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ABSTRACT

Lignocellulose is the main component of all plant materials, primarily
composed of three biopolymers: lignin, cellulose, and hemicellulose. While
cellulose and hemicellulose are widely used as renewable sources, lignin
often remains a low-value by-product despite being the most abundant source
of phenolics. All lignocellulose components, including lignin, must be fully
valorized to make the biorefinery concept feasible and sustainable. Lignin
can be transformed into value-added products, including vanillin, the most
used flavor and fragrance globally. Due to the limited cultivation of vanilla
plants, most commercial vanillin is produced through chemical synthesis
from crude oil. The growing consumer demand for natural and bio-based
products has spurred interest in eco-friendly alternative routes for vanillin
production, with lignin-derived vanillin being particularly advantageous over
its crude oil-derived counterpart, having approximately a 90% lower carbon
footprint.

This thesis was initially developed as part of the SMARTBOX European

project (https://www.smartbox-project.eu), which aimed to provide bio-

based industries access to inexpensive, robust, and efficient oxidative
enzymes that can be readily engineered to meet industrial requirements. A
key feature of the project was its exclusive focus on products derived from
reductive catalytic fractionation (RCF), such as 4-n-propylguaiacol (4PG), to
be converted into high-value products like vanillin. The proposed pathway
consisted of two reaction steps: (1) converting 4PG into isoeugenol, and (2)
the oxidative cleavage of the C=C bond to produce vanillin. While the
optimization of the first step, catalyzed by an engineered vanillyl alcohol

oxidase (VAO), was carried out by Prof. Marco Fraaije's group at the
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University of Groningen, the optimization of the second step was undertaken

by Ligia Martins' group at ITQB and developed during my thesis work.

Initially, two bacterial isoeugenol oxygenases (IEMs) were considered:
PplEM from Pseudomonas putida and PnlEM from Pseudomonas
nitroreducens. However, due to their tendency to aggregate and low
production yields, a more suitable alternative was searched, and attention
shifted to NOV1, an isoeugenol dioxygenase from Novosphingobium
aromatocivorans, which exhibited significantly higher solubility and
production yields than the previous enzymes. The enzymes were kinetically
and biochemically characterized; NOV1 displayed a Km 0f 0.6 £ 0.1 mM and
a keat Of 7.5 + 0.2 5%, with a half-life of 2 h at 25 °C. Additionally, NOV1
demonstrated a higher melting temperature (Tm) of 58 °C compared to
PnIEM’s 43 °C, indicating higher thermal stability, making it a promising
candidate for vanillin production. Based on these findings and the availability
of a crystal structure in the database, NOV1 was selected as the most

promising catalyst for protein engineering experiments.

In the first stage, a rationally guided mutagenesis near the active site was
performed to enhance NOVI1’s catalytic efficiency. Among thirty-five
variants, S283F was selected, showing a 2-fold increase in activity and a 20-
fold increase in half-life compared to the wild-type enzyme. Biochemical and
molecular dynamics studies revealed that the S283F mutation enhanced the
stabilization of the enzyme’s iron cofactor, which was identified as a critical
factor for maintaining enzyme stability. Furthermore, resting E. coli cells,
previously overproduced NOV1-S283F, converted over 99% of 100 mM
isoeugenol into vanillin within 24 h. We developed a coupled whole-cell
reaction system to convert 4PG into vanillin. We used the engineered VAO

to convert 4PG into isoeugenol and NOV1-S283F for the second reaction



step. Following optimization, this approach achieved a 90% vanillin yield
starting from commercial 4PG and a 66% vyield using 4PG derived from
natural lignin oil. This result demonstrated, for the first time, the feasibility
of enzymatic conversion of lignin-derived 4PG to vanillin, highlighting the
potential of NOV1-S283F as an industrial biocatalyst while providing
essential insights into the structure-function relationships in this class of

enzymes.

In the second stage, we aimed to improve NOV1 using the computational
tool Zymspot to identify distal hotspots located more than 9 A from the active
site. Forty-one variants were constructed using site-directed mutagenesis,
and six of the most active variants were selected for further recombination.
Two variants, 12G2 (M324K_L372A) and 1D2 (1222V_L286W_L372A),
exhibited a 10-fold increase in activity and up to a 40-fold improvement in
operational stability compared to the wild-type enzyme. These two variants'
mutations are placed in a second shell, indirectly interacting with the iron-
binding histidines. The potential of these two catalysts was tested in
bioconversions with immobilized enzymes. Enzyme immobilization is
crucial for industrial applications, offering advantages such as increased
enzyme stability and recyclability. These variants show 90 to 100%
immobilization efficiency in metal affinity resins, compared to
approximately 60% for the wild-type. In bioconversion tests, where 50 mM
of isoeugenol was added stepwise over 24-hour cycles, the 1D2 variant
produced approximately 144 mM of vanillin after six reaction cycles,
corresponding to around 22 mg, indicating a 35% molar conversion vyield.
This output was around 2.5 times higher than that obtained using the wild-
type. Our findings highlight the efficacy of distal protein engineering in



enhancing enzyme functions such as activity, stability, and metal binding

selectivity.

Finally, we used a novel computational tool to predict optimal tag sites for
immobilization, considering the enzyme’s secondary structure, solvent
accessibility, proximity to the active site, and residue conservation. State-of-
the-art immobilization strategies often lead to suboptimal enzyme
orientations, reducing activity and stability. This tool was validated using a
heme-dependent L-tyrosine hydroxylase from Streptomyces sclerotialus,
chosen for its potential in L-DOPA production. Two immobilization
strategies were computationally designed and tested: (1) Lys-tags for
covalent immobilization and (2) His-tags for affinity immobilization. A total
of 20 variants were constructed, produced, and assessed for activity after
immobilization. The computational predictions proved highly effective for
His-tagged enzymes: our data suggests that four His residues are sufficient
to ensure specific binding and that loop location is essential. Notably, the
immobilized activity of our His-tagged variants was up to 5-fold higher than
that of the N-terminal 6His-Wild type, which served as a benchmark,
highlighting the effectiveness and potential of our strategy to enhance

enzyme immobilization.

In conclusion, the work in this thesis paves the way for the enzymatic
conversion of RCF-derived 4PG to vanillin. We expanded the NOV1
dioxygenase enzyme's structure-function knowledge, identifying activity
determinants, substrate specificity and kinetic stability. We developed and
optimized two bioconversion approaches, whole-cell and immobilized
enzymes, that achieved high yields of vanillin. Additionally, we highlighted
the potential of computational tools to improve enzyme features such as

activity, stability, and immobilization efficiency. Future investigations may
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elucidate more about NOV1’s biological function, expand its substrate range,
and provide deeper insights into the catalytic mechanisms of this class of

enzymes, enhancing their industrial potential.
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RESUMO

A lignocelulose € o principal componente de todos os materiais vegetais,
composta principalmente por trés biopolimeros: lignina, celulose e
hemicelulose. Enquanto a celulose e a hemicelulose sdo amplamente
utilizadas como fontes renovaveis, a lignina muitas vezes permanece um
subproduto de baixo valor, apesar de ser a fonte mais abundante de
compostos fendlicos. Para que o conceito de biorrefinaria seja realmente
viavel e sustentavel, todos os componentes da lignocelulose, incluindo a
lignina, devem ser plenamente valorizados. A lignina pode ser transformada
em varios produtos de valor acrescentado, incluindo a vanilina, o aroma e
fragrancia mais utilizados globalmente. A maioria da vanilina comercial é
produzida por sintese quimica a partir do petrdleo bruto, devido a limitada
producdo de plantas de baunilha. A crescente procura dos consumidores por
produtos naturais e de base biologica estimulou o interesse por rotas
alternativas e ecoldgicas para a producdo de vanilina, sendo a vanilina
derivada da lignina particularmente vantajosa em compara¢do com a sua
contraparte derivada do petréleo, por apresentar uma emissdo de CO:

aproximadamente 90% inferior.

