB: consistent treatment of internal and surface residues
in empirical pKa predictions. Journal of Chemical Theory and
Computation. 2011;7:525-37.

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E,
et al. Scalable molecular dynamics with NAMD. Journal of Com-
putational Chemistry. 2005;26:1781-802.

Phillips JC, Hardy DJ, Maia JDC, Stone JE, Ribeiro JV, Bernardi RC,
et al. Scalable molecular dynamics on CPU and GPU architec-
tures with NAMD. The Journal of Chemical Physics. 2020;153:
044130.

Poléto MD, Lemkul JA. Structural and electronic properties of
poly(ethylene terephthalate) (PET) from polarizable molecular
dynamics simulations. Macromolecules. 2025;58:403-14.

Potts JE, Clendinning RA, Ackart WB, Niegisch WD. The biodegrad-
ability of synthetic polymers. In: Guillet J, editor. Polymers and
ecological problems. Boston, MA: Springer US; 1973. p. 61-79.
https://doi.org/10.1007/978-1-4684-0871-3_4

Roberge M, Prud’homme RE, Brisson J. Molecular modelling of the
uniaxial deformation of amorphous polyethylene terephthalate.
Polymer. 2004;45:1401-11.

Rodriguez-Cabello JC, Merino JC, Quintanilla L, Pastor JM. Deforma-
tion-induced conformational changes in stretched samples of
amorphous poly(ethylene terephthalate). Journal of Applied
Polymer Science. 1996;62:1953—-64.

Ruginescu R, Purcarea C. Plastic-degrading enzymes from marine
microorganisms and their potential value in recycling technolo-
gies. Marine Drugs. 2024;22:441.

35UB017 SUOWILIOD aAIE81D 3|ael dde ay) Ag pausenob ae sapie O ‘8sn JO S3|n Joj ARiqIT 8uluQ /8|1 U0 (SUOTIPUCO-PUB-SWLB)WIOD A3 | 1M AZIq 1 BU1UO//SdNY) SUONIPUOD Pue SWB | 8L 885 *[920Z/90/92] U0 ARiq1auluQ A3|IM 1A aueIyd0D AQ 98£0, 0.4d/Z00T OT/I0P/L0D A3 1M Ale.q 1 Buluo//Sdiy WwoJ) papeojumoq ‘T ‘9Z0Z ‘X968697T


https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1007/978-1-4684-0871-3_4

ot | WILEY_ B0y

BERSELLI ET AL.

Ryckaert J-P, Ciccotti G, Berendsen HJC. Numerical integration of
the cartesian equations of motion of a system with constraints:
molecular dynamics of n-alkanes. Journal of Computational
Physics. 1977;23:327—41.

Sahihi M, Fayon P, Nauton L, Goujon F, Devémy J, Dequidt A, et al.
Probing enzymatic PET degradation: molecular dynamics analy-
sis of Cutinase adsorption and stability. Journal of Chemical
Information and Modeling. 2024;64:4112-20.

Samak NA, Jia Y, Sharshar MM, Mu T, Yang M, Peh S, et al. Recent
advances in biocatalysts engineering for polyethylene tere-
phthalate plastic waste green recycling. Environment Interna-
tional. 2020;145:106144.

Schmidt-Rohr K, Hu W, Zumbulyadis N. Elucidation of the chain con-
formation in a glassy polyester, PET, by two-dimensional NMR.
Science. 1998;280:714—7.

Shen W, Wang X, Zhang G, Kluth P, Wang Y, Liu F. lllustrating the
atomic structure and formation mechanism of ion tracks in poly-
ethylene terephthalate with molecular dynamics simulations.
Nuclear Instruments and Methods in Physics Research,
Section B: Beam Interactions with Materials and Atoms. 2023;
535:102—-11.

Silva CM, Carneiro F, O’Neill A, Fonseca LP, Cabral JSM, Guebitz G,
et al. Cutinase: a new tool for biomodification of synthetic fibers.
Journal of Polymer Science Part A: Polymer Chemistry. 2005;
43:2448-50.

Son HF, Cho IJ, Joo S, Seo H, Sagong H-Y, Choi SY, et al. Rational
protein engineering of Thermo-stable PETase from Ideonella
sakaiensis for highly efficient PET degradation. ACS Catalysis.
2019;9:3519-26.

Steinbach PJ, Brooks BR. New spherical-cutoff methods for long-
range forces in macromolecular simulation. Journal of Computa-
tional Chemistry. 1994;15:667-83.

Sulaiman S, Yamato S, Kanaya E, Kim J-J, Koga Y, Takano K, et al.
Isolation of a novel Cutinase homolog with polyethylene
terephthalate-degrading activity from leaf-branch compost by
using a metagenomic approach. Applied and Environmental
Microbiology. 2012;78:1556—62.

Sun J, Cui Y, Wu B. Chapter ten: GRAPE, a greedy accumulated
strategy for computational protein engineering. In: Weber G,
Bornscheuer UT, Wei R, editors. Methods in enzymology. Enzy-
matic Plastic Degradation. Volume 648. Amsterdam: Academic
Press; 2021. p. 207-30.

Thompson AB, Woods DW. Density of amorphous polyethylene tere-
phthalate. Nature. 1955;176:78-9.

