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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

levads

Enzimi ir loti efektivi dabas biokatalizatori, kas lauj veikt sareZzgitas biokimiskas reakcijas
maigos apstaklos ar augstu specifiskumu un selektivitati. To lietojums aptver plagu nozaru
spektru, tostarp farmaciju, lauksaimniecibu, diagnostiku un vides sanaciju. Tomer dabiskajiem
enzimiem nereti ir novérojami tadi ierobezojumi ka zema stabilitate rapnieciskos 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 Kkatalitisko efektivitati, stabilitati vai specifiskumu. Merktiecigi mainot to
aminoskabju secibu un strukturalas Tpasibas, dabiskos enzimus var parverst par efektivakiem
un izturigakiem biokatalizatoriem, kas pieméroti plagam riipniecisko lietojumu klastam. Saja
sarezgitaja procesa biezi tiek izmantotas tadas metodes ka virzita evolicija, vietas virzita
mutagéze un datormodel&Sana. Promocijas darba autores un vinas kolégu laboratorija plasi tiek
izmantota strukturala informacija, koncentrgjoties uz racionala dizaina pieejam.

Racionalaja dizaina tika izmantoti skaitlo$anas riki un molekulara model&sana, lai simul&tu
enzima aminoskabju secibas modifikaciju ietekmi. Analiz&jot enzima trisdimensiju struktiiru,
var identificét kritiskos fragmentus, kas ietekmé Kkatalitisko aktivitati, stabilitati un
specifiskumu. ST informacija lauj ieviest mérktiecigas mutacijas, lai optimiz&tu Tpasibas, radot
modificétus enzimus, kas atbilst konkrétam riipnieciskam vajadzibam.

Sava promocijas darba autore stradaja ar divu enzimu grupu dizainu — fruktozilpeptidu
oksidazes (FPOX) un PETazes. Abi Sie enzimi ir Joti nozZimigi 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 iericgs.
To izmantoSana asins paraugos lauj noteikt glikéta hemoglobina un glikéta albumina
koncentraciju, kas ir divi labi zinami diab&ta markieri. Tomeér FPOX, ko paslaik izmanto
fermentu testos, nevar tiesi noteikt visus glik&tos proteinus, tap&c ir nepiecieSams veikt mérka
proteina proteolitisku pirmapstradi, lai raditu mazus glik&étus peptidus, kas var darboties ka
dzivotsp&jigi enzima substrati. Tas ir dargs un laikietilpigs process. Sis solis ir nepieciesams,
lai piekliitu griti pieejamajai aktivajai vietai, un Saurd tunela, kas nodrosina piekluvi to
katalitiskajai kabatai dgl. Sie ierobezojumi ir pieraditi ar FPOX un FAOX enzimu

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



paplasinatu to substratu klastu un uzlabotu to termisko stabilitati biomediciniskiem
lietojumiem. Mérkis ir izmantot Sos enzimus, lai deglik&tu neskartus proteinus vai Samazinatu
to glikacijas Itmeni laika. Ar uzlaboto enzimu promocijas darba autore vélas izstradat
fermentativu riku glikéta hemoglobina vai glikéta albumina, divu pazistamu diab&ta markieru,
mérianai asinis.

Izmantojot to paSu enzimu inZenierijas pieeju, tika stradats ari ar plastmasas
depolimerizacijas fermentiem (PETazém), kas ir fermenti, kas var sadalit polietiléntereftalatu
(PET) ta monoméros — tereftalskabé un etilénglikola. Sie enzimi pieder pie lielakas hidrolazu
saimes, kas darbojas, degradgjot 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 $kérslis ekonomiski pamatotai PET enzimatiskai parstradei. Tapec
tika izmantota datorizétu fermentu inzenierijas pieeja, lai uzlabotu katalitisko efektivitati un

darbibas stabilitati ripnieciskai lietoSanai.

Kopuma $is darbs veicina racionalas enzimu inZenierijas attistibu, paradot efektivu,
reproducéjamu dizaina validacijas darba plismu un piemerojot to diviem atSkirigiem, bet
riipnieciba nozimigiem fermentiem. ST p&tfjuma rezultati ir nozimigi turpmakai biokatalizatoru

attTstibai un kritisku problému risinasanai mediciniskaja un vides biotehnologija.

Petijjuma mérkis un uzdevumi

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

sadaliSanai.



Merki
Lietojums biomedicina — FPOX enzimi diab&ta diagnostikai

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

2. Piem@rot aprékinu 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 glik&tiem substratiem, lai noteiktu to
diagnostisko potencialu.

Piemeérosana vides joma — PETazes plastmasas sadaliSanai

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

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

3. Novertet 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
sadali$anas procesu.

Zinatniska novitate un galvenie rezultati

Promocijas darba zinatniska novitate saistita ar aprékinu un eksperimentalo pieeju
integraciju uzlabotu enzimu variantu racionalai dizain&$anai un raksturo$anai, koncentrgjoties
uz divam atkirigiem enzimiem — FPOX un PETazi. Apvienojot in silico proteinu inzenieriju,
molekularas dinamikas simulacijas un strukturalo biologiju ar ekspresiju, attiriSanu un
detalizeétu biokimisko un biofizikalo analizi, §is darbs izveido starpdisciplinaru validacijas
darba plasmu. Tegiitie 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 kopg€jo termisko
stabilitati un ta katalitisko aktivitati attieciba uz lieliem substratiem. Galigais dizains uzradija

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



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

pielagosanai.

Promocijas darba otraja dala PET hidroliz&josais enzima ICCG variants no lapu-zaru
komposta kutinazes (LCC-ICCG; zelta standarts) tika talak modificéts, izmantojot datoriz&tu
dizainu. Sie pétijumo rezultjas ar mutaciju LCC-ICCG-C09, kam piemita par 3,5 °C augstaka
kusanas temperatiira (Tm), salidzinot ar LCC-ICCG. Optimalos reakcijas apstaklos (68 °C)
LCC-ICCG-C09 hidrolizéja 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 daudzsoloss 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 pécparstrades plastmasas
substratiem. Aktivitates analizes kopa ar augstas veiktsp&jas skidruma hromatografiju (HPLC)
produkta kvantificeSanai, ka ari sken&joSo elektronu mikroskopiju un atomu sp&ku
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$inaja 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 pagarinajumam, IsPETaze izrada elastigu
un plasu saistiSanas vietu, kas uzlabo substrata uznemsSanu, bet ari izspiez katalitiskos
fragmentus, izraisot atru deaktivaciju, ipasi augstas sals koncentracijas. Savukart PETaze
SM14 uzrada stingru un Sauraku saistiSanas kabatu, kas paaugstinata sals koncentracija
paklaujas mérenai paplasinasanai, tadgjadi veicinot Gdens un substrata piesaistisanu. Turklat
adsorbcijas uz PET plaksnitém pétijumi paradija, ka PETase SM14 augstas sals koncentracijas
apstaklos un ISPETase zemas sals koncentracijas apstaklos saistas ar PET substrata kédeém tada
pasa trans:gauche konformacijas sadalfjuma, kads novérots amorfa PET gadijuma. STs atzinas
ne tikai izskaidro noveérotos 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 (HbA1c) noteik$anai. Uzlabotu PET hidroliz&joSo enzimu, tostarp
LCC-ICCG-C09 un PETase SM14, izstrade piedava daudzsoloSus risindgjumus polietilena
tereftalata (PET) enzimatiskai parstradei, laujot slégta cikla atgit tereftalskabi un veicinot

ilgtsp&jigu plastmasas atkritumu apsaimniekosanu.