Esta tese foi inicialmente desenvolvida no ambito do projeto europeu

SMARTBOX  (https://www.smartbox-project.eu), cujo objetivo era

proporcionar as bioindustrias 0 acesso a enzimas oxidativas econdmicas,
robustas e eficientes, que possam ser facilmente modificadas para cumprir 0s
requisitos industriais. Uma caracteristica fundamental do projeto foi o foco
exclusivo em produtos derivados da fracionacdo catalitica redutiva (RCF),
como o 4-n-propilguaiacol (4PG), a ser convertido em produtos de alto valor,

como a vanilina. O percurso proposto consistiu em duas etapas de reacédo: (1)
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a conversdo do 4PG em isoeugenol e (2) a clivagem oxidativa da ligacdo C=C
para produzir vanilina. Enquanto a otimizacdo da primeira etapa, catalisada
por uma vanilil-alcool oxidase (VAO) modificada, foi realizada pelo grupo
do Prof. Marco Fraaije na Universidade de Groningen, a otimizacdo da
segunda etapa foi desenvolvida pelo grupo da Dra. Ligia Martins no ITQB e

durante o trabalho desta tese.

Inicialmente, foram consideradas duas isoeugenol oxigenases bacterianas
(IEMs): PplEM de Pseudomonas putida e PnlEM de Pseudomonas
nitroreducens. No entanto, devido a tendéncia de agregacdo e aos baixos
rendimentos de producéo, procurou-se uma alternativa mais adequada. Como
resultado, a atencdo foi direcionada para a NOV1, uma isoeugenol
dioxigenase de Novosphingobium aromatocivorans, que apresentou
significativamente maior solubilidade e rendimentos de producdo em
comparagdo com as enzimas anteriores. NOV1 exibiu um Kn de 0.6 £ 0.1
MM e um Keat de 7.5 = 0.2 s™!, com uma meia-vida de 2 horas a 25 °C. Além
disso, a NOV1 demonstrou uma temperatura de fuséo (Tm) superior, de 58
°C, em comparagdo com os 43 °C de PnlEM, indicando maior estabilidade
térmica, tornando-a uma candidata promissora para a producdo de vanilina.
Com base nestes achados e na disponibilidade de uma estrutura cristalina na
base de dados, a NOV1 foi selecionada como o catalisador mais promissor

para experiéncias de engenharia de proteinas.

Primeiro, realizamos uma mutagénese guiada racionalmente préxima ao sitio
ativo para melhorar a eficiéncia catalitica da NOV1. Entre trinta e cinco
variantes, a S283F mostrou um aumento de 2 vezes na atividade e de 20 vezes
na meia-vida em comparacgdo com a variante wild-type. Estudos bioquimicos
e de dinamica molecular revelaram que a mutacdo S283F melhorou a

estabilizacdo do cofator de ferro (I1) da enzima, identificado como um fator
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critico para a manutencao da estabilidade da enzima. Além disso, células E.
coli que anteriormente produziram NOV1-S283F converteram mais de 99%
de 100 mM de isoeugenol em vanilinaem 24 horas. Para cumprir 0s objetivos
do projeto SMARTBOX, desenvolvemos um sistema de reacdo acoplada em
whole-cell para converter 4PG em vanilina, utilizando a VAO modificada
para converter 4PG em isoeugenol e a NOV1-S283F para produzir vanilina.
Apoés a otimizacdo, esta abordagem atingiu um rendimento de 90% de
vanilina a partir de 4PG comercial e 66% utilizando 4PG derivado de 6leo de
lignina natural. Demonstrdmos, pela primeira vez, a viabilidade da conversdo
enzimatica de 4PG derivado da lignina em vanilina, destacando o potencial
da NOV1-S283F como um biocatalisador industrial e proporcionando
importante conhecimento sobre as relagdes estrutura-fungédo nesta classe de

enzimas.

A seguir, visdmos melhorar NOV1 usando a ferramenta computacional
Zymspot para identificar hotspots distais localizados a mais de 9 A do sitio
ativo. Foram construidas quarenta e uma variantes por mutagénese, e seis das
variantes mais ativas foram selecionadas para recombinacdo. Duas variantes,
12G2 (M324K_L372A) e 1D2 (1222V_L286W_L372A), exibiram um
aumento de 10 vezes na atividade e até 40 vezes na estabilidade operacional
em comparagdo com a enzima wild-type. A estabilidade cinética pode
resultar da estabilizacdo do cofator de ferro, possivelmente por um efeito
conformacional entre as mutacgdes distais e o sitio ativo, semelhante ao
observado com a S283F. As mutacdes nestas duas variantes estdo, de facto,
posicionadas numa segunda camada, interagindo indiretamente com as
histidinas de ligacdo ao ferro. O potencial destes dois catalisadores foi testado
em bioconversdes com enzimas imobilizadas. A imobilizacdo enzimética é

crucial para aplicagOes industriais, oferecendo vantagens como maior
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estabilidade e reciclabilidade das enzimas. Estas variantes apresentam uma
eficiéncia de imobilizacdo de 90 a 100% em resinas de afinidade a metais,
em comparagdo com aproximadamente 60% da enzima wild-type. Nos testes
de bioconversdo, onde 50 mM de isoeugenol foram adicionados em etapas
ao longo de ciclos de 24 horas, a variante 1D2 produziu aproximadamente
144 mM de vanilina apds seis ciclos de reacdo, correspondendo a cerca de 22
mg, indicando um rendimento molar de conversdo de 35%. Este resultado foi
cerca de 2.5 vezes superior ao obtido com a enzima wild-type. Os nossos
resultados destacam a eficacia da engenharia de proteinas distais na melhoria
de funcdes enzimaticas, como a atividade, a estabilidade e a seletividade de

ligacdo a metais.

As estratégias de imobilizagdo de Ultima geracdo muitas vezes resultam em
orientacBes enzimaticas subdtimas, reduzindo a atividade e a estabilidade.
No capitulo 5, utilizamos uma nova ferramenta computacional para prever 0s
locais 6timos de marcacdo para imobilizacdo, considerando a estrutura
secundaria da enzima, acessibilidade ao solvente, proximidade ao sitio ativo
e conservacao dos residuos. Esta ferramenta foi validada utilizando uma L-
tirosina hidroxilase dependente de heme de Streptomyces sclerotialus,
escolhida pelo seu potencial na producao de L-DOPA. Foram desenhadas e
testadas duas estratégias de imobilizacdo: (1) marcas de lisina para
imobilizagdo covalente e (2) marcas de histidina para imobilizacdo por
afinidade. Foram construidas, produzidas e avaliadas um total de 20 variantes
em ensaios de atividade apds a imobilizacdo. As previsdes computacionais
mostraram-se altamente eficazes para as enzimas com marcacao de histidina:
0s nossos dados sugerem que quatro residuos de histidina sdo suficientes para
garantir uma ligacdo especifica, e que a localizagdo na alca é essencial.

Importa referir que a atividade das variantes marcadas com histidina ap6s
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imobilizacdo foi até 5 vezes superior a da enzima wild-type com 6 histidinas
no N-terminal, que serviu como referéncia, destacando a eficacia e o

potencial da nossa estratégia para melhorar a imobilizacdo enzimatica.

Em concluséo, esta tese abriu 0 caminho para a conversdo enzimatica de 4PG
derivado de RCF em vanilina. Ampliamos o conhecimento sobre as relacdes
estrutura-funcdo da enzima NOV1 dioxigenase, identificando determinantes
de atividade, especificidade de substrato e estabilidade cinética.
Desenvolvemos e optimizamos dois processos de bioconversdo, utilizando
células inteiras e enzimas imobilizadas, que atingiram elevados rendimentos
de vanilina. Adicionalmente, destacdmos o potencial de ferramentas
computacionais para melhorar caracteristicas enzimaticas, como a sua
atividade, estabilidade e eficiéncia de imobilizacdo. Investigacbes futuras
poderdo elucidar mais sobre a funcdo biol6gica da NOV1, expandir a sua
gama de substratos e fornecer um conhecimento mais profundo sobre os
mecanismos cataliticos nesta classe de enzimas, ampliando o seu potencial

industrial.