Tokiwa Y, Suzuki T. Hydrolysis of polyesters by lipases. Nature.
1977;270:76-8.

Vanommeslaeghe K, Hatcher E, Acharya C, Kundu S, Zhong S, Shim J,
et al. CHARMM general force field: a force field for drug-like mole-
cules compatible with the CHARMM all-atom additive biological
force fields. Journal of Computational Chemistry. 2010;31:671-90.

Wei R, Song C, Gréasing D, Schneider T, Bielytskyi P, Béttcher D,
et al. Conformational fitting of a flexible oligomeric substrate
does not explain the enzymatic PET degradation. Nature Com-
munications. 2019;10:5581.

Wei R, Zimmermann W. Biocatalysis as a green route for recycling
the recalcitrant plastic polyethylene terephthalate. Journal of
Microbiology and Biotechnology. 2017;10:1302—7.

Weigert S, Perez-Garcia P, Gisdon FJ, Gagsteiger A,
Schweinshaut K, Ullmann GM, et al. Investigation of the halo-
philic PET hydrolase PET6 from vibrio gazogenes. Protein Sci-
ence. 2022;31:e4500.

Yoshida S, Hiraga K, Takehana T, Taniguchi I, Yamaji H, Maeda Y,
et al. A bacterium that degrades and assimilates poly(ethylene
terephthalate). Science. 2016;351:1196-9.

Zimmermann W, Billig S. Enzymes for the biofunctionalization of
poly(ethylene terephthalate). Advances in Biochemical Engi-
neering/Biotechnology. 2011;125:97—120.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Berselli A, Carletti A,
Menziani MC, Bhattacharya S, Castagna R,
Parisini E, et al. The effect of ionic strength on
PETase enzymes: An experimental and
computational study. Protein Science. 2026;
35(1):e70386. https://doi.org/10.1002/pro.70386

35UB017 SUOWILIOD aAIE81D 3|ael dde ay) Ag pausenob ae sapie O ‘8sn JO S3|n Joj ARiqIT 8uluQ /8|1 U0 (SUOTIPUCO-PUB-SWLB)WIOD A3 | 1M AZIq 1 BU1UO//SdNY) SUONIPUOD Pue SWB | 8L 885 *[920Z/90/92] U0 ARiq1auluQ A3|IM 1A aueIyd0D AQ 98£0, 0.4d/Z00T OT/I0P/L0D A3 1M Ale.q 1 Buluo//Sdiy WwoJ) papeojumoq ‘T ‘9Z0Z ‘X968697T


https://doi.org/10.1002/pro.70386

5. Pielikums

Appendix 5

Perazzoli, A.; * Bhattacharya, S.; * Rozanov, L.; Marinello, S.; Van Aken, E.; Delanghe, J.;

Castagna, R.; Parisini, E.; Gautieri, A.

Structure-guided Engineering of Fructosyl Peptide Oxidase Expands Access to Glycated

Protein Substrates

Manuscript under review.

*These authors contributed equally to this work.



Structure-guided Engineering of Fructosyl Peptide Oxidase Expands
Access to Glycated Protein Substrates

Alessio Perazzoli%%*, Shapla Bhattacharya'>*, Leonid Rozanov?, Sara Marinello’, Elisabeth Van
Aken?, Joris Delanghe®, Rossella Castagna®, Emilio Parisini>", Alfonso Gautieri’"

! Department of Biotechnology, Latvian Institute of Organic Synthesis, Aizkraukles 21, LV-1006,
Riga (Latvia)

2 Department of Chemistry “G. Ciamician”, University of Bologna, Via Gobetti 85, 40129 Bologna
(Italy)

3 Faculty of Materials Science and Applied Chemistry, Riga Technical University, Paula Valdena 3,
LV-1048 Riga (Latvia)

4Department of Head and Skin, Ghent University, Corneel Heymanslaan 10, 9000 Ghent, Belgium.
> Department of Diagnostic Sciences, Ghent University, Corneel Heymanslaan 10, 9000 Ghent,
Belgium.

6 Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”, Politecnico di Milano,
piazza L. da Vinci 32, 20133 Milano (ltaly)

7 Biomolecular Engineering Lab, Dipartimento di Elettronica, Informazione e Bioingegneria,
Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milano (ltaly)

*These two authors contributed equally to this work
* To whom correspondence should be addressed: Emilio Parisini (emilio.parisini@osi.lv), Alfonso
Gautieri (alfonso.gautieri@polimi.it)

Keywords
Protein engineering, protein deglycation, access tunnel, fructosyl peptide oxidase, molecular
modeling, advanced glycation end-products