Darba struktiira un apjoms

Promocijas darbs ir tematiski saistitu zinatnisko publikaciju kopa par enzinu inZenieriju
biomediciniskiem un vides lietojumiem. Taja apkopoti ¢etru originalo zinatnisko

publikaciju rezultati.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati ir publicéti ¢etros zinatniskajos rakstos, ka ari divos
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Proteins.. PLOS ONE. 2024, 19, e0296127. Pieejams:
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 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 razo$ana un
kristalizacija, 2022. gada 4.-12. julijs, Marsela, Francija
https://books.google.lv/books/about/High Throughput Protein_Production_and_C.ht
mi?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, 2. ZALU ATKLASANAS KONFERENCE 2022. gada 22.-24. septembris,
Riga https://drugdiscovery.osi.lv/content/filessDDC_Abstract_Book.pdf.
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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 evolidcija, 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),
mérka protelnu paraugu ekspresija, attiriSana un pamata raksturojums zalu saistiSanas
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 projekt€Sana ir datoriz&ta strat€gija enzimu inzenierija, kas vérsta uz konkrétam
protetna 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 temperattru, ekstremalu pH, augstu jonu
speku vai organiskajiem kidinatajiem.! Atskiriba no de novo dizaina vai virzitas evoliicijas
racionalais dizains ievie$ riipigi atlasitas mutacijas, lai raditu ierobezotu mutantu kopumu, kas
saglaba kopgjo struktiiru, vienlaikus uzlabojot vélamas funkcionalas 1pasibas, izmantojot tadus
panémienus ka polaro atlikumu ieviesana, lai veicinatu tidenraza saiSu veidoSanos, cisteina
fragmenta ievieto$ana, lai veidotu disulfida tiltinus, virsmas ladina mijiedarbibas optimiz&$ana,

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

1. attels. Racionala enzimu dizaina izmantotas stabiliz&jo$as strat€gijas: virsmas tidenraza
saiSu (a) un sals tiltinu (b) ieviesana, hidrofoba kodola (c) stabilizé$ana, disulfida tiltinu
ievieSana (d) un kustigo cilpu stabilizé$ana, izmantojot prolinu (e). Filogenétisko analizi (f)

var izmantot atseviski vai kombinacija ar iepriek§€jam stratégijam, lai vaditu fermentu

racionalas projekt€Sanas procesu.
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Misdienigas pieejas tiek izmantotas daudzpunktu mutacijas un aprékinu platformas,
pieméram, FireProt, lai nemtu véra sinergiskas vai antagonistiskas mijiedarbibas,® savukart
tadi riki ka CAVER®, Rosetta Remodel” un molekularas dinamikas (MD) simulacijas sniedz
ieskatu proteinu elastiba atomu Iimeni, tunelu arhitektiira un konformaciju stabilitate®. MD
simulacijas modelé atomu kustibas laika gaitd, identific€jot regionus, kas ir paklauti
nestabilitatei, un prognozgjot ierosinato mutaciju ietekmi, tostarp izmainas fidenraza saites
veidosana, disulfida tiltina veidoSana vai citas stabiliz€josas mijiedarbibas pirms
eksperimentalas test€Sanas, tadejadi samazinot darba slodzi un minimizgjot 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 riipnieciskos apstaklos. InZenierijas enzimi ar
paaugstinatu kuSanas temperatiiru vai samazinatu denaturdcijas uznémibu var efektivi
darboties augsta temperattra, ekstremala pH limeni vai paaugstinata saluma, savukart MD
simulaciju vidgjas kvadratiskas svarstibu (RMSF) analizes var reproducét eksperimentalos [3-

faktorus, lai precizi noteiktu elastigas zonas stabilizacijai> * ° (2. att.).

80 2,5
70 —— Rentgenstaru struktara
—— Molekulara dinamika 2
60
< 50 15 <
»
=
;‘s 30 =
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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 p-faktoru tendenci un lauj

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

Fruktozilaminoskabes (vai peptidu) oksidazes (FPOX), pazistamas arT ka amadoriazes, ir
specializéta flavina atkarigu oksidazu saime, kas katalizé glikéto aminoskabju vai isu glikéto
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 fidenraza peroksidu.!! Reakcija notiek C-N saites
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oksidésanas, kas savieno fruktozilgrupas C1 ar aminoskabes slapekli, un So procesu medié

FAD kofaktors, kura flavina grupa veido fermenta katalitisko centru.

Strukturali FPOX parada labi defingtus FAD saistiSanas motivus un konservativas
arhitektiiras iezimes, kas ir tipiskas glikozes—metanola—holina oksidoreduktazes klasei. Lidz
$im ir aprakstitas vairakas FPOX kristala struktiiras, kas sniedz detaliz&tu 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 Sauru

piekluves tuneli. Sai pazimei ir galvena nozime substrata specifiskuma noteik3ana (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 arT potencials glikéta albumina noteiksanai.*® Standarta diagnostikas testos
hemoglobins vispirms tiek denatur€ts un proteolitiski sadalits, lai atbrivotu mazus glik&tos
peptidus, pieméram, fruktozilvalilhistidinu (F-VH), kas p&c tam tiek oksidéti ar FPOX. Tad
izveidotais Gidenraza peroksids tiek kvantificéts vai nu kolorimetriski, izmantojot marrutku

peroksidazi, vai elektromehaniski, kas lauj netiesi noteikt HbA lc limeni®® (3. B att.).