Xviii



XiX



List of Publications

Mario De Simone, Laura Alvigini, Lur Alonso-Cotchico, Vania Brissos,
Jonatan Caroli, Maria Fatima Lucas, Emanuele Monza, Eduardo Pinho Melo,
Andrea Mattevi, and Ligia O. Martins (2022). Rationally Guided
Improvement of NOV1 Dioxygenase for the Conversion of Lignin-Derived
Isoeugenol to Vanillin. ACS Biochemistry.
https://doi.org/10.1021/acs.biochem.2c00168

Ivana Mari¢, Yiming Guo, Maximilian J.L.J. Fiirst, Korneel Van Aelst,
Sander Van den Bosch, Mario De Simone, Ligia O. Martins, Bert F. Sels,
Marco W. Fraaije. A One-Pot, Whole-Cell Biocatalysis Approach for Vanillin
Production using Lignin Oil". Advanced Synthesis and Catalysis 365 22
(2023): 3987-3995. https://doi.org/10.1002/adsc.202300868

Mario De Simone, Lur Alonso-Cotchico, Maria Fatima Lucas, Vania
Brissos, Ligia O. Martins. Distal mutations enhance efficiency of free and
immobilized NOV1 dioxygenase for vanillin synthesis. Journal of
Biotechnology 391, (2024), 92-98.
https://doi.org/10.1016/j.jbiotec.2024.06.012

XX


https://doi.org/10.1021/acs.biochem.2c00168
https://doi.org/10.1002/adsc.202300868
https://doi.org/10.1016/j.jbiotec.2024.06.012

XXi



Table of Contents

ACKNOWIEAGEMENTS ..o ii
ADDIEVIAIONS ... iv
ADSIFACT ..o viii
RESUIMO .o Xiv
List Of PUDIICAtIONS .....evviiiiiii e XX
Table of CONtENTS. ..o XXii
ChapLer L. 1
R T o Yo [ o] A To o PR PTTPT 3
1.2. Lignin Extraction and Depolymerization — General Considerations... 6
1.2.1. ChemocatalytiC PrOCESSES......uvviiiiiiiiieeeeee e 9
1.2.2. Enzymatic Depolymerization ............cocuveeeiieiiniiiiiiee e .10

1.3. Downstream Processing Methods ..., 14
1.3.1. Chemocatalytic FUNNEING...........coeiiiiiiiiiiiiee e 16
1.3.2. Biological FUNNEIING ........ccoiiiiiiiiiiiieciiieece e 17

1.4. Overcoming the Enzyme Limitations for Industrial Application .......... 23
1.4.1. Protein ENGINEEIING.......uviiiii ittt 23
1.4.2. Whole-cell Reactions and Enzyme Immobilization................ccccceeeee. 26

1.5. Concluding Remarks and Thesis Outling ......cccccccvviiiiis 28
1.6. REFERENCES ...t 32
(@4 =10} (=T PSSP 43
2.0 ABSTRACT ettt ettt ettt ettt ettt ettt ettt e et ettt ee et enas 45
2.2. INTRODUCTION. ...ttt e e e e s 47
2.3. MATERIALS AND METHODS ..o 50
2.3.1. Production of PpIEM, PnIEM and NOV1.......ccccccccvvviieeeeniiiiicicies 50
2.3.2. PnlEM Purification from the Soluble Fraction ............cccccoociiieiinnnnn. 51
2.3.3. PnlEM Purification from Inclusion Bodies ...........cccccoviveiiiieeinineennne. 51
2.3.4. In silico stability design..........ccccviiiiiiiie i 52
2.3.5. Biochemical Characterization............cccccoovuviiiee i 52
2.3.6. Thermostability ANalySis .........ccoooiiiiiiiiiiier e 53

XXii



2.3.7. NMR analysis of coniferyl alcohol conversion............cccccoocvveveeinnnnne. 53

2.3.8. Whole-Cell REACLION ..........vviiieeiiiiiieee e 54
2.3.9. Other MEthOAS .....cciveiiieeee e e e 54
2.4, RESULTS AND DISCUSSION .....cooiiiiiiiieiiiiee it 55
2.4.1. Production of PPIEM and PNIEM .............eeeiiiiiiiiiiiiiiiii s 55
2.4.2. Biochemical Characterization of PNIEM..........cccccviiiiieeieiiies 58
2.4.3. Computational Engineering to Improve Solubility and Stability .......... 60
2.4.4. Production of NOV1 from N. aromatiCivorans ...........c.ccceervveeinnneennne 63
2.4.5. Substrate Scope of NOV1 from N. aromatocivorans ......................... 66
2.4.6. Isoeugenol to Vanillin Conversion by Whole-Cells ........................... 69
2.5. CONCLUDING REMARKS ...ttt 69
2.6. REFERENCES. ...ttt 70
AP B e 75
TNt O = 33 I X 3 U 77
3.2. INTRODUCTION . .....tttiiitite e atite ettt ettt ettt e st e snbe e e e aaneeas 79
3.3. MATERIALS AND METHODS ......ooiiiiiiiiiiiie ettt 84
3.3.1. NOV1 Mutants Design with Rosetta Coupled Moves ..............cccoueee. 84
3.3.2. NOV1 Mutants Construction using Site-directed Mutagenesis............ 84
3.3.3. Activity Screenings in 96-well plates .......cccccvvvveviiiieeeeii s 85
3.3.4. NOV1 Production and PUrifiCation ..........cccccccciiiiiieeeeieeeneiieiiieenns 86
3.3.5. Apparent Steady-state Kinetic ANalySiS ........ccccccoiiiieiiiiiniiiniis 87
3.3.6. Thermodynamic Stability............ccccccciiiiiiiiiieee s 88
3.3.7. Kinetic Stability..........ccooiiiiiii 88
3.3.8. Protein crystallization, Data collection, and X-ray Structure
Determination and RefiN€MENt ..........coccivviiiiieiiiee e 89
3.3.9. Molecular Dynamics SIMulationS  ..........ccccevieeiiiiiiiieeeeeee e 89
3.3.10 Inter-residue INteractionS ...........ccccceeeeiiriiiiieeeiie e 90
3.3.11. Ensemble Protein-Ligand DOCKING .........cevevieiiiiiiiieeeeieiiiiiiie i, 90
3.3.12. Bioconversions of Isoeugenol to Vanillin ...........cccccceviiniiiiiiennnnine, 91
3.3.13. Bioconversion of 4PG to Vanillin by Coupled Reactions.................. 92
3.3.14. HPLC @NAIYSIS ....evveiiieeiiiiiiiee ettt e 92
3.3.15. Isolation of Vanillin and NMR ANalysSis..........ccccovciieieeiiniiiiieee e 93
3.4 RESULTS AND DISCUSSION .....ooiiiiiiieiiiiie e 94

xXiii



3.4.1. Active Site Design: Construction and Characterization of Variants .... 94

3.4.2. Biochemical and Kinetic Characterization ..............ccccceeviniiiereeeennnnne 97
3.4.3. NOVL1 stability and Iron Incorporation ...........cccccovvuvieeeeininiieeee e 99
3.4.4. Structural Characterization of the S283F variant ...........cccccceeeiinne 102
3.4.5. Molecular Dynamics Simulations and Substrate Docking................ 102
3.4.6. Enzymatic Vanillin Bio-production .............ccuveeeeiiniiiiieeee e 105
3.4.7. Activity of Individual Whole-Cells toward 4PG and Isoeugenol ........ 108
3.4.8. Optimizing the Productivity ...........coooiiiiiiiiiiiiiiiieieeeeeeeeee e 110
3.4.9. Cascade Conversions: Simultaneous vs. Stepwise Addition of Whole-
Cell CAtAIYSES ...eveieieeiiiiiiee e 111
3.4.10. One-Pot Conversion of Lignin Oil.........cccccuuiiiiiiiiiiiiiiiiiieeeeeeee, 114
3.5. CONCLUDING REMARKS ...t 117
3.6. REFERENCES. ...ttt ettt 118
ChApPLer 4. 123
4.1 ABSTRACT e ettt a e e e e et 125
4.2. INTRODUCTION ..ottt ettt snaee e 127
4.3. MATERIALS AND METHODS. ..ottt 129
4.3.1. Bacterial strains, plasmids, and culture media ........cccccccceeeieeennnnnn. 129
4.3.2. Identification of NOV1 Distal Hotspot Residues .........ccccccccceeinnnnnnn. 129
4.3.3. Construction of nov1 Variants using Site-directed Mutagenesis ...... 130
4.3.4. Recombination by DNA Shuffling .........ccccciiiiiiiiii, 130
4.3.5. High-throughput Activity Screening in 96-well plates ...................... 131
4.3.6. Enzyme Production and Purification ...........ccccccceeviiiiiiiinnniiieenen, 132
4.3.7. Apparent Steady-state Kinetic ANalySiS .........cccceeeeeiieiiiiiiiiineennnnnnn, 132
4.3.8. Thermodynamic and Kinetic Stability ..........cccccovcvveeviiiiiniein, 133
4.3.9. Immobilization on Metal-loaded Resin by Affinity Interaction ........... 133