Abstract

Fructosyl Peptide Oxidases (FPOX) are FAD-dependent enzymes that catalyze the oxidative
cleavage of glycated amino acids and short peptides, yielding hydrogen peroxide, glucosone, and
free amines. These enzymes are currently utilized in diabetes diagnostics, particularly for the
quantification of glycated hemoglobin (HbAlc) and glycated albumin, by acting on glycation-
derived peptides released via proteolysis. Despite their clinical utility, the therapeutic application
of FPOX enzymes in reducing protein glycation in vivo is limited by their poor activity on full-
length proteins due to steric hindrance at the active site. In this study, we applied a rational
design approach to enhance the catalytic accessibility of Phaeosphaeria nodorum FPOX
(PnFPOX), building on a previously engineered variant with an expanded access tunnel. We
targeted additional gating residues using Rosetta-based protein design and molecular dynamics
simulations, followed by experimental screening of high-scoring mutants. One of our newly
engineered variants, PnFPOX-A14, demonstrated enhanced activity against a range of substrates,
including glycated peptides and ex vivo glycated human tissues. Notably, PnFPOX-A14 activity
against glycated proteins highlights its potential as a therapeutic tool to mitigate the
accumulation of Advanced Glycation End-products (AGEs), which contribute to aging and diabetic
complications. Our findings establish a foundation for expanding the diagnostic and therapeutic
applications of FPOX enzymes in glycation-related disorders.



Introduction

Fructosyl Peptide Oxidases (FPOX) (also referred to as Fructosyl Amino Acid Oxidases, FAOX)'3,
are a class of FAD-dependent enzymes that are found in fungi and bacteria and that are able to
cleave low molecular weight Amadori product (i.e., glycated amino acids and short peptides) to
yield a free amine, glucosone and hydrogen peroxide®.

Today, members of this class of enzymes are used in detection kits designed for the measurement
of glycated haemoglobin (HbAlc), a long-term biomarker for diabetes management (lifespan ~ 3
months)>®, Current diabetes monitoring kits are based on a first proteolytic digestion of HbAlc,
which releases single amino acids from the protein, including its N-terminal glycation-prone
valine. Then, the FPOX enzyme binds glycated valine and hydrolyzes it producing hydrogen
peroxide which, in turn, is measured in a colorimetric assay using horseradish peroxidase and a
suitable chromophore’. Using a similar mechanism, the FPOX enzymes find potential use in the
detection of glycated albumin, a short to mid-term glycemic marker for diabetes (glycated
albumin has a 3 weeks half-life)3.

FPOX enzymes are also regarded as promising therapeutic tools for the prevention or the
reduction of protein glycation in biological tissues®°. Glycation is the spontaneous, non-
enzymatic and irreversible reaction between a sugar moiety and a protein, leading to a covalent
adducts, collectively referred to as Advanced Glycation End-Products (AGEs)L. This process leads
to both direct and indirect damage, causing structural and functional alterations in biological
macromolecules like proteins and nucleic acids'#*3, and triggering signaling pathways through
the receptor for AGEs (RAGE). These changes impact inflammation-related pathways, particularly
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and the nuclear factor kB (NFkB)
pathway!*. Ultimately, AGEs lead to a cascade of adverse clinical outcomes including arterial
stiffening®®, atherosclerosis®®, nephropathy'’, retinopathy!® and neuropathy?®. So far, the use of
FPOX to prevent protein glycation is precluded because these enzymes generally show limited
activity on large peptides?® and thus are believed to be inactive on whole proteins due to their
buried active site and to the narrow tunnel that restricts access to the catalytic pocket.

The use of FPOX as diagnostic enzymes for diabetes monitoring and their use as therapeutic tools
to reduce molecular ageing (i.e., the build-up of glycation products) would benefit from the
development of improved FPOX enzymes that are capable of reacting with full-length glycated
proteins. In previous works, our group has reported successful engineering campaigns aimed at
widening the access tunnel to the catalytic site of Phaeosphaeria nodorum FPOX (PnFPOX)?1-28,
These efforts led to a FPOX mutant (X02C) that presents high activity and stability together with
a wider access tunnel with respect to the parental enzyme PnFPOX 26,

In this study, we apply a rational design approach to further engineer the PnFPOX enzyme variant
X02C by addressing gating structural elements that were left unchanged in previous engineering
attempts, with the goal to provide a wider access to the catalytic site. Our design process involved
the use of targeted optimization using Rosetta-based design?’ and extensive molecular dynamics



(MD) simulations, followed by experimental validation of a small number of selected high-scoring
mutants. In our validation procedure, we assessed the activity of the selected mutants against
small glycated amino acids (fructosyl-Valine, fV). We tested the engineered enzymes on ex vivo
glycated human eye lens tissues and found that that PnFPOX-A14 was also able to reduce protein
glycation, suggesting its potential as a therapeutic agent against molecular ageing.

Results and Discussion

Loop design and selection

To identify the most suitable regions for structural modification of the previously developed X02C
design?®, we aligned the sequence (see Figure S1) and superimposed the structure (based on PDB
ID: 8BJY) (Figure 1A) of this mutant with other FPOXs that showed high activity towards larger
glycated substrates: PnFPOX?8, FPOX-C?8, AnFPOX-47%°. The structure superimposition shows a
common tridimensional arrangement with a distribution of the conserved residues over the
entire sequences, especially in the key secondary structure motifs that define the FAD-binding
region. The tunnel leading to the active site of the enzyme is defined by two loops and two helical
structures (Figure 1B). The two loops, corresponding to residue K407-P413 and A344-H347 in the
X02C enzyme (denoted as L1 and L2 in Figure 1B), are highly conserved within the FPOX family
and contain critical catalytic residues. One helix, spanning residues 161-S67 (H1 in Figure 1B) was
previously targeted in our efforts to expand the active site?1:2%, The largest structural component
of the tunnel is a long alpha helix, encompassing residues K97-L114 (H2 in Figure 1B). Although
this helix is structurally conserved across homologous enzymes, it exhibits sequence variability
and was a primary focus for structural redesign.