B) A G s
Pasreizéja enzimatiska metode

Proteaze FPOX

FF—VH “
pPoD Krasviela,
H

HbA1c 20, kolorimetriska
\ " Hromogéns noteik$ana
HbA1c tiesa oksidaze

nav aprakstita

Jauna enzimatiska metode

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

Neskatoties uz to daudzpusibu un diagnostisko vértibu, FPOX enzimiem ir biitisks
ierobezojums — tie nesp&j efektivi katalizét neskartu proteinu deglikaciju.!* Struktiiras p&tfjumi
ir paradijusi, ka §T ierobeZojuma pamata ir Saurais substrata piekluves tunelis, kas savieno ar
enzima aktivo vietu un atlaut pieklut tikai mazam gliké€tam aminoskabém vai Tsiem
peptidiem.’® Ta rezultata dabiskie FPOX izrdda ierobezotu aktivitati pret apjomigiem

substratiem, piemeéram, neskartam glikétajam olbaltumvielam.
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4. att. Hemoglobina Alc (HbA1c) denaturacija un sadaliSana ar proteazi, lai atbrivotu
fruktozilvalilhistidinu (F-VH). (A) F-VH oksidgjas ar fruktozilpeptida oksidazes (FPOX)
palidzibu, un rezultata iegttais H202 kalpo par HRP substratu, veidojot krasvielu, kuras
absorbcija ir 660 nm un kas tiek izmantota, lai aprékinatu HbAlc procentualo daudzumu.

(B). HbALc noteiksanas mentode, elektromehaniski mérot H202 (adaptéta no'8).

Tomér §is pasas strukturalas atzinas ir nodrosinajusas stingru pamatu enzimu inZenierijai.
Meérkgjot uz atlikumiem, kas veido substrata pickluves tuneli, un stabilizéjot FAD saistiS8anas
domeénu, pétnieki ir veiksmigi radfjusi FPOX mutacijas ar uzlabotu termisko stabilitati,
pastiprinatu katalitisko aktivitati un palielinatu selektivitati pret specifiskiem glikétiem
substratiem.’® 7 Sadas inZenierijas variacijas ne tikai nodro§ina uzlabotu veiktspgju
diagnostiskajos testos, tostarp kolorimetriskajos un elektrokimiskajos HbA 1¢ mérfjumos®®, 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 veiktsp&ju praktiskos
lietojumos. Pétijuma tika veikts racionals Phaeosphaeria nodorum FPOX (Pn-FPOX) pirma
mutanta, kas ieglits no savvalas tipa enzima, dizains, kam sekoja sistematiskas modifikacijas,

tostarp tunela paplaSinasana, termiska stabilizacija un aktivitates optimizacija. P&c vairakiem
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inzenierijas posmiem tika iegiits mutants L3-35A, kam ir plataks un 1saks piekluves tunelis.
Tas tika panakts, izdz&Sot piecas aminoskabes, kas izklaj vartu struktiiru (5. att.). Promocijas
darba izstrades gaita turpmakos pétijumus autore saka ar $o iepriek$ izstradato mutaciju L3-
35A, kas saglabaja paplasinato piekluves tuneli un kalpoja par sakuma punktu turpmakai
optimizacijai. Balstoties L3-35A, tika piemérotas raciondlas projektéSanas stratégijas, lai
atjaunotu stabilitati un uzlabotu enzimatisko aktivitati, vienlaikus saglabajot paplasinato
piekluves tuneli, kas nepiecieSams lielakiem substratiem. Tika ieviestas tris mutaciju klases: D
serija, kas versta uz strukturalo svarstibu samazinasanu; C sérija, kas versta uz stabiliz&joso
sals tiltinu veidoSanas palielinaSanu; X serija, kas paredzeta disulfida saiSu ievieSanai papildu
termiskai stabilitatei. STs mutacijas tika veidotas, izmantojot MD simulacijas, kas sniedza
ieskatu enzima dinamiskaja uzvediba, elastiba un nestabilitatei paklautajas zonas, laujot noteikt

prioritates daudzsolosakajam modifikacijam.

Termiska
stabilizacija

Tunels 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
akttvi. Labakos rezultatus uzradija mutacija X02C. Eksperimentalie testi apstiprinaja, 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 gliketiem substratiem
(glikéta 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 akfivo vietu.
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P&c tam ta tika atjaunota, izmantojot mazaku atlieku skaitu (no divam Iidz piecam). Turklat,
lai kompensétu §Ts saisinaSanas izraisito dabisko mijiedarbibu zudumu, tika mutéti visi
nekonservétie atlikumi 5 A attaluma no parveidotas posma. Sis 5 A slieksnis tika izvéléts,
nemot vera idenraza saites attdlumus (~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

A) B)

Rosetta Remodel

B 8 B @

| 516 modeli || 516 modeli | | 516 modeli || 516 modeli
\- - 3 ‘ 20 ar viszemako
\$ s " y enerdijas limeni
(\; 20 modeli 20 modeli 20 modeli 20 modeli
MD simulacija 300 K temperatara < [l
100 ns garuma. { prasibam
2modeli || 3modeli || 1modeli 5 modeli
MD simulacija 350 K un 400 K -
o temperatiira 100 ns garuma. < 5 labakie A
< .
N ‘\ 4 2 modell 0 modell Omodeli || 3 modeli

In vitro testésana ‘

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

aprekinu dalas kopsavilkums.

Lai ieviestu izvElétas mutacijas, tika izmantots Rosetta Remodel, radot 516 variantus
katram rekonstruétajam cilpas garumam, kas ir divreiz vairak neka iepriek$€ja pétijuma
parbaudito mutaciju skaits. Katram cilpas garumam tika izvél&ti 20 raditie modeli ar zemako
energgtisko raditaju, kas ir bezvienibas Rosetta Remodel parametrs, kas kvalitativi apraksta
modela kopgjo stabilitati (6. B att.). P&c tam tika pétitas §is struktaras, izmantojot molekularas
dinamikas 300 K, 350 K un 400 K simulacijas temperatra 100 ns simuléta laika perioda, un
novertéta So mutaciju vidéja 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 izvéleti 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 temperaturas (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-Al4 paradija ievérojami uzlabotu aktivitati, salidzinot ar
sakotngjo inzenierijas variantu X02C, 1pasi 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 lc, 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 zinatniskaja 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).?! 2 Pirms licla méroga
ekspresijas tika veikti maza méroga ekspresijas testi, kuros katrs mutants tika audz&ts dazadas
temperatiiras un inducéts ar dazadam IPTG koncentracijam, lai identificétu optimalos apstaklus
maksimalai $kistoSo proteinu ekspresijai. P& optimalo parametru noteikSanas proteinu
razoSana tika palielinata, parasti [idz 4 litriem, un attiriSana tika veikta, izmantojot divpakapju
darba pliismas AKTA 8kidruma hromatografijas 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 ieguts 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) lidz salidzinoS§i augstiem

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

1. tabula
Enzimu ekspresijas iznakumi
Enzims Ekspresijas Ekspresijas Ekspresijas $iinas
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 imobilizéta metala afinitates hromatografija (IMAC), izmantojot
HisTrap 5 ml nikela kolonnu ar N terminalo Hiss afinitates markieri uz rekombinantajiem
proteiniem un imidazolu saturos$u buferi ka eluentu (8. A att.). Otraja posma proteini turpinati
attirit ar izméra izslég$anas hromatografiju (SEC), izmantojot HiPrep 26/60 Sephacryl S-200
kolonnu, kas nonéma agregatus, lava veikt bufera apmainu un nodroSindja 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 nodroSindja 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 iegiit augstas tiribas
funkcionalus enzimus, kas piem@roti detalizétai biologiskai un strukturalai raksturo$anai,

veidojot stabilu pamatu turpmakiem enzimu inZenierijas p&tjjumiem.