4.3.10. Bioconversions of Isoeugenol to Vanillin by Immobilized Enzymes 134

4.4, RESULTS AND DISCUSSION ......cvviiiiiiieiiiie e 135
4.4.1. Identification of NOV1 Distal HOtSPOLS ........cccuvvveveiiiiiiiiiiieiiiiiieeeen, 135
4.4.2. Construction, Screening, and Characterization of Variants .............. 135
4.4.3. Mapping Mutations in the NOV1 X-ray Structure ...........cccccoeuvvveennn. 138
4.4.4. Recombination of Mutations by DNA Shuffling ...........ccccccvniiiinnnen. 139
4.4.5. Affinity Immobilization of Wild-type and Variants ...........cccccceoeenn. 142

XXiv



4.4.6. Bioconversion of Isoeugenol into Vanillin using Immobilized Enzymes

.................................................................................................................... 144
4.5. CONCLUDING REMARKS. ......oiiiiiiiieitiiie ettt 147
4.6. REFERENCES. ..ottt e e e e e e e e e eanannns 147

(O g F= T 0} (=T PRI 151
5.1 ABSTRACT ittt 153
5.2. INTRODUCTION ... uttieiitiee ettt siie ettt et et e snbae e e e nnaee e nnneeeans 155
5.3. MATERIALS AND METHODS........ooiiiiiieiiiiiee e 158

5.3.1. Design of Variants ... 158

5.3.2. Construction of Variants ... 158

5.3.3. Production and PUrifiCatION ............ccceriiireiiiiee e 159

5.3.4. Biochemical Characterization ...........cccccccvriuiiiiiiiiiieiiieeieeeeeeeee e 160

5.3.5. Immobilization on Metal-loaded Resin by Affinity Interaction ........... 160
5.4 RESULTS AND DISCUSSION ....ccoviiiiiiieiiriiee e 162

5.4.1. Design and Construction of the Mutants ...........ccccccccveiiiiiieieeeeeeennn, 162

5.4.2. Biochemical Characterization ............cccccoviviiiieeiiiiiiieeee e 164

5.4.3. Immobilization on Epoxy Resin by LYS-tag ..........occvveeeeiiiiiiineneennnnns 166

5.3.4. Immobilization by His-tag on Metal-loaded Resin by Affinity Interaction

.................................................................................................................... 168

5.5. CONCLUDING REMARKS ...ttt 170
5.6. REFERENCES.........ooiiiiiiiiiiit ettt sttt e e nnreeeens 171
CRAPLEE B .. 173
6.1. Conclusions and Future Perspectives ........occveeeeeiiiiiiieeie i 175
6 2. REFERENCES. ...ttt ettt 178
ANNEXES .o S1
ANNIEX | et e e e e e e e e e e aee S3
ANNEX Lo S13
ANNEX T oot S17

XXV






Chapter 1

Vanillin from Lignin: an Overview of the

Current Chemo- and Biocatalytic Processes



Chapter 1



Vanillin from Lignin: Chemo- and Biocatalytic Processes

1.1. INTRODUCTION

One of the 21%-century scientific research challenges is developing new
sustainable bioprocesses that utilize renewable products, materials, fuels, and
energy sources. These new bioprocesses are essential to address fossil
feedstocks' depletion and global environmental concerns. Over the past
decades, numerous strategies have been developed to valorize biomass into
high-value products. Among these, plant-based biomass derived from
lignocellulose is one of the most abundant and exploited (Linger et al. 2014).
Lignocellulose is one of the few renewable resources that is CO2-neutral,
widely available and does not compete with food production. Lignocellulose
is the main component of all plant materials and is mainly constituted by
three biopolymers: lignin (15-30%), cellulose (40-60%), and hemicellulose
(10-40%), each of them showing a peculiar structure (Cano-Diaz et al. 2021;
Mori et al. 2015) (Fig.1.1). A classic example of a lignocellulosic biorefinery
is a pulp or paper mill, which produces high-quality pulps for the paper and
cardboard industry (Mongkhonsiri et al. 2020). Another well-known
example is the fermentative production of bioethanol from lignocellulosic
carbohydrates (Limayem and Ricke 2012; Hahn-Hagerdal et al. 2006). In
these examples, the primary products are derived from the carbohydrate
fraction, while the lignin portion is often considered a low-value by-product
or a cheap energy source. Therefore, the wood industry generates more than
100 million tons of lignin residue annually, but it has no edible utility and
remains underutilized (Bajwa et al. 2019). Despite that, to achieve economic
viability and environmental sustainability of a biorefinery and overcome the
initial energy cost associated with processing and pretreatment, the
valorization of lignin should be fully integrated (Beckham et al. 2016;
Borchert, Henson, and Beckham 2022; Linger et al. 2014; Ragauskas et al.
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2014). In this regard, the catalytic conversion of lignin is highly
challenging, mainly due to the robustness and complexity of its structure
(Beckham et al. 2016; Zakzeski et al. 2010). As the largest renewable source
of aromatic building blocks in nature, lignin has significant potential as a
starting material for the production of many bulk or functionalized aromatic
compounds, offering a suitable alternative to petroleum-derived chemicals
(Borchert, Henson, and Beckham 2022; Sun et al. 2018). To now, lignin has
been successfully transformed into value-added products such as
polyhydroxyalkanoates (bioplastic) (Tomizawa et al. 2014; Xu et al. 2019),
lipids (often used as biofuel) (Chatterjee et al. 2020), animal feed additive
(Doherty, Mousavioun, and Fellows 2011), pesticides (Turan et al. 2019),
biofertilizers (Klammsteiner et al. 2020), muconic acid (Becker et al. 2018)
and vanillin (Harshvardhan et al. 2017).

The case of vanillin is an excellent example of the potential of lignin
valorization. Vanillin, widely used as a flavor and fragrance compound
(Banerjee and Chattopadhyay 2019), showed antimicrobial and antioxidant
properties (Tomadoni et al. 2016) and can also serve as an aromatic building
block to produce epoxy resins, polyesters, food preservatives, and
pharmaceutical drugs (Fache, Boutevin, and Caillol 2016; Walton, Mayer,
and Narbad 2003). Natural vanillin is traditionally extracted from Vanilla
pods of the Vanilla genus, primarily of the species Vanilla planifolia. These
plants are native to tropical regions and require specific conditions such as
warm temperatures, high humidity, and partial shade for optimal growth.
Approximately 1000 kg of vanilla pods are needed to recover approximately
2 kg of vanillin, and its cost is highly dependent on the availability of the
pods.
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Additionally, vanilla cultivation is exceptionally labor-intensive,
discouraging farmers from large-scale cultivation. Consequently, the
production of natural vanilla extract represents less than 1% of the total
vanillin production, amounting to around 50 tons per year worldwide. Most
commercial vanillin is chemically synthesized from crude oil through the
guaiacol route (80%) or derived from lignin (20%) (Fache, Boutevin, and
Caillol 2016). Consumer demand for inexpensive and natural vanillin has led
to investigating the biotechnological routes to satisfy the need for more
ecological biosynthetic procedures to make natural flavors. Lignin-derived
vanillin is advantageous over vanillin made from crude oil, considering its
bio-based nature and presenting approximately 90% lower carbon footprint
(Fache, Boutevin, and Caillol 2016). Despite this advantage, these methods
still need to improve yield, selectivity, and process efficiency, which slow

their implementation in the current biorefinery industry.

This chapter aims to summarize and provide perspectives on the processes
involved in converting lignin to vanillin, from the separation (fractionation)
from lignocellulose biomass to the final upgrading, emphasizing the research
and implementation of enzymatic reactions in biorefinery. Strategies such as
protein engineering, whole-cell bioconversions, and enzyme immobilization,

which are employed to overcome enzymatic limitations, will be discussed.
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Figure 1.1. Lignocellulose biomass composition. Adapted from (Sankaran et al. 2021).