Figure 1 - Structures of FPOX enzymes. (A) Structural alignment of X02C (green), PnFPOX (cyan),
FPOX-C (orange) and AnFPOX-47 (pink), showing a high structural similarity. (B) Gating structures
in the X02C enzyme (red color). L1 and L2 carry highly conserved catalytic residues, H1 was the
focus of previous engineering efforts?®, while H2 is the focus of this work. (C) The pink region
highlights the section of X02C enzyme that is removed and replaced with a shortened loop. (D)
Side view of the X02C H2 helix (green) redesigned with a 2 amino acid loop (blue) or a 5 amino
acid loop (red).

To improve access to the catalytic pocket, we selected an 8-residue region (Figure 1C),
corresponding to residues 110 to 117, for modification. This region was replaced with shorter
loops ranging from 2 to 5 amino acids in length (Figure 1D). Additionally, we redesigned amino
acids within a 5 A radius of the removed amino acids to compensate for the loss of interactions
due to the loop redesign. For each loop length, we generated 516 models, resulting in a total of
2’064 possible variants. The enzyme variants were labelled with a letter (A for loops with 2 amino
acids, B for 3 amino acids, C for 4 amino acids, and D for 5 amino acids) followed by a ranking



number based on their position in the Rosetta ranking (e.g., Al through A516). For each loop
length, the 20 highest-ranking structures were selected, amounting to 80 models in total. These
selected variants were then subjected to molecular dynamics (MD) simulations for further
analysis.

Design selection though MD simulations

The analysis of 100 ns MD simulations conducted at 300 K did not reveal any single variant or
group of variants with significantly higher structural stability compared to the reference enzyme
X02C. Specifically, we evaluated the Root Mean Square Deviation (RMSD) of the entire protein
and the Root Mean Square Fluctuation of the redesigned loop (local RMSF), including three
residues upstream and downstream of the modification site. To select a subset of mutants for
further analysis, we assessed three parameters: the overall RMSD, the average local RMSF and
the standard deviation of the local RMSF. A total of 11 variants exhibiting lower values than X02C
for at least two of the three parameters were shortlisted for subsequent simulations at higher
temperatures (350 K and 400 K).

Simulations at higher temperatures provided better differentiation of structural stability among
the variants, revealing that for some engineered enzymes the structural elements near the
remodelled section exhibited enhanced stability with respect to X02C. To quantify the
stabilization effect, we performed linear regression analysis on the local RMSF values across the
three temperatures. The angular coefficient from the regression was used as a metric for thermal
stability (see Figure S2). All the selected variants exhibited a lower angular coefficient than X02C,
indicating a smaller increase in RMSF values with rising temperatures. This trend suggests that
the redesigned loops confer greater structural stability relative to the reference enzyme. Based
on these findings, five variants with the lowest angular coefficient were selected for experimental
validation, namely PnFPOX-A2, PnFPOX-A14, PnFPOX-D7, PnFPOX-D11, and PnFPOX-D18.

Thermal stability

All enzyme variants showed good expression yield (14-25 mg/L) compared to the X02C parental
enzyme (29 mg/L), with the exception of PnFPOX-A2 (6 mg/L) (Table S2). The thermal stability of
the parental enzyme X02C, wild-type PnFPOX, and the engineered PnFPOX variants was
evaluated by circular dichroism (CD) spectroscopy (see Table 1 and Figures S3-S8). PnFPOX
showed a melting temperature (Tm) of 53.5+ 0.1 °C, indicating lower conformational stability
under thermal stress in comparison to the engineered variant X02C, which exhibited a Tm of
63.3+0.1 °C, as previously reported?®. Analysis by CD spectroscopy showed that the engineered
PnFPOX variants feature moderately enhanced Tm values. PnFPOX-A2 exhibited a Tm of
53.9+0.1°C, which is essentially unchanged relative to the wild-type, suggesting that the
mutations conferred minimal structural stabilization. Conversely, PnFPOX-A14 (57.2+0.1 °C),



PnFPOX-D7 (56.7 £ 0.1 °C), PnFPOX-D11 (58.0 £ 0.1 °C), and PnFPOX-D18 (56.3 £ 0.1 °C) displayed
a consistent increase in Tm of approximately 2.8-4.5 °C relative to PnFPOX. These observations
indicate that the introduced mutations in PnFPOX-A14, PnFPOX-D7, PnFPOX-D11, and PnFPOX-
D18 likely contribute to improved structural integrity. While none of the variants surpassed the
thermostability of the X02C scaffold, the gains observed in several mutants represent meaningful
improvements over the parental PnFPOX enzyme. Notably, PnFPOX-D11 exhibited the highest
thermal stability among the engineered constructs (Table 1).