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

mi

8. att. A) Tipiska nikela afinitates hromatografijas (IMAC) hromatogramma (no 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 raksturoSana ir biitiska proteinu strukturalas integritates, stabilitates un
funkcionalitates noveértésanai, jo pareiza salociSanas un molekulara integritate ir enzimatiskas
aktivitates priekSnoteikums. Tadas metodes ka cirkulara dihroisma (CD) spektroskopija,
diferenciala skengjo$a fluorimetrija (DSF) un MALDI masspektrometrija sniedz papildu
informaciju par sekundaro struktiiru, termisko stabilitati un molekulmasu.?® CD spektroskopija
novert€ sekundaro struktiru, mérot cirkulari polarizétas gaismas diferencialo absorbciju —
talais ultravioletais spektrs dod informaciju par a-spiralém, B-lapam un nesakartotajiem
regioniem, savukart no temperatiras atkarigie CD mérijumi lauj izpé&tit termiskos izkliedé$anas
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 iesp&ams kvantitativi salidzinat stabilitati dazados variantos, buferu
apstaklos vai liganda saistitos stavoklos.?® Saja p&tfjuma gan DSF, gan CD tika izmantoti, lai
salidzinamas absoliitas Tm v@rtibas, tadejadi apstiprinot mérijumu stabilitati. Rezultati liecina,
ka piemérota racionala dizaina stratgija 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 sakotngjo enzimu.

Turpmaka stabilizacija tika panakta, ievieSot plaSus virsmas ladinus un sals tiltinus mutacija
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C16, kas radija papildu Tm paaugstinasanos par aptuveni 1,5 °C, sasniedzot 55,2 °C (2. tab.).
Vienas disulfida saites ieklausana dazadas pozicijas L3-35A skeleta struktiira radija
ieveérojamus 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 ievérojami paaugstinatu kusanas
temperattru, salidzinot ar sakotn&jo enzimu (2. tab., 9. att.). Kopuma S$ie 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 temperattra*

Ferments Tm [°C]? Tm [°C]P
PnFPOX (WT) 53,2+ 0,2 535+0,1
L3-35A 52,3+0,2 52,9+0,1
D02 53,1+0,5 54,8 +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
Xo7 55,3+0,4 55,4+0,1
X02B 60,2 +0,7 60,6 +0,1
X02C 64,0+0,2 633+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 Tm 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 noverteta 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 FA Doks FADred
Glukozons

(Glikéta aminoskabe)

“ —

UOdenraza peroksids Skabeklis

10. att. Amadoriazes I kataliz&tas aminoskabju deglikacijas reakcijas shéma (adaptéta no
Rigoldi u. ¢.3).
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Absorhcijas pieaugums pie 322 nm (322 = 149,25 M cm™ glikozonam) nepartraukti tika
noteikts, izmantojot Infinite M1000 mikroplasu lasitaju (Tecan) 25 °C temperatira. Katra
reakcijas maisfjuma (200 puL) sastava bija 20 mM Tris-HCI buferis, pH 7,4, kas saturja
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$anu, radot glikozonu ka reakcijas
produktu. OPD reagg ar glikozonu, veidojot hinoksalina atvasinajumu, kas absorbg pie 322 nm.
Péc 1 mindtes ieprick$§jas inkubacijas reakcijas maisijumam 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 fv fVvH 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 - -
. 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 defingta ka enzima daudzums, kas noteiktos
analizes apstaklos 1 mintté kataliz€ 1 pmol glikozona veidoSanos, specifiska aktivitate tika
izteikta ka U mg™ enzima. Kingtiskas konstantes (Vmax, Km, kcat 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 vidéjos raditajus (4. tab.).
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4. tabula

Kingtiskie parametri savvalas tipa PnNFPOX un inZenierijas X02C enzimiem

Enzims Substrats Km Vmax Keat Keat /Km
(mM) (mM/min) (st) (mM*st)
PnFPOX fv 5,93 +1,61 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 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 Km
(0,94 mM) neka savvalas tips PNFPOX (5,93 mM), liecinot par uzlabotu substrata afinitati. Lai
gan Kcat nedaudz samazindjas, katalitiskda 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 Iimena ieskatu to strukturalaja
organizacija, katalitiskaja arhitektiira un stabiliz&joSajas Ipasibas. Difrakcijai pieméroti kristali
tika iegati, izmantojot tvaika difuzijas metodes optimiz&tos supersaturacijas apstaklos.
Augstas izskirtsp&jas 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 strukturdlo 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 cistetniem 48 un 301.

1.6 Struktiiras un funkcijas korelacijas analize

Rentgena kristalografiska struktiira skaidri parada saikni starp molekularo arhitektiiru un
protetna funkcionalajam 1ipaSibam. Augstas izSkirtspgjas modelis atklaj labi defin&tus
sekundaros un terciaros elementus, kas veido stabilu struktoru, kas atbalsta aktivas vietas
organizaciju un substrata saistiSanos. Galvenie atlikumi ir precizi novietoti, lai nodroSinatu
katalizi vai liganda mijiedarbibu, kas atbilst biokimiskajiem nov&rojumiem. Struktiiras
patnibas, piem&ram, Gidenraza saites, hidrofobie kontakti un elektrostatiskas mijiedarbibas, vel
vairak veicina substrata specifiskumu un stabilitati. Visos promocijas darba izstrades gaita
veiktajos enzimu pétijumos detalizéta kristalografiska analize ir bijusi centrala, lai izprastu, ka
trisdimensiju strukttra regulé biologisko funkciju un katalitisko mehanismu. FPOX enzimu
gadfjuma tika noveérots, ka visas kop&jas RMSD vértibas starp mutantiem un savvalas tipa
PnFPOX (PDB 5TIE) bija 1,8 A robezas, noradot, ka kopgja struktiira liela méra paliek

nemainiga (5. tab.).

5. tabula

Aprékinatas RMSD vertibas starp WT fermentu PnFPOX un dazadiem mutantiem, ka ari
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
konstatéts, ka to orientacija ir saglabajusies visos variantos (12. att.). Sie atlikumi, kas ir loti

konservativi FPOX enzimos, ir atbildigi par substrata cukura dalas saistiSanu. Tap&c variantu
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katalitiskas aktivitates atskiribas, visticamak, nav saistitas ar izmainam katalitiskas 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 noverots, ka mutacijas galvenokart ietekmé 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 mutaggze ir mainijusi ne tikai tunela statiskos izme&rus, bet arT apkartgjo

atlikumu koreléto elastibu, tadgjadi ietekmgjot substrata picejamibu un stabilizaciju.
1.7 PaSreizejie virzieni un nakotnes iespéjas

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 noverteSanu ar kliniski nozimigiem
paraugiem. FPOX bazes sensori tiek izstradati, lai nodroSinatu tieSu, atru un rentablu glikéto

proteinu meériSanu.
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2. PETazes enzimi

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

mazinasanai®* % (13. att.).