1.2. Lignin Extraction and Depolymerization — General
Considerations

The main impediment to using lignin as a rich natural feedstock for aromatic
compounds is its heterogeneous and complex structure, complicating its
efficient conversion to high-value chemical products. Lignin's biological
function is to provide rigidity to the plant cell wall and resistance to microbial
attack, thus contributing to biomass recalcitrance (DeMartini et al. 2013; Ono
and Erhard 2011; Wyman et al. 2013). Lignin is defined as an irregular
polymer of phenylpropane units linked by C-O-C and C-C bonds with a
variable degree of methoxylation (Vanholme et al., 2012). It is constituted of
three main building blocks (monolignols), coumaryl alcohol (H), coniferyl
alcohol (G) and sinapyl alcohol (S) units, with their ratios varying by species
(Fig. 1.2).
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Figure 1.2. Chemical structure of the three main precursors of lignin.

For example, softwood lignin mainly comprises G units, while hardwood
lignin generally contains both G and S units, with a prevalence of S units
(80%) (Li and Wilkins 2021). Lignin-derived monomers most often resemble
their parent monolignol structure. Softwood lignin is typically considered the
ideal source for vanillin production, as its depolymerization under mild
conditions produces a relatively narrow range of methoxy-phenolic
monomers, including vanillin and others such as eugenol, isoeugenol,
coniferyl alcohol, and ferulic acid, which can be then converted to vanillin
more easily (Rodrigues Pinto, Borges da Silva, and Rodrigues 2012; Wu, De
Bruyn, and Barta 2023).

The conversion of lignin into value-added chemicals consists mainly of three
key biorefinery procedures: lignocellulose  fractionation, lignin
depolymerization, and subsequent upgrading to desired chemicals (Fig. 1.3).
One primary challenge in this process is developing industrially feasible
lignin isolation methods that minimize structural degradation while

maximizing lignin yield and purity (Renders et al. 2017).
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Figure 1.3. Schematic view of lignin valorization steps from the initial lignocellulose
biomass to the final upgrade. Adapted from (Koranyi et al. 2020).

The first step of lignin valorization is its extraction and separation from the
other two components, cellulose and hemicellulose, of lignocellulosic
biomass. Every fractionation method induces structural alterations to some
extent, which can adversely affect the subsequent conversion of lignin into
chemicals. Preserving the original lignin structure, particularly the reactive
B-O-4 bonds, is crucial to enhance its potential for valorization routes
(Schutyser et al. 2018). Generally, milder processing conditions are preferred
to limit ether bond cleavage and effectively preserve the B-O-4 linkages
(Schutyser et al. 2018). For example, ammonia-based strategies tend to be
milder compared to NaOH-based methods. Analogously, for efficient
depolymerization of lignin, the second stage of the lignin-to-chemicals
valorization chain, it is crucial to avoid the formation of stable C—C bonds.
Since most depolymerization methods cannot cleave C—C bonds in lignin,
increasing C-C bond content at the expense of cleavable ether bonds reduces

the potential for depolymerization (Schutyser et al. 2018).



Vanillin from Lignin: Chemo- and Biocatalytic Processes

One strategy to mitigate repolymerization and formation of C-C bonds
involves performing lignin depolymerization directly on native lignin,
simultaneously executing biomass fractionation and depolymerization. A
notable process that accomplishes this integration is reductive catalytic
fractionation (RCF). In RCF, native lignin is extracted from lignocellulosic
biomass using solvents, such as methanol, and simultaneously
depolymerized in the presence of a heterogeneous redox catalyst and a
hydrogen source, largely avoiding repolymerization (Galkin and Samec
2016; Parsell et al. 2015; Renders et al. 2017; Van den Bosch et al. 2015).
RCF vyields a depolymerized lignin oil rich in phenolic monomers, dimers,
and oligomers, making it a more suitable feedstock for enzymatic conversion
into high-value products. Additionally, RCF offers tunability towards the
selective formation of specific lignin monomers (Van den Bosch et al. 2015).
The final product yield also depends strongly on the lignocellulose source.
Generally, monomer yields increase in the order of softwoods, herbaceous
crops, and hardwoods, correlating with their respective p-O-4 content
(Laskar et al. 2013; Mottiar et al. 2016; Van den Bosch et al. 2015).

1.2.1. Chemocatalytic Processes

Thermochemical lignin conversion into simpler forms occurs in the presence
of high temperatures, organic solvents, additives, and catalysts via
hydrolysis, oxidation, pyrolysis, or gasification (Chauhan et al. 2022).
Industrially, the aerobic oxidative depolymerization of lignin in alkaline
environments is the most advanced and widely used technology for
producing aromatic compounds, including vanillin (Upton and Kasko 2016).
This process is based on simultaneous oxidation, using in particular
molecular oxygen (O2) and hydrogen peroxide (H.02), and alkaline

hydrolysis at high temperatures in the presence of a transition-metal catalyst

9
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(Fig. 1.4), promoting the dissolution of lignin and generating aldehyde
groups. Vanillin and other monomers are finally obtained through alkaline
hydrolysis with ether bond cleavage (Gillet et al. 2017; Pacek et al. 2013).
The total monomer yield depends on the lignin source and method: alkaline
oxidation of kraft lignin generally yields lower than 10 wt% vanillin;
oxidation of coniferous lignin in alkaline media can produce up to 28 wt%
vanillin, while hardwood lignin can yield up to 51% of vanillin and
syringaldehyde mixtures (Luo et al. 2021; Tarabanko et al. 2017; Xu et al.
2023). Although this process described above produces relatively good
vanillin yields, high temperatures (120-200 °C), long reaction times, and
costly infrastructure remain critical for sustainable production (Pandey and
Kim 2011; Xu et al. 2023).

GJ“I | HO._
Disproportionation . [
______________ . ““'1"“"“\[10'_“ g OCH
~ O
O, gnin ~"Lignin
OH
o) H
HO o Lignin OH
Ether bond
QH70, cleavage
E—— OCH3
OCHs 3 OCH,
X ~Lignin OH
Lignin
vanillin precursor vanillin

Figure 1.4. Schematic view of vanillin production through alkaline oxidative degradation of
lignin (D'Arrigo et al. 2024).

1.2.2. Enzymatic Depolymerization

Unlike thermochemical processes, bioprocessing offers distinct advantages
characterized by high specificity, low energy requirements, and cost-
effectiveness (Chen and Wan 2017). The degradation of lignin by

10



Vanillin from Lignin: Chemo- and Biocatalytic Processes

microorganisms and enzymes is a promising area of research for sustainable
bioproduction processes. Many fungi and bacteria have developed
specialized enzymes and metabolic pathways to break down lignin into
valuable compounds like vanillin and other aromatic chemicals. The main
classes of ligninolytic enzymes that are grouped under the name of lignin
modifying enzymes (LMEs) can be divided into peroxidases, laccases, and
B-etherases (Bugg 2024; Rosini et al. 2023) (Table 1.1).

Peroxidases are heme-containing enzymes that depolymerize lignin (Datta et
al. 2017; Laskar et al. 2013; Mottiar et al. 2016). They act on a wide range
of lignin-based phenolic and non-phenolic compounds (Houtman et al. 2018;
Qin et al. 2017; Singh et al. 2021) with H.O> consumption. This group
includes lignin peroxidase (LiP), manganese peroxidase (MnP), versatile
peroxidase (VP), and dye-decolorizing peroxidase (DyP). LiPs have been
extensively documented to cleave the Ca-Cf and C-O-C linkages in lignin
and oxidize benzyl alcohols to aldehydes (Qin et al. 2017). In the case of
MnP, the reaction involves the oxidation of Mn?* to Mn3®*, which oxidizes
many phenolic substrates. MnP can cleave B-O-4 linkages in phenolic
structures but also Ca-CpB and B-aryl ether bonds in non-phenolic (Datta et
al. 2017). A versatile peroxidase (VP) exhibits both LiP and MnP activity
and, indeed, presents a hybrid molecular architecture that combines many
oxidation-active regions, allowing high redox catalytic capacity for a wide
range of substrates (Gonzalez-Perez and Alcalde 2018; Gonzalez-Perez et al.
2016; Liu et al. 2019). DyP is a family of heme-containing peroxidases that
has received significant attention due to its ability to dye decolorization,
degradation of lignin, and other compounds (Silva, Rodrigues, et al. 2023;
Sugano and Yoshida 2021). Notably, DyP enzymes can cleave C-C bonds
without requiring any oxidative mediator (Linde et al. 2021; Xu et al. 2021).