Table 1. Melting temperature of the enzymes determined by CD spectroscopy

Enzyme Tm [°C]
PnFPOX 53.5+0.1
X02C 63.3+0.1
PnFPOX-A2 53.9+0.1
PnFPOX-Al14 57.2+0.1
PnFPOX-D7 56.7+0.1
PnFPOX-D11 58.0+0.1
PnFPOX-D18 56.3+0.1

Crystal structure analysis

While we attempted the crystallization of all the different PnFPOX mutants described herein, we
managed to obtain only crystals of PnFPOX-D7, whose structure was solved at 2.1 A resolution.
PnFPOX-D7 crystalized in P1 space group with two protein molecules in the asymmetric unit.
Variant D7 was generated by deletion of eight residues from the C-terminal turn of helix IV of
X02C and replacement with a shorter loop using Rosetta Remodel, and the corresponding
electron density is shown in Figure S9. At a structural level, the overall architecture of the enzyme
is maintained, showing that the introduced mutations did not interfere with conformational
stability. Truncation of an a-helix by eight amino acids, followed by the reconstruction of a five
amino acid loop, led to enlargement of the access tunnel relative to the parent enzyme. Overall,
the PnFPOX-D7 structure is highly superimposable with the theoretical model of the obtained by
Rosetta, with an RMSD of 0.728 A. When comparing the PnFPOX-D7 crystal structure with the
crystal structure of X02B (PDB ID 8BJY), a previous generation mutant, the RMSD is 0.731 A,
suggesting small differences. Structural alignment shows changes in the orientation of one of the
active site residues, E278 with side chain pointing away from FAD. Additional changes include the
orientation of W235, its side chain in PnFPOX-D7 being positioned closer to the cofactor than in
X02B (3.9 A vs. 7.7 A, respectively). Moreover, PnFPOX-D7 features a wider bottleneck (2.64 A)
compared to X02B (2.55 A) and the wild-type PnFPOX (2.2 A) (Figure $10). The tunnel dimension



was analyzed with CAVER 3.0.3% software using a probe radius of 1.4 A, a shell depth of 5 4, and
a shell radius of 2 A.

Enzyme activity

We measured the specific activity of the variants using the substrate fructosyl-valine under
optimized assay conditions (Table 2). Wild-type PnFPOX exhibited a specific activity of
25.10+0.71 U mg™", which served as the baseline for comparison. The closely related AnFPOX-
47 variant displayed comparable activity (23.14+0.31 U mg™). The parent enzyme X02C
displayed reduced activity (19.52 £ 0.31 U mg™) compared to PnFPOX, which highlights a trade-
off between thermostability and catalytic efficiency, as observed previously. Among the PnFPOX
variants, PnFPOX-A14, PnFPOX-D7, PnFPOX-D11, and PnFPOX-D18 demonstrated activities
similar to the wild-type levels. Specifically, D7 and D18 showed the highest specific activities
(26.22+1.08 U mg™" and 26.21+0.87 U mg™", respectively), indicating that catalytic efficiency
was retained. Similarly, PnFPOX-D11 retained high specific activity (26.21+1.27 U mg™). By
contrast, the PnFPOX-A2 variant exhibited significantly impaired catalytic activity
(7.71£10.69 U mg™"), accompanied by a large standard deviation, suggesting instability and
pointing to deleterious effects of the mutations on enzyme function or folding.

Table 2. Comparison of the enzymatic specific activity (U/mg) on Fructosyl-valine. Tests were
performed in triplicates.

Enzyme Specific activity (U/mg)
AnFPOX-47 23.14+£0.31
PnFPOX 25.10+£0.71
X02C 19.52+0.31
PnFPOX-A2 7.71 +£10.69
PnFPOX-A14 23.73+0.14
PnFPOX-D7 26.22 +1.08
PnFPOX-D11 26.21+1.27
PnFPOX-D18 26.21+£0.87

Enzymatic activity on glycated tissues

The FPOX enzymes have also been proposed as therapeutic agents?*#3132 for mitigating molecular
ageing by targeting advanced glycation end-products (AGEs), which accumulate in human tissues
over time and contribute to various age-related diseases. To explore the ability of engineered
FPOX variants to deglycate complex biological matrices, we conducted ex vivo experiments using



human cataractous lens fragments—a tissue known to accumulate high levels of AGE-modified
crystallins.

Lens samples were incubated with different FPOX enzymes for up to 3 hours, and AGE content
was assessed via fluorescence measurements at two characteristic emission peaks (449 nm and
490 nm) (Figure S11). All tested FPOX enzymes demonstrated deglycating activity, as evidenced
by a measurable decrease in AGE-associated fluorescence intensity over time (Figure 2A and
Table S2-S3). Among the tested variants, the engineered PnFPOX-A14 mutant exhibited the
highest deglycation efficiency, reducing fluorescence by approximately 85% relative to baseline
levels (Figure 2B).