Polihidroksialkanoati (PHA) B Tot(;n;zeK-‘
W Polibutiléna sukcints (PBS) Q¢
—_ Polibutiléna adipata tereftalats (PBAT) Jl

e
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13. att. Galveno plastmasas poliméru razo$ana pasaulé un biologiski raksturotu savvalas

tipa depolimerazu pieejamiba.®®

Nesenie pétijumi 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 izoléta baktérija Ideonella sakaiensis, kurai ir unikala sp&ja starp
zinamajiem mikroorganismiem. Enzims PETaze lauj baktérijai hidrolizét PET polim&ra 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 shéma: PETaze katalizé PET depolimerizaciju lidz bis(2-
hidroksietil)tereftalatam (BHET), mono(2-hidroksietil)tereftalatam (MHET) un tereftalskabei
(TPA). MHETaze parvers MHET monomeéros — tereftalskabé TPA un etilénglikola EG.

Sie sadali$anas produkti ir mazak kaitigi videi un turpmak var tikt metabolizéti ar bakteriju
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 sintetisko PET. Tas aktiva vieta satur galvenos
aminoskabju atlikumus, kas veicina esteru saiSu hidrolizi, laujot sadalit garas poliméru k&des
mazakos fragmentos. Sis strukturalas Ipasibas ir bijusas izskirosas centienos izstradat PETazes

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

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

pieméram, Francijas uznémuma “Carbios”, daudzam PETazes joprojam piemit zema
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termostabilitate, ierobezota katalitiska efektivitate un degradacijas starpproduktu izsaukta
PETazes inhibicija, kas padara licla méroga PET parstradi nepraktisku.*> %4 Lai parvarétu $os
ierobezojumus, promocijas darbs ir vérsts uz PETazes enzimu inZenierijas izstradi, izmantojot
progresivas racionalas projektéSanas strat€gijas, 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 proteTnu projektésanas metodes, lai izstradatu PET hidroliz&josu enzimu,

kam ir uzlabota termiska stabilitate un PET depolimerizacijas aktivitate.
2.1. InZenierijas LCC-1ICCG 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-ICCG) variantu, kas sasniedz Tm vértibas 91,7-94,0 °C un paslaik tiek uzskatits
par zelta standartu PETazu joma.*® #6 Neskatoties uz o izcilo stabilitati, LCC plasais sekventu
telpas diapazons piedava ieverojamu 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 inZzenierija 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 tiTs papildinoSas
aprékinu 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 vienkarsa stabilizacijas stratégija ir
viena vai vairaku disulfida saiSu ieviesana, kas var nostiprinat protetna mugurkaulu un uzlabot
stabilitati®®. Papildu stabilizacijas pieejas mérkis ir paplasinat iek§molekularo fidenraza saisu
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 pus molekularas dinamikas simulacijam eksplicita

$kidinataja un klasifictas, 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 prognozeto uzlaboto

strukturalo stabilitati (15. att.).

MDGVLWRVRTAALMAALLALAAWALVWASPSVEAQENP YERG ALTADGPFEVATYTVERLSVSGFGGGI
MDGVLWRVRTAALMAALLALAAWALVWASPSVEAQENP YRRG ALTADGPFEVATYTVERLSVSGFGGE
MDGVLWRVRTAALMAALLALAAWALVWASPSVEAQENP YR ALTADGPFIVATYTVERLSVSGFGGG)
MDGVLWRVRTAALMAALLALAAWALVWASP SVEAQEN ALTADGPFVATYTVRIRLSVSGFGGGET
MDGVLWRVRTAALMAALLALAAWALVWASP SVEAQRN [ ALTADGPFEVATYTVERLSVSGFGGG
MDGVLWRVRTAALMAALLALAAWALVWASPSVEAQ| ALTADGPFEIVATYTV 3FGG

D GVLWAVRTAALMAALLALAAWALVWASE SVEAQED ¥
MDGVLWRVRTAALMAALLALAAWALVWASPSVEAQEN ¢ g ALTADGPFEIVATYTV]

WT

WT S| ) g

Icce  Sps » 5 WMKLWVDNDTRYRQFL

c08 DRI BA WMKLWVDNDTRYRQF L(

co9 5 S WMKLWVDNDTRYRQFL

PO6 SR N WMKLWVDNDTRYRQFL

PO8 SEIT K 4 WMKLWVDNDTRYRQFL

X05  SEr NSE v WMKLWVDNDTRYRQF LCHVED °

X09  SEL > =V WMKLWVDNDTRYROFLCEVEID DFRTNNRE

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

Omega, grafiskais attélojums iegiits, izmantojot ESPrit 3 timekla serveri®!

2.1.2. Fermentu ekspresija un attiriSana

Izvéletie enzimu kandidati tika ekspreséti E. coli un attiriti, izmantojot nikela afinitates
hromatografiju (IMAC) un izméra izslégSanas hromatografiju (SEC) (16. att.). PETaze
enzimiem efektivs izradijas BL21 Star (DE3) 18 °C temperatiira ar iznakumu no 12 mg/l lidz
22 mg/l. 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 izslégsanas hromatografiju (SEC). Zila Itkne

attelo UV absorbanci (A280), kas izmantota proteina eluacijas uzraudzibai.

2.1.3. Biofizikala raksturoSana

Péc moficéto enzimu izdaliSanas tika parbaudita seSu inZenierijas variantu sekundara
strukttra (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.). P06 un P08

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

bija nieciga, bet CO8 gadijuma nebija iesp&jams iegiit uzticamu rezultatu.
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17. att. Sekundaras struktiiras mérijumi ar cirkularo dihroismu. A) Dazadu enzimu

spriegumu atkariba no vilna garumu. B) Dazadu enzimu eliptiskumu atkariba no vilna

garuma.
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18. att. Tipiskas kusanas liknes. Katrs attéls parada tipisku kusanas likni, kas mérita ar
cirkularo dihroismu 222 nm diapazona no 20 °C Iidz 120 °C atbilstoSajam paraugam; melnie

punkti attelo eksperimentalos datus, nepartraukta Iinija norada pielagoto likni.