11
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DyPs can oxidize kraft lignin, syringyl- and guaiacyl-type phenolics (Linde
et al. 2015; Silva, Sousa, et al. 2023). However, comparative studies have
shown that only fungal DyPs can oxidize nonphenolic model dimers, which
are representative of the most recalcitrant moiety of the lignin
macromolecule (Liers et al. 2013; Linde et al. 2021; Linde et al. 2015).
Although bacterial DyPs were initially thought to degrade lignin, they are
ineffective at oxidizing and breaking down non-phenolic lignin model
compounds (Loncar, Colpa, and Fraaije 2016). Therefore, their role in lignin
degradation is controversial, suggesting that their eco-physiological role
contributes to the catabolism of lignin products resulting from fungal attacks
on native lignin (Linde et al. 2021). The mechanism of action of peroxidases
is well understood; however, the formation of phenoxy radicals usually leads
to (re)polymerization (Zeng et al. 2017). Depolymerization must occur
instead to obtain low molecular weight polymers or specific monomers. The
current challenge is determining the factors controlling depolymerization and
repolymerization for each specific enzyme to drive the reaction toward the
desired product (Cajnko et al. 2021).

Laccases (LACs) are multicopper-containing oxidoreductases (MCOs) that
oxidize diverse phenolic, non-phenolic, and lignin model compounds
utilizing O2 as an electron acceptor, resulting in water generated as a by-
product through a chemical reaction (Jones and Solomon 2015; Mehra et al.
2018; Pogni et al. 2015). In the reaction catalyzed by LACs, electrons are
typically transferred from the substrate to the ti;-Cu site and then to the
trinuclear center through a His-Cys-His pathway (Jones and Solomon 2015).
The oxidation of phenolic substrates by LACs forms phenoxyl free radical
that promotes Ca oxidation, alkyl-aryl cleavage, and Ca-Cp cleavage, which
are typical lignin bonds (Hautphenne, Penninckx, and Debaste 2016). As in

12
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the case of peroxidases, laccase activity also tends to result in
repolymerization of the aromatic oligomers or monomers due to phenoxy

radical coupling (Arzola et al. 2006; Hilgers et al. 2018).

[B-etherases belong to the superfamily of glutathione-S-transferases (GSTSs),
which are involved in a wide range of processes, including protection against
oxidative stress and biodegradation of lignin (Mazari et al. 2023; Picart, de
Maria, and Schallmey 2015). B-etherases attack lignin on C=0 groups by the
addition of glutathione (GSH), producing a GSH-conjugate and releasing a
monomer; a glutathione lyase uses a second GSH molecule to release GSH
from the GSH-conjugates producing a second free monomer and a GSH
dimer GSSG (Picart, de Maria, and Schallmey 2015; Picart et al. 2017).

In addition to the classes of enzymes mentioned above, an array of auxiliary
enzymes (aryl alcohol oxidases, pyranose oxidase, galactose oxidase, vanillyl
alcohol oxidase) work in synergy with LMEs, facilitating lignin
deconstruction. These enzymes produce compounds that serve as substrates
(e.g., H202 needed by peroxidases) and metabolites that stabilize and chelate

enzyme-generated radicals (Bugg 2024).

In conclusion, significant research efforts are still required to understand the
viability of this concept for biorefinery applications. Realistic biological
processes generally require high titers, rates, and yields of products. Not all
compounds may be fully processed through the funnel, potentially leading to
lower conversion rates. It is important to recognize that chemocatalytic and
biocatalytic strategies have inherent limitations, and one approach does not

necessarily exclude the other.

13
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Table 1.1. Major lignin modifying enzymes with their corresponding cofactor, co-substrate,
and reaction.

Enzyme Cofactor Co-substrate Reaction Reference
LiP Heme H202 Ca-CpB, Co. ox, p-O-4 aryl Qinetal., 2017
MnP Heme H202, Mn2* Co-CB Datta et al., 2017
VP Heme H20:2 Ca-CB, Ca ox Liu et al., 2019
DyP Heme H20: Ca-Cp, aryl-Ca Xu etal., 2021
Laccase | Trinuclear-Cu? 02 Ca-CB, Ca ox, aryl-Ca. | Hautphenne et al., 2016
B-etherase - GSH B-O-4 aryl Picart et al., 2015

1.3. Downstream Processing Methods

Some monomeric compounds obtained from the various depolymerization
approaches can be directly applied in end-use applications, such as vanillin,
commonly used as a vanilla fragrance and flavoring agent. However, the
depolymerization of lignin often yields complex mixtures of mono-phenolic
aldehydes, ketones, and acids (Hu et al. 2021; Mei et al. 2020; Walch et al.
2021). Oxidative depolymerization methods typically produce 5-30 wt% of
lignin-derived monomers, primarily comprising vanillin, syringaldehyde,
benzaldehyde, and their corresponding acids, depending on the feedstock and
method used (Wu, De Bruyn, and Barta 2023). Similarly, reductive
approaches like RCF result in a monomer fraction predominantly constituted
by 4-propanol guaiacol and 4-propyl guaiacol (Wu, De Bruyn, and Barta
2023). Other compounds usually present in these mixtures are eugenol,
isoeugenol, coniferyl and coumaryl alcohols, lactones, and aliphatic
compounds (Rodrigues Pinto, Borges da Silva, and Rodrigues 2012). After
depolymerization, the resulting crude mixture must first be treated by

physicochemical methods like acidification and ultrafiltration to remove

14
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residual lignin and extract the phenolic fraction. One approach to enhance
selectivity towards aldehydes, particularly useful when producing vanillin, is
the bisulfitation of the crude lignin depolymerization mixture (Abdelaziz et
al. 2019; Rodrigues Pinto, Borges da Silva, and Rodrigues 2012; Tarabanko
et al. 2013) (Fig. 1.5). In this process, the hydrosulfite anion selectively
reacts with the aldehyde moiety, while all the high molecular weight products
precipitate due to an increase in pH. After removing this sediment, the
aldehydes are recovered by further acidification. This method often results in
the extraction of a mixture of wvanillin, syringaldehyde, and p-
hydroxybenzaldehyde, depending on the initial feedstock. These extraction
methods have significant drawbacks, such as using large quantities of organic
solvents like benzene or toluene and extensive acid usage for neutralization
and acidification (Fache, Boutevin, and Caillol 2016). Another approach uses
ultrafiltration to remove high molecular weight lignin fragments, followed
by acidification to extract the phenolic fraction (Zabkova, da Silva, and
Rodrigues 2007). However, even with these methods, the resulting product
stream primarily consists of crude vanillin mixed with other phenolics.
Structurally similar compounds complicate the separation process, leaving
food-grade vanillin with significant impurities. One strategy to address this
challenge is “funneling”, which involves transforming diverse product
mixtures into smaller central intermediates that can be more efficiently
converted into desired final products (Borchert, Henson, and Beckham 2022;
Linger et al. 2014). This strategy can involve both chemocatalytic and

biological transformations.

15



Chapter 1

Crude

Lignin polymer

Aldehydes

depoly_merlzatlon bisulfite Aldehyde
mixture fraction monomers
Alkaline oxidative Bisulfitation OH Extraction R
depolymerization (H,S0;, HSO;) R SONa (benzene, toluene) O/\O
N ——
Cuso, HO Ho R
High pH R
o, I

Residual lignin

Figure 1.5. Scheme of aldehydes production from lignin by alkaline oxidative
depolymerization and bisulfitation (Wu, De Bruyn, and Barta 2023).

1.3.1. Chemocatalytic Funneling

Chemocatalytic funneling transformations can be mainly distinct into
transformations that affect the phenolic core and those that change the side-
chain structure. Transformations that alter the phenolic core include
hydroxygenation and oxidation reactions that decrease product complexity.
In the case of vanillin, the phenolic core must be preserved. Therefore, only
side-chain transformations are performed, such as dehydrogenation,
isomerization, oxidation, and decarboxylation. Many methoxyphenols like
eugenol, isoeugenol, coniferyl alcohol, and ferulic acid can be easily
converted to vanillin. One well-known example is the isomerization of
eugenol to isoeugenol using potassium hydroxide, followed by oxidation to
produce vanillin, a method established in the late 19" century to meet the
growing demand for vanilla aroma (Fache, Boutevin, and Caillol 2016;
Hocking 1997). To vyield vanillin, eugenol can also be oxidized with
nitrobenzene in a basic dimethyl sulfoxide (DMSO) solution. More recently,
an alternative strategy allowed the direct oxidation of ferulic acid to vanillin
using metal oxide catalysts (Sanchez-Gonzalez et al. 2017; Yepez et al.
2015). Alkaline wet oxidation by Cu-Mn mixed oxide catalysts can convert

coniferyl alcohol into vanillin using H20> as an oxidizing agent between

16



Vanillin from Lignin: Chemo- and Biocatalytic Processes

120-180 °C (Jeon et al. 2020). However, like chemical depolymerization,
chemocatalytic funneling has limitations, like low selectivity with side-
product production, use of heavy metals as catalysts, and high temperatures.
Furthermore, in these processes, O partial pressure and reaction time must

be finely tuned to avoid oxidation of vanillin to vanillic acid.