These findings indicate that FPOX enzymes, particularly the PnFPOX-A14 mutant, are capable of
breaking AGE-protein crosslinks within dense, insoluble tissue matrices. This highlights their
potential as a novel enzymatic approach for reversing protein glycation in age-related diseases
and may serve as a foundation for the development of therapeutic strategies aimed at restoring
protein function.
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Figure 2 — FPOX Deglycation Activity on human tissue samples. (A) Fluorescence Reduction at
490 nm. The deglycation activity of FPOX enzymes was evaluated by monitoring the decrease in
AGE-related intrinsic fluorescence in human lens tissue samples. Normalized fluorescence
intensity at 490 nm—a characteristic emission peak associated with AGEs—was measured over
time. All tested FPOX variants demonstrated the ability to reduce fluorescence, indicating
effective cleavage or modification of AGE moieties. Comparable trends were observed at the 449
nm emission peak; however, results are presented here for the 490 nm peak due to its higher
signal intensity and better signal-to-noise ratio. (B) Deglycation Efficiency at 3-Hour Endpoint. The
extent of tissue deglycation was quantified by comparing the fluorescence signal at the 3-hour
time point to baseline values. All enzymes showed measurable activity, resulting in a reduction of
AGE-related fluorescence. Among them, the engineered PnFPOX-A14 enzyme exhibited the



highest deglycation efficiency, with a pronounced decrease in fluorescence intensity, highlighting
its superior activity in modifying or removing AGE modifications from protein-rich tissue matrices.
These results support the potential of FPOX enzymes, particularly the PnFPOX-A14 variant, as
effective biocatalysts for reversing protein glycation in human tissues—a promising step toward
therapeutic applications targeting AGE accumulation in degenerative and age-related conditions.

Molecular mechanism of protein deglycation

Normal mode analysis (NMA) was used to qualitatively assess the intrinsic dynamics of wild-type
PnFPOX and the engineered variants X02C and PnFPOX-A14, offering a plausible explanation for
the improved activity of PnFPOX-A14 on larger substrates. Among the calculated modes, Modes
2 and 3 were selected for visualization and comparison because they capture functionally
relevant motions near the active site. While the overall motion patterns were broadly similar
across all three structures, notable differences in local flexibility were observed. In particular,
PnFPOX-A14 exhibited increased mobility in the a-helix at the entrance of the catalytic tunnel
(residues 100-120), the region targeted during variant design to enhance substrate accessibility
(Figures 3-4 and Supplementary Animation S12). Together, these results suggest that the
engineered variant PnFPOX-A14 has a more flexible tunnel entrance, which may facilitate binding
and processing of bulkier glycated proteins, consistent with the design objective of improving
activity toward larger substrates.
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Figure 3 — Results of Normal Mode Analysis. Mean-square fluctuation profiles for Mode 2 (A) and
Mode 3 (B) of PnFPOX, X02C and PnFPOX-A14, with terminal residues removed.



Figure 4 - Cartoon representations of the FPOX enzymes color-coded based on structural
mobility. Mobility is calculated by NMA, where blue color indicates mobile regions and red color
indicates rigid regions. Figures A-C represents Mode 2 (for PnFPOX, X02C and PnFPOX-A14,
respectively), while figures D-F represents Mode 3 (for PnFPOX, X02C and PnFPOX-A14,
respectively).

Conclusions

Using a rational in silico computational design and screening approach, we developed engineered
FPOX enzymes with an expanded catalytic access tunnel, while preserving the enzyme’s
structural integrity and catalytic function. This design required remodeling the enzyme’s
backbone, a task unachievable with conventional techniques such as single-point mutagenesis
and highly improbable through directed evolution. Moreover, we demonstrated that FPOX
retains catalytic activity on intact proteins, providing a novel strategy for repairing proteins
modified by advanced glycation end-products (AGEs). Recent studies by Delanghe et al.?3 have
shown that ex vivo injections of FAOX enzymes reduce AGE levels in the retina and drusen, as
evidenced by lighter coloration and decreased autofluorescence. These findings underscore the
therapeutic potential of FPOX in addressing glycation-induced damage. By demonstrating FPOX's
ability to deglycate proteins in vitro, our work contributes to advancing therapeutic approaches
against molecular aging.

Our findings also mark a step toward developing in vitro diagnostic tools for glycated albumin
and hemoglobin, leveraging a direct enzymatic oxidation system. These assays could address the
increasing demand for efficient and cost-effective diabetes monitoring tests. By eliminating the



requirement for preliminary protein digestion, the procedure is simplified, test times are
reduced, and costs are lowered. More broadly, our strategy of modifying the access tunnel offers
an efficient approach to designing novel enzymes, significantly reducing the time and cost
associated with the experimental production and characterization of enzyme variants. Our work
aligns with the growing interest in in silico methods for engineering improved enzymes tailored
to industrial needs, supporting the broader goal of expanding biocatalyst use to enhance
chemical processes sustainably, in line with Green Chemistry principles.

Materials and Methods

Enzyme structure redesign

The sequence alignment of PnFPOX (PDB ID 5T1E)?8, FAOX-C?8, AnFPOX-47 (PDB entry: 6A6S)%
and X02C was performed using Clustal Omega software3*, and ESPript33 for the graphical
representation. The structure of FAOX-C was obtained using AlphaFold3¢, while the structure of
X02C was obtained by homology modelling though Swiss Model®” using the highly homologous
enzyme X02B (PDB entry 8BJY) as template. The structural alignment was obtained with Pymol
software,

The redesign of the X02C enzyme was carried out using Missing Loop3® coupled with Remodel*°
functions of RosettaCommons. The Loop Modeling function was applied to close the gap of the
removed backbone segment and to rebuild it using 2 to 5 residues. Since during loop
reconstruction the start and the end point are fixed, we employed the kinematic closure protocol.
In addition to Loop Modeling, we remodeled the 5 A surrounding region to account for
interactions that were lost upon truncation. This was done while freezing all those residues that
are within 4 A from the FAD cofactor and those highly conserved residues identified from the
sequence alignment with homologous proteins. Repacking of an outer shell within 8 A of the
designable region was also allowed. Design runs were performed using the Rosetta Remodel
function. A Blueprint file specified the positions designated for design, repacking, or freezing.