2.1.4. Funkcionalais tests

Policetiléntereftalata (PET) fermentativa hidrolize tika noveértéta, 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 temperatira ar 40 nM enzima klatbatné
20 mM Tris-HCI buferskiduma (pH 8,0), kas satur 300 mM NaCl. Amorfas PET pléves
(biezums — 250 pm, Goodfellow, USA) tika izgrieztas 6 mm diskos (~8,4 mg) un inkub&tas
atsevi§ki 2 ml mikrocentrifiigas mégengs. Visi testi tika veikti piecas reizes, lai nodro§inatu
reproducéjamibu. Produkta kvantitativa noteikSana tika veikta, izmantojot Shimadzu LC-
2030C 3D Plus sistemu, kas aprikota ar Kinetex C18 kolonnu (2,7 pm, 4,6 mm x 150 mm)
40 °C temperatiira, plismas atrum — 1 ml min™'. Mobila faze sastavéja no 0,1 % HsPO4 (A) un
acetonitrila (B) ar linearu gradientu. Alikvoti tika savakti dazados laika punktos (0-144 h),
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 kvantificét

produkta veidoSanos.
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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 salociSanas 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 temperattra (LCC-ICCG — C09 —
X05 — X09 — C08 40 n M, pH 8,0). (B) TPA veidosanas 68 °C temperatiira péc ¢etram

stundam un péc 144 stundam.

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

taja pasa laika perioda (19. att.).

2.1.5. Rentgena kristalografija

CO09 varianta kristali tika iegtiti ar tvaika diftziju 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. Rezultata iegiita struktiira, kas tika precizéta lidz 1,28 A izskirtsp&jai, sniedza

atomaras detalas par inZenierijas cela raditajam stabiliz&josajam mutacijam.

C09 enzims satur 13 aizvietojumus, salidzinot ar savvalas tipa LCC, tostarp papildu lad&tus
atlikumus (pieméram, S36D, Q40R, S57K), kas stratégiski izvietoti uz virsmas. Neskatoties uz
$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.).
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Strukturas 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 stabiliz€é virsmai paklautdas cilpas un nover§ katalitiskds vietas
atkartoSanos ilgstoSas augstas temperatiras katalizes laika. Tadgjadi, lai gan katalitiska
arhitektiira palick nemainiga, dinamiska stabilizacija, izmantojot racionalu dizainu, $kiet, ir

galvenais faktors, kas nosaka C09 uzlaboto veiktsp&ju (20. att.).
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20. attels. (A) PETazes enzimu struktiiras salidzinajums: savvalas tips LCC (zala krasa),
ICCG variants (ciankrasas) un C09 variants (roza krasa). Kopgja struktiiras salidzinajuma
nav redzamas nozimigas atskiribas starp enzimiem, tostarp katalitiskas triades pozicija un

orientacija. (B) mutaciju (stieni) pozicija ICCG (ciankrasa) un C09 (roza krasa) attieciba pret
katalitisko vietu (roza stieni). (C) LCC, LCC-ICCG un C09 vidgja kvadratiska svarstibu
amplitidas (RMSF) salidzinajums dazadas temperattras (310 K, 350 K un 400 K).
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2.2 Jaunas PETazes SM14 raksturojums

Lai gan fermentativa PET sadaliSanas ir kluvusi par daudzsolosu ilgtsp&jigu alternativu
tradicionalajam parstrades metodem, 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 temperatiira un trukst efektivu dabisko
sadali$anas procesu. Saja konteksta tika raksturots jauns PET sadaloss ferments, kas izdalits no
pie jiiras siikliem saistitas bakterijas Streptomyces sp. SM14 (PETase SM14). Sis projekts tiek
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 attiri§ana

Géns, kas kodé nobriedusu PETazi SM14 no Streptomyces sp. SM14, tika kloné&ts
pLATES2 vektora, izmantojot ligacijas neatkarigu klonéSanu, un ekspreséts E. coli BL21
(DE3). Proteina ekspresija tika inducéta ar IPTG, p&c tam sekoja $iinu 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, nosakot to

ar UV absorbciju pie 280 nm un pamatojoties uz ta aprékinatajam molekularam ipasibam.
2.2.2. Biofizikala raksturo$ana

Talas UV CD spektroskopija tika izmantota, lai novértétu PETazes SM14 sekundaras
struktiiras saturu un salidzinatu tas salociSanos ar references PETazi no Ideonella
sakaiensis.*® 2 CD spektri paradija labi defingtas 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 |. sakaiensis PETazes
spektralam profilam, noradot, ka enzims saglaba Iidzigu kop&o sekundaro struktiiru,
neskatoties uz sekvences atskiribam. Dati apstiprina pareizu proteina salociSanos un atbilstibu

PETazes SM 14 struktiirai, kas noteikta ar rentgenkristalografijas metodi.

Termiskas denaturacijas eksperimenti, kas tika kontroléti, mérot eliptiskumu 222 nm ka
funkciju no temperataras, noteica PETazes SM14 kuSanas temperatiru (Tm) 56,3 °C, kas
liecina par ievérojamu termisko stabilitati. Salidzinajuma ar Ideonella sakaiensis PETase Tm
tika noteikta 45,0 °C, kas liecina, ka SM 14 ir vairak neka par 10 °C termiski stabilaka (21. att.).
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Sis Tm pieaugums liecina par uzlabotu struktiiras stingribu vai uzlabotam iek§molekularam

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

pareja liecinaja par labi salocitu monomeéru proteinu.
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21. att. Cirkulara dichroisma (CD) analize, lai noteiktu fermenta sekundaro struktiiru (A)

un enzima termostabilitati (B).

Proteina termiska stabilitate tika novert€ta, izmantojot ar1 diferencialo sken€Sanas
fluorimetriju (DSF) ar SYPRO Orange krasvielu (Thermo Fisher Scientific) uz 7500 Real-Time
PCR sistemas (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 noverota temperatiiras paaugstinasanas laika no 15 °C lidz
95,3 °C, kuSanas temperattiras (Tm) tika noteiktas no denaturacijas liknu infleksijas punktiem.
Lai novertetu stabilitati dazados fizikali kimiskajos apstaklos, tika veikti testi pH diapazona no
6,0 1idz 9,0 un NaCl koncentracijas no 100 Mm lidz 700 Mm (22. att.). pH izmainas minimali
ietekmgja Tm, kas palika salidzino$i nemainiga, savukart NaCl koncentracijas palielinasana 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 veértibu

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

noteiktas ar SYPRO Orange temperatiiras atkarigo fluorescences izmainu palidzibu.

MALDI masspektrometrija nodrosina precizu molekulmasas noteikSanu un sekvences
verifikaciju, laujot noteikt degradaciju, p&ctranslacijas modifikacijas un apstiprinat ekspresijas
produktus®®. MALDI-TOF masspektrometrija tika izmantota, lai apstiprinatu attirita PETazes

SM14 fermenta molekulmasu un sekvences integritati.