1.3.2. Biological Funneling

One significant advantage of biological funneling over chemocatalytic
processes is the high selectivity and tunability toward specific products
(Chubukov et al. 2016). Critical enzymes in this process include
demethylases, hydroxylases, decarboxylases, and oxygenases (Erickson et
al. 2022; Ji et al. 2024). In plants, vanillin is synthesized from ferulic acid by
the hydratase/lyase-type enzyme VpVAN (Gallage et al. 2014). Despite the
potential of this enzyme, its biotechnological application has not progressed
significantly, primarily due to ongoing disagreements about the catalytic
activity of VpVAN, as attempts to express this enzyme in heterologous
organisms have failed to confirm its activity (Diamond, Barnabé, and
Desgagné-Penix 2023; Yang et al. 2017). One of the first enzymatic
pathways to be proposed for vanillin production is the coenzyme-dependent
non-B-oxidative pathway, consisting of two enzymes, feruloyl-CoA
synthetase (FCS) and enoyl-CoA hydratase/aldolase (ECH) (Fig. 1.6)
(Chattopadhyay, Banerjee, and Sen 2018). However, this pathway has
notable limitations, such as reliance on expensive cofactors (ATP and CoA),
a propensity to produce by-products, and the relatively high cost of ferulic
acid (US $180/kg). An alternative was discovered by identifying Cso2 from
Caulobacter segnis. This enzyme, which belongs to the family of carotenoid
cleavage oxygenases (CCOs), can catalyze the cleavage of the C=C bond of

4-vinylguaiacol in a single, coenzyme-independent step, producing vanillin
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and making this route more advantageous. When combined with a
decarboxylase, Fdc from Bacillus pumilus, a coenzyme-independent two-
step pathway was successfully constructed in E. coli (Furuya, Miura, and
Kino 2014). This two-stage production process, tested using a whole-cell
reaction, resulted in a vanillin yield of 68% starting from ferulic acid in 8 h.
However, more recently, ferulic acid conversion to vanillin was made even
easier by engineering the active site of the CCO Ado from Thermothelomyces
thermophila, unlocking activity directly on ferulic acid and producing
vanillin in just one step without requiring more enzymes (Fujimaki et al.
2024). E. coli cells expressing this variant produced 7 mM, 1.1 g/L vanillin
from 10 mM ferulic acid in 24 h (Table 1.2).

Other vanillin biosynthetic pathways included the oxidative catabolic and the
epoxide-diol pathways that start from eugenol and isoeugenol, respectively.
The oxidative catabolic pathway, which was first found in Pseudomonas sp.
HR199 utilizes eugenol as the substrate, which is catalyzed by eugenol
hydroxylase, coniferyl alcohol dehydrogenase, and coniferyl aldehyde
dehydrogenase to form ferulic acid, which is then converted to vanillin
(Overhage et al. 1999; Overhage, Priefert, and Steinbtichel 1999). Although
eugenol (US $20/kg) is much cheaper than ferulic acid, the drawbacks of this
pathway are the yield, which is approximately 1 g/L and the requirement of
multiple enzymes (Chen et al. 2022). A novel and more straightforward
biosynthetic pathway for converting eugenol into vanillin was proposed by
introducing a cinnamoyl-CoA reductase (CCR), which catalyzes the
conversion of coniferyl aldehyde to feruloyl-CoA, bypassing the need for
coniferyl aldehyde dehydrogenase and feruloyl-CoA synthetase (Zhu et al.
2024). Introducing this pathway in E. coli cells 33 mM eugenol was

converted to vanillin with a yield of 88.2% after 24 h reaction. A path that
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transforms the eugenol isomer, isoeugenol, to vanillin via oxidation of the
side chains of isoeugenol has been revealed in bacteria such as Pseudomonas
(Ryu et al. 2013; Yamada et al. 2007). The key enzyme in this pathway is
isoeugenol monooxygenase (IEM) (belonging to the superfamily of CCOs),
encoded by the gene iem to convert isoeugenol to vanillin. This pathway has
been widely explored for vanillin production due to the high yield and the
cheap cost of isoeugenol (US $23-26/kg). E. coli cells overexpressing IEM
from Pseudomonas putida could convert 81% of 230 mM isoeugenol in
vanillin after 6 h reaction (Yamada et al. 2007). Another dioxygenase able to
oxidatively cleave isoeugenol to vanillin is the non-heme iron-containing
Lipoxygenase (LOX), which is widely available in plants. However, only low
yields were achieved (<40%) using crude enzyme preparations (Liu et al.
2020). Recently, a new class of bacterial heme-containing oxygenases that
cleave C=C was discovered. The t-anethole oxygenase from
Stenotrophomonas maltophilia (TAOSm) was found to accept t-anethole,
isoeugenol, and O-methyl isoeugenol as substrates, converting them into the
corresponding aromatic aldehydes without the need of any cofactor
regeneration (Purwani et al. 2024). The application of this last class of
enzymes in biocatalysis still needs to be explored due to their very recent

discovery.

Another route was recently proposed starting from 4-n-propylguaiacol
(4PG), which is one of the most common products from RCF (Sun et al.
2018; Van den Bosch et al. 2015). The FAD-dependent eugenol oxidase from
Rhodococcus jostii RHA126 was chosen as a promising candidate to catalyze
the first step reaction, which consists of dehydrogenation of 4PG to produce
isoeugenol (Nguyen et al. 2016). Optimization through computational-driven

and structure-based mutagenesis increased thermostability and activity
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toward 4PG obtaining isoeugenol with high chemoselectivity and good yield
at the gram scale (Guo et al. 2022). This route can then be completed using

an isoeugenol oxygenase such as IEM, LOX and TAO.

It should also be noted that vanillin synthesis from coumaryl alcohol
derivatives (H units) is technically feasible. For instance, p-coumaric acid
can be converted to vanillin via ferulic acid by introducing a coumarate 3-
hydroxylase (C3H) and a caffeate-O-methyltransferase (COMT) (Ni et al.
2015). However, this pathway is still in the proof-of-concept stage and faces
limitations such as low yields and the use of expensive cofactors. For this
reason, most current studies focus on funneling H units toward the microbial
central metabolism to produce biofuels and bioplastics instead of vanillin
(Weng, Peng, and Han 2021).

To conclude, while beyond the scope of this review, researchers have
proposed enzymatic pathways for vanillin production as well from renewable
sources not derived from lignin. Some examples include glucose,
poly(ethylene terephthalate) (PET), stilbenoids, and capsaicinoids (Zhang et
al. 2025).
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Figure 1.6. Enzymatic conversion of lignin-derived compounds to vanillin. COMT:
Catechol-O-methyltransferase; 3DSD: 3-dehydroshikimate dehydratase; SAM: S-
adenosylmethionine; SAH: S-adenosylhomocysteine; EhyAB: Eugenol hydroxylase;
CADH: Coniferyl alcohol dehydrogenase; CALDH: Coniferyl aldehyde dehydrogenase;
FCS: Feruloyl-CoA synthetase; ECH: Enoyl-CoA hydratase/aldolase; Pad: Phenolic acid
decarboxylase; Ado: Aromatic dioxygenase; FDC: Ferulic acid decarboxylase; CSO2:
carotenoid cleavage oxygenase; EUGO: eugenol oxidase; IEM: isoeugenol monooxygenase;
LOX: lipoxygenase; TAO: t-anethole oxygenase.
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Table 1.2. Bioconversions of isoeugenol (IEUG) and ferulic acid to vanillin using whole-cell and immobilized enzymes system.