MD simulations

In order to identify the most stable mutations, we evaluated the structural stability of the
designed enzymes via molecular dynamics simulations. To this end, 100 ns molecular dynamics
simulations were conducted following previously published protocols?.23:26:4142,

We used AMBER19SB forcefield*® for standard residues, water (TIP3P) and ions, while we used
the general amber force field (GAFF)* for modelling the FAD cofactor. The molecular model was
solvated with an 8 A pad of TIP3P water and counter ions were added to neutralize the system
charge, resulting in a final simulation box of = 50’000 atoms for each mutant. Hydrogen mass
repartitioning was applied, enabling a 4-fs time step. The system underwent 2’000 steps of



energy minimization, followed by a 100-ps equilibration at 1 atm and 300 K using the NAMD
software®®, a non-bonded cut-off of 9 A, rigid bonds and particle-mesh Ewald long-range
electrostatics, and a NPT ensemble. The system was minimized and equilibrated under constant
pressure and temperature (NPT) conditions in order to relax the volume of the periodic box.
During the equilibration simulation, the atoms of the backbone of the protein were restrained by
a 1 kcal mol'tA-2 spring constant. The 100 ns production runs were performed using a NVT
ensemble whereby all the parameters (non-bonded cut-off, and PME) were the same as in the
equilibration phase. To evaluate the thermal stability of the designed enzymes, additional MD
simulations were conducted at 350 K and 400 K, while other parameters remained unchanged.

Model Evaluation

The designed models were assessed for structural stability via MD simulations. To evaluate the
stability of the reconstructed loop and its impact on the overall structure of the enzyme, we
analyzed the Root Mean Square Deviation (RMSD) of the entire protein and the Root Mean
Square Fluctuation (RMSF) of the redesigned loop, including the three adjacent amino acids
preceding and following the reconstructed loop. Specifically, we evaluated the average RMSD,
average RMSF, median RMSF and RMSF Standard Deviation. These parameters were derived
from the MD simulations conducted at 300 K, excluding the first 50 ns of the trajectory. Enzyme
designs exhibiting at least three parameters out of four parameters with lower values than the
X02C reference were selected for further evaluation. The 11 models that satisfied the specified
requirements were subjected to 100-ns simulations at higher temperatures (350 K and 400 K).
The five variants exhibiting the lowest rate of RMSF increase across temperature increments
were selected for experimental validation?3.

Normal Mode Analysis

Normal mode analysis (NMA) was performed with ProDy 46, an open-source Python package that
implements the Anisotropic Network Model (ANM) #7 to characterize collective motions in
protein structures. An elastic network was built using Ca atoms, with harmonic springs
connecting residue pairs within a 15 A cutoff. The lowest non-trivial normal modes were
calculated to probe the proteins’ intrinsic dynamics. The resulting modes were visualized and
gualitatively examined using Normal Mode Wizard (NMWiz), a VMD plug-in that provides color-
coded maps of residue mobility and vectors indicating the direction of motion #¢. Mean-square
fluctuations for each mode were also computed to generate residue-level mobility profiles along
the protein sequence. This workflow was applied to wild-type PnFPOX (PDB ID: 5T1E), X02C, and
PnFPOX-A14 to compare intrinsic flexibility and to assess the mobility of structural elements near
the catalytic tunnel entrance.



Protein expression and purification

The DNA sequences of the designed FPOX mutants were cloned into a pET17(b) expression vector
(Novagen, Malvern, Worcestershire, UK) to express C-terminal 6His-tagged proteins. All of the
generated mutants (PnFPOX-A2, PnFPOX-A14, PnFPOX-D7, PnFPOX-D11, PnFPOX-D18) and
reference enzymes (PnFPOX, X02C, AnFPOX47) were transformed into chemically competent
SHuffle T7 E.Coli cells (New England Biolabs, Ipswich, MA, USA). For each enzyme, 50 mL of
overnight culture were inoculated into 4L of Luria-Bertani (LB) broth supplemented with
ampicillin at a concentration of 100 mg/L and grown at 37°C until reaching an ODgoo = 0.6. Protein
expression was induced by supplementing the culture with 1-thio-B-d-galactopyranoside (IPTG)
at final concentration of 0.1 mM, followed by an overnight incubation at 18 °C with shaking at
200 rpm. Cells were harvested using centrifugation and resuspended in lysis buffer (50 mM Tris-
HCl pH 7.4, 150 mM NaCl and 5% glycerol) supplemented with 0.2mM protease
phenylmethylsulfonyl fluoride (PMSF), 5 uL DNAse (Thermo Fisher Scientific, Waltham, MA, USA)
and 0.5 mM flavin adenine dinucleotide (FAD). Upon lysing the cells via sonication on ice, the
soluble fraction was collected and filtered through a 0.45-micron filter. The filtered solution was
loaded onto a 5mL a HisTrap HP 5 mL (Cytiva, Marlborough, MA, USA) column pre-equilibrated
with binding buffer (50 mM Tris-HCl pH 7.4, 150 mM Nacl, 5% glycerol, 20 mM imidazole). The
column was washed with 10 column volumes of binding buffer and the samples were eluted with
10 column volumes of elution buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5% glycerol 400 mM
imidazole) using a gradient. The best fractions were collected and subjected to size exclusion
chromatography using a Hiprep 26/60 Sephacryl S-100 column (Cytiva) pre-equilibrated with lysis
buffer (50 mM Tris-HCI pH 7.4, 150 mM NacCl, 5% glycerol). Fractions containing the desired
protein were collected, and their concentrations were measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The samples were flash frozen
in liquid nitrogen and their purity was assessed by 12% SDS-PAGE.