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

skabenskabe (viens paraugs ar 1 pL un viens ar 0,5 pL). Viens piliens §1 skiduma 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
pectranslacijas modifikacijas pazimes. Masas precizitate (0,1 kDa) un nozimigu
piemaisijumu piku neesamiba apstiprinaja parauga, kas iegiits péc divpakapju

hromatografiskas attiri$anas, augsto tiribu.
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Target

Target type 0280784

Target serial number 1005435
jon H20

Laser

Laser beam attenuation 6

Laser beam focus 25

Laser repetition rate 2000 Hz

Number of shots 500

Spectrometer

positive voltage polarity POS

PIE delay 600 ns

lon source voltage 1 19.5kV.

lon source voltage 2 16.6 kV.

Lens voltage 98KV

Linear detector voltage  2.977 kV

Deflection on

Deflection mass

MSMS parent mass

LIFT voltage 1

LIFT voltage 2

LIFT 1 Pulser time

depending on the parent

mass

LIFT 2 Pulser time

Reflector voltage 1 oKV

Reflector voltage 2 0kV

Reflector detector volt.  1.743 kv

Instrument

Instrument type  autoflexTOF/TOF
Instrument serial  1857371.01037
Name of computer  FLEX-PC

Operator ID or name admin

fiexControl version flexControl 3.4.169.5
flexAnalysis version 3.4.79.0

23. att. PETazes SM14 MALDI-TOF analize. ST vértiba tika iegiita ar 5 mg/ml proteina

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

Turklat peptida masas nospiedums p&c triptona hidrolizes apstiprindja Ssekvences

parklajumu virs 90 %, apstiprinot, ka ekspresetais produkts precizi atbilst paredz&tajam

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

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

SM14 ir stabils, pareizi salocits un strukturali neskarts enzims.
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YLELRREGHF APNSSNTLIA KYSVSWLKRY VDNDLRYDQF IDPGPRTGIT

TGVSDYRLG

24. att. MS/MS spektri (100-1200 m/z), kas iegiiti no PETase SM14 joslas péc

attiriSanas, ekstrah&ti un hidrolizgti 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 noverteta, izmantojot PET pe&cparstrades
plastmasu (PCP) kontroletos reakcijas apstaklos, mainot galvenos parametrus, tostarp pH,
temperatiru un NaCl koncentraciju. PETase SM14 efektivi sadalifja 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

klatbiitng, ar optimalo koncentraciju pie apméram 900 mM.

2.2.4. Rentgena kristalografija

Promocijas darba izstrades gaita tika noteikta PETazes SM14 augstas iz8kirtspgjas kristala
struktiira no Streptomyces sugas, kas izol€ta no juras siikla. Enzima kristali bez markiera tika
audzgti, izmantojot tvaika diflizijas metodi, un difraktati Iidz 1,43 A iz8kirtsp&jai Diamond
Light Source 103 staru linija Oksforda, Apvienotaja Karaliste. Struktira tika atrisinata,
izmantojot molekularo aizstasanu, ka mekl&Sanas $ablonu izmantojot AlphaFold prognozéto

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

PETazes SM14 struktira uzradija klasisko a/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.

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) struktiiras salidzinajums, kas
veikts, izmantojot PyMOL.
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Jaatzime, ka SM14 izradija izteiktas cilpas konformacijas blakus aktivajai vietai, kas
saSaurinaja katalitisko kabatu, salidzinot ar IsPETazi. ST nelield aizver§anas var nodroginat
uzlabotu substrata saistiS$anos un palielinatu stingribu, kas atbilst enzima augstajai kuSanas
temperatirai (Tm 56,3 °C) un izteiktajai sals toleranci lidz 1,5 M NaCl. Elektrostatiskas virsmas
analizes liecinaja par mazak polariz&€tu un vienmeérigak sadalitu 1adina potencialu, salidzinot ar
IsPETazi (pl 6,67 pret 9,41), kas potenciali stabiliz€ proteinu jiiras vai sarmaina vidé. Kopuma
§1s Tpasibas liecina, ka PETaze SM14 ir attistijusies, lai nodro$inatu katalitisko noturibu augsta

saluma un viegli termofilos apstaklos, kas ir daudzsolosa pielagosanas PET sadaliSanai vide.

2.2.5. Struktiiras un funkcijas korelacijas analize

Promocijas darba izstrades gaita detalizéti tika pétita PETazes SM 14 strukttira, 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 Ideonella sakaiensis) un PETazi SM14. Mérkis bija
noteikt, ka lokalas kustibas un dinamiska saistiba ietekmé 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, tomér ir attistijusas
biitiskas at3kiribas, lai katrs enzims pielagotos savai dabiskajai videi. Saja pétijuma veiktie
PET pulvera sadaliSanas aktivitates testi un literatiira atrodamie pieradijumi liecina, ka NaCl
koncentracija pozitivi ietekmé& PETazes SM14 aktivitati, kas atbilst tas hipersalajai jiiras
izcelsmei, bet negativi ietekm& IsPETazi. Lidz Sim Sis fenomens ir noverots, izmantojot
analitiskas metodes, pieméram, HPLC, SEM un AFM, kas neizskaidro o efektu strukturalo

pamatu.

Lai novérstu $o nepilnibu, tika izmantota molekulara modelésana un MD simulacijas, lai
veiktu detaliz&tu strukturalo salidzinajumu un molekulara Itmena izskaidrojumu eksperimenta
novérotajam at$kiribam starp diviem homologiskiem plastmasas sadali$anas enzimiem. No 500
ns garam MD simulacijam iegttie rezultati liecina, ka IsSPETazes saistiSanas vieta ir ievérojami
plataka un elastigaka neka PETaze SM 14 atrasta saistiSanas vieta, ko apstiprina lielaki vidgjie
atlieku attalumi un atvértaka elektrostatiska virsma (26. att.). So inaktivaciju galvenokart
izraisa konformacijas parkartoSanas, kas saistita ar atlicku W159 apgrieSanu, kas izspiez
katalitisko histidinu (H237) no serina (S160), traucgjot aktivas vietas geometriju. Pretstata
PETaze SM14 saglabaja stingraku struktiiru, kas augsta sals satura apstaklos piedzivoja

nelielas, bet labvéligas konformacijas izmainas. Sis smalkas parkartoSanas veicinaja aktivas
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vietas hidrataciju, un papildu Gidens molekulas atviegloja substrata mijiedarbibu un uzturgja

katalitisko efektivitati.

(a) PETaseSM14 150 mM § IsPETase 150 mM
n
AT 8
pl = 6,34 pl=9,54
—2 = 2
[kT/e]
(b) PETaseSM14 900 mM _ 4 sPETase 900 mM

4& A

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

ST RPN

Atlikumu indekss
" Atlikumu indekss
a2

°

0 20 40 60 80 0 20 40 60 80
Atlikumu indekss Atlikumu indekss Atlikumu indekss Atlikumu indekss

0 1 2 3 4 § 6 78 9% 10U RN
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 atraSanas vietas un galvenie atlikumi ir noraditi ar zalas
krasas punktétiem apliem. (C) Atlikumu, kas veido PETazes SM14 un IsPETazes saistiSanas
vietas, attaluma kartes abas jonu koncentracijas. Kartés noraditas vidgjas vértibas katram
krustattalumam, kas apr&kinats, izmantojot trts 500 ns MD simulacijas replikas. Krasu skala
irno 0 A (punkti zila krasa) Iidz > 14 A (punkti sarkana krasa).