Enzyme Substrate System Result Reference
Ado-m258 (T. thermophila) Ferulic acid Whole-cell 70% yield from 10 mM ferulic acid in 24 h Fujimaki et al. 2024
Fes (Streptomyces sp. V-1)/ECH Ferulic acid Whole-cell 75% yield from 20 mM ferulic acid in 6 h Chen et al. 2022
(Streptomyces sp. V-1)
Fdc (B. pumilus) / Cso2 (C. segnis) Ferulic acid Whole-cell 69% yield from 75 mM ferulic acid in 24 h Furuya et al. 2015
Pad (B. coagulan_s)/Ado (T. Ferulic acid Whole-cell 99% vyield from 30 mM ferulic acid in 2 h Ni et al. 2018
thermophila)
LOX Isoeugenol Crude enzyme 40% yield from 36 mM IEUG in 24 h Liu et al. 2020
IE27 (P. putida) Isoeugenol Whole-cell 71% yield from 230 mM IEUG in 6 h Yamada et al. 2007
IEM (P. nitroreducens) Isoeugenol Whole-cell 82% yield from 300 mM isoeugenol in 8 h Wang et al. 2021
HsCCO (H. seropedicae) Isoeugenol Whole-cell 80% yield from 10 mM isoeugenol in 24 h Han et al. 2019
RbCCO (R. bacterium) Isoeugenol Whole-cell 75% yield from 10 mM isoeugenol in 24 h Han et al. 2019
Cso2 (C. segnis) Isoeugenol  Immobilized enzyme 6.8 mg yield from isoeugenol in 10 reaction cycles  Furuya et al. 2017
Fdc (B. pumilus) / Cso2 (C. segnis) Ferulicacid Immobilized enzyme 2.5 mg yield from ferulic acid in 10 reaction cycles  Furuya et al. 2017
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1.4. Overcoming the Enzyme Limitations for Industrial
Applications

1.4.1. Protein Engineering

Low reaction rates, solubility issues, loss of activity, and specificity often
limit the use of enzymatic reactions in biorefineries. One strategy to
overcome these limitations is to enhance specific properties through protein
engineering. Protein engineering approaches can be broadly categorized into
three main methods: (i) directed evolution, (ii) rational design, and (iii) semi-

rational design (Fig. 1.7).

Directed evolution involves generating diverse enzyme variants through
random mutagenesis and screening to identify the best-performing variants.
This process mimics natural evolution, applying iterative rounds of
mutagenesis and screening to enhance a given property or create new protein
catalysts for non-natural chemical transformations (Zeymer and Hilvert
2018). Notably, it only requires partial knowledge of the enzyme's structure
or specific mutational targets. However, this method can be time-consuming,
and its success largely depends on the effectiveness of a high-throughput
screening method. Directed evolution is mainly applied through error-prone
polymerase chain reaction (epPCR). In this technique, low-fidelity
polymerases, which lack 3'-5' proofreading exonuclease activity, elevate the
error rate of DNA amplification under nonstandard conditions: increased
MgCly, presence of MnCl> and biased dNTP concentrations (Brissos et al.
2024; Buller et al. 2018; Herrmann et al. 2022; Huang et al. 2020; Otten et
al. 2018). In the field of lignin valorization, a remarkably successful case was
the one of McoA from Aquifex aeolicus that, after rounds of directed
evolution and rational design, led to the identification of a hit variant with a
400-fold increased efficiency (kcaKm) than the wild-type for 2,6-
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dimethoxyphenol (DMP) (Brissos et al. 2024). One limitation of directed
evolution is that even the most high-throughput screening can sample only a
fraction of the possible sequences that can be made (YYang, Wu, and Arnold
2019). Recombination methods may allow for bigger jumps in sequence
space, but these methods are restricted to combinations of previously
explored mutations. While directed evolution discards information from
unimproved sequences, machine-learning methods use this information to
expedite evolution and achieve higher fitness levels than those possible
through directed evolution alone by intelligently selecting new variants to
screen (Bedbrook et al. 2017; Bedbrook et al. 2019; Wu et al. 2019).
However, for broader machine learning applications, scientists must take
advantage of unlabeled protein sequences other than those of specific interest

to the protein engineer (Yang, Wu, and Arnold 2019).

Rational and semi-rational design strategies utilize knowledge of enzyme
structure-function relationships to suggest a library of the most promising
target residues for modification to enhance a given property. Algorithms or
models often aid these methods in better predicting the success of designed
sequences (Marques, Planas-Iglesias, and Damborsky 2021). However, such
information is not always readily accessible for a given enzyme and is rarely
proficient in predicting distal mutations that may enhance the desired activity
(Calzini et al. 2021; Yang, Miton, and Tokuriki 2020). Typically, the most
common strategy to improve enzyme activity towards a specific substrate
involves introducing mutations in the active site. Other approaches have
recently proven successful, such as engineering access tunnels, modifying
dynamic properties, editing recognition elements like loops, or targeting
allosteric sites (Marques, Planas-Iglesias, and Damborsky 2021). Several

protein design algorithms have been developed for a variety of applications.
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Some prominent examples include the Rosetta computer package (Alford et
al. 2017), HotSpot Wizard algorithms (Sumbalova et al. 2018), and FuncLib
(Khersonsky et al. 2018). Generally, these tools involve sequential
bioinformatics and structure-based analysis (structure prediction, QM energy
refinement, sequence conservation, and other techniques) to recommend

residues for genetic diversification and experimental screening.

For many biotechnological applications, enzymes must perform for more
extended periods or harsher conditions than native variants typically could.
Enzyme stability can be enhanced through various approaches, including (i)
energy calculations, (ii) phylogenetic analysis, (iii) machine learning, and
(iv) a combination of these methods. Many computational design
methodologies assist this approach, such as FRESCO (Framework for Rapid
Enzyme Stabilization by Computational Libraries) (Wijma et al. 2014),
PROSS (Protein Repair One Stop Shop) (Khersonsky et al. 2018), and
Fireprot (Musil et al. 2024), which can be used to predict enzymes with
increased stability. These tools provide in-depth analysis to predict “small
but smart” mutant libraries with a high likelihood of enhancing desired
enzymatic properties. Another approach, ancestral-sequence reconstruction
(ASR), uses phylogenetic relationships among homologous proteins to
predict likely ancestral sequences that often show improved thermal stability
(Babkova et al. 2017; Gumulya et al. 2018) and extended substrate range
(Clifton et al. 2017).

Regarding enzymatic vanillin production, a notable success was obtained
with a triple mutant of IEM (K83R_K95R _L273F) from P. nitroreducens,
showing increased 5-fold ket and 3-fold half-life at 25 °C (Lu et al. 2021).
Instead, a semi-rational approach based on position and distance from the
active site was used to engineer IEM720 from metagenome (Zhao et al.
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2018). After screening the site-saturation libraries of five positions, the best
hit displayed a 2-fold kcat value compared to the wild-type. A remarkable
example was the engineering of Ado from T. thermophilus: combining a
rational and semi-rational approach, authors could generate a variant capable
of producing vanillin from ferulic acid in a one-step reaction (Fujimaki et al.
2024).

Target protein
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Figure 1.7. Schematic representation of the main protein engineering strategies consisting
of directed evolution, semi-, and ration design.

1.4.2. Whole-cell Reactions and Enzyme Immobilization
Whole-cell biocatalysts or enzyme immobilization are essential strategies to
promote the implementation of enzymes in biorefineries. These approaches

offer significant advantages, including increased enzyme stability and
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recyclability, making industrial processes more efficient and cost-effective.

Some relevant and successful cases are shown in Table 2.

Whole-cell biocatalysis has attracted considerable interest in industrial
applications due to its cost-effectiveness by eliminating the need for cell lysis
and enzyme purification (de Carvalho 2017). Additionally, whole cells can
protect the expressed enzymes from potentially harmful environments,
maintaining their natural enzymatic conditions for efficient conversion. To
apply this strategy, it is crucial that the cell membrane is permeable to the
substrate or that the enzyme is secreted to allow catalysis. Regarding vanillin
production, the recombinant E. coli expressing IEM from P. nitroreducens
Jinl achieved a vanillin production of 115 g/L from isoeugenol
corresponding to 82% yield (Wang et al. 2021). Analogously, E. coli cells
overproducing HsCCO and RbCCO from Herbaspirillum seropedicae and
Rhodobacteraceae bacterium displayed conversion rates of isoeugenol to
vanillin of 80 and 75%, respectively (Han, Long, and Ding 2019). Setting up
a decarboxylase/oxygenase cascade to convert ferulic acid to vanillin, E. coli
cells expressing Cso2 from C. segnis efficiently oxidized