Circular dichroism

Circular dichroism (CD) measurements were conducted on a Jasco J-1500 spectrophotometer at
20°C to evaluate the secondary structure and the thermostability of the enzymes. Spectra were
averaged over five scans, performed with 5 UM samples of the various FPOX mutants diluted in
a buffer solution containing 50 mM Tris pH 8.0, 150 mM NaCl, 5% glycerol. Measurements were
carried out using a 1.0 mm pathlength quartz cuvette, with secondary structure analysis
performed at 20°C across wavelength of 200-250 nm. Mean residue ellipticity [B]MR was
calculated and plotted versus wavelength. Thermal denaturation curves were generated with
5 UM samples in sealed 1.0 mm path length cuvettes. Denaturation was induced by raising the
temperature at a rate of 1 °C/min from 5 to 95 °C. Ellipticity at 222 nm was recorded at 0.2 °C
intervals using a 1-nm bandwidth and a 10-second response time. Midpoints of the thermal-



denaturation curves (Tm) were determined by fitting the data to a sigmoidal transition curve using
the Boltzmann function.

Protein crystallization

Crystals of the D7 mutant were grown at 4°C using the vapor diffusion method. A 2 pl aliquot of
a 10 mg/ml protein sample was mixed with 2 pL of a solution containing 0.1 M Tris base pH 8.0,
5% ethanol, and 18-8% of different Polyethylene glycol (PEG) types, with best results obtained
using PEG 8K. Crystals appeared within 1 day and were frozen in 25% (v/v) glycerol prior to X-ray
diffraction data collection.

Data collection and processing

Diffraction data from the D7 mutant data were obtained using a Eiger2 XE 16M detector and a
radiation of A = 0.9763A on the 103 beamline at the Diamond Light Source (Oxfordshire, United
Kingdom). Data processing was performed using the with AutoPROC package®*®. Data collection
and refinement statistics are summarized in Table S1.

Structure determination and refinement

For PnFPOX-D7 structure determination, initial data was obtained through molecular
replacement using Phaser, with the atomic coordinates of the X02B FPOX mutant (PDB code 8BJY)
serving as the starting model. Refinement was performed through iterative rounds of manual
adjustments in Coot and automated refinement using REFMAC5*°. Water molecules were added
manually and automatically using the refine tool in Coot from the CCP4 cloud package®°. The final
coordinates of the PnFPOX-D7 mutant were deposited in the Protein Data Bank (PDB code: 9HJ5).

Enzymatic activity

The enzymatic activity of all mutants was assessed by measuring the amount of glucosone
produced from the substrate over time at room temperature. Glucosone production was
quantified by measuring absorbance at 322 nm (glucosone €372 =149.25 M* cm™) using a
CLARIOstar Plus platereader (BMG LABTECH) at 25 °C. Reaction mixtures (200 pL) contained
20 mM Tris HCl pH 7.4, 20 mM o-phenylenediamine, and 2 mM of fructosyl-valine as a substrate.
After a 1 min pre-incubation, the enzyme was added at a final concentration of 1 mg/mL. One
unit is defined as the amount of enzyme necessary for a reaction to produce 1 umol of glucosone
per minute. The specific activity of the enzyme is expressed as U/mg of the enzyme.

Enzymatic activity on glycated tissues
To check whether the FPOX mutants show activity on AGEs, we tested the various FPOX mutants
on human cataratic lens fragments. Human lens fragments were obtained by phacoemulsification



during cataract surgery. Lens fragments from around 20 patients were pooled and stored at -
20°C. After freezing the fragments, small amounts were put in a black 96-well plate. Forty
microliter of enzyme (1 mg/ml) was added to each well containing lens fragments. Immediately
after adding the enzyme, a baseline UV-fluorescent spectrum was measured. After the baseline
measurement the 96-well plate was incubated for 1 hour at 37°C. After each hour a new
measurement was taken till 3 hours were passed. Each enzyme was tested on five different lens
fragments®l. The comparative results are depicted in a relative percentage in decrease (or
increase) of the UV-fluorescent signal at two maxima (449 and 490 nm). Also a mean of the 5
wells is calculated. Since some AGEs are fluorescent in the UV spectrum, a decrease in
fluorescence indicates their degradation.
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