PET saistiSanas model&sana, izmantojot devinu monomeru PET k&des, apstiprinaja, ka
PETaze SM14 augsta saluma un IsPETaze zema saluma sasniedz optimalu substrata
pielagosanos un katalitisko izlidzinasanu. 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 % samazingjumu $ados stavoklos tados pasos apstak]os.
Sie atklajumi labi korelé ar novérotajam eksperimentalajam aktivitates tendencém un sniedz

molekulara l[imena izskaidrojumu abu enzimu atskirigajam jonu adaptacijam.
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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 katalitisko efektivitati. Paraleli
tiek stradats pie fermentativas PET depolimerizacijas méroga palielina$anas, izmantojot
inZenierijas LCC-ICCG-C09 variantu bioreaktoru sistémas, ar merki uzlabot procesa stabilitati,

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

Saja darba tika izstradata integréta skaitloSanas un eksperimentila sistéma racionalai

enzimu inZenierijai ar uzlabotu stabilitati, aktivitati un izturibu pret vides ietekmi. Saja pieeja

tika apvienota molekulara model€Sana, molekularas dinamikas simulacijas, proteinu

inZenierija, biokimiska raksturo$ana un strukturala analize, lai nodro$inatu efektivu enzimu

optimizaciju.

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

Lai gan optimizétie FPOX varianti uzrada uzlabotu stabilitati un aktivitati, turpmaka
attistiba ir versta uz to veiktspgjas uzlaboSanu attieciba uz glikéto hemoglobinu.
Pasreizgjie dati par So mérki ir atrodami manuskripta 5. pielikuma.

PET noardoSo enzimu inzenierija paradija §1s sisteémas plasaku pielietojamibu
ripnieciskaja biokatalizeé. LCC-ICCG-C09 variants uzradija uzlabotu termisko
stabilitati un aptuveni divas reizes augstaku PET depolimerizacijas efektivitati
salidzinajuma ar sakotngjo enzimu, nodroSinot daudzsolosu pamatu enzimu
izmantoSanai plastmasas parstrade, neskatoties uz atlikuSajam nepilnibam, kas ir
saistitas ar substrata kristaliskumu, jiittbu pret pH un mérogojamibu (3. pielikums).
Tika atklats un raksturots jauns no jliras stkliem iegiits enzims PETaze SM14. Tika
konstatets, ka tas saglaba augstu aktivitati sarmaina vid€, pie augsta sals satura un
paaugstinatas temperattras (2. pielikums).

PETazes SM14 strukturalas un molekularas dinamikas analizes atklaja adaptivas
Ipasibas, kas atbalsta katalizi hipersala vide, uzsverot tas potencialu jiiras 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:
fructosy! 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-ICCG), 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-C09
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-C09 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, IsPETase 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 |(HbA1c) 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.
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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 solventst. 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? 2 (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 alboumin®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 F-VH ‘ POD Adye,

HbA1c H,0, P s
\_’ 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.

(A)

\’ 0.
@o HRP-driven

dye formation

\'nl_\‘l-llislldlm H,0, \ ’ +Dye
Glucosone
o ) §

)

“max=660 nm

Fructosyl valyl histidine

@ Val | His 0,+H,0

"o 4 & ,’l‘ 2
) \
h k| A
A X HbAlc digestion
\ with protease
* "
2 ¥

g Electrochemical

Hemoglobin A1C (HbAlc) Glucosone  Dipeptide

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 H202 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 H20: (adapted from?®).

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.

Y Y S, 7\ O AE
1"; o AR e
Tunnel Thermal 3 Activity ¢ ) = S
widening stabilization @ P optimization ‘t ) : ,";
o) ‘. &‘:\‘ [ 5k .
, 4, \ AN A
T &
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)%.
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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, p-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] 2 Tm [°C] P
PnFPOX (WT) 53.2+0.2 535+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 55.4+0.1
X02B 60.2+0.7 60.6£0.1
X02C 64.0+0.2 63.3+0.1

@ 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 (€2 = 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, Kcat, 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 PnFPOX and the Engineered X02C Enzymes
Enzyme Substrate Km Vimax Keat Keat/Km
(mM) (mM/min) (s (mM1ts?

PnFPOX v 593+161 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 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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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 X04

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 94
X04 1.8 3.0 10.9
X02B 1.5 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.

68



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*2. 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®®44. 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-ICCQG) variant, reported to reach Tm values of 91.7-94.0 °C and
currently regarded as the gold-standard PETase*® “6. 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 (F243I, Y127G,
S283C, 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 Tm 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
quantifying 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 pg 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.
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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 h and 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
PpLATES2 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/p-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 uM enzyme and 5x dye in a final volume of
25 pL, 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 uL 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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201

251

AQNPHERGPD PSNSYIEQAR GSYSVSQRSI SRLGSDGFRD GTMYYPTSTA
DGRFGVVAIS PGYTASESTI AWLGPRLASF GFVVVTINTD SRYDQPRQRA
TQLHAALDHA IGDSVVGPRI DTSRQAVMGH SMGGGGALQA AEERDEIRAA
VPLTPWNLKK GWSGVDAATL VIGAENDAIA PVRSHSIPFY ESLTNAERRA
YLELRREGHF APNSSNTLIA KYSVSWLKRY VDNDLRYDQF IDPGPRTGIT

TGVSDYRLG

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 %.

2.2.3. Functional assay
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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/B-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.

Fig. 25. Overall structure comparison of PETase SM14 (light blue), IsSPETase (PDB
code 6ILW, 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

I
T 8 3% =z &

2 R I 2 gz 2 BER
Residue Index
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O g dstnea

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.

85



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-C09 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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Shapla Bhattacharya dzimusi 1997. gada Indija. Banasthali Vidyapith
(Indija) ieguvusi bakalaura (2019) un magistra (2021) gradu biotehnologija,
absolvéjot studijas ar zelta medalu. Kops 2021. gada novembra stradadjusi
Latvijas Organiskds sintézes institota, kas péc tad reorganizacijas 2026. gada
31. maija ieklavas Naciondlajd pétniecibas un inovaciju institota (NIRJ;
Latvija). Vinas pétijumi ir sniegusi ieguldijumu plastmasu nodrdosu enzimu
inzenierija un uzlabotu FPOX variantu izstradé diabéta diagnostikai. Ir sesu
recenzétu publikaciju autore, devusi ieguldijumu divu patentu izstradé un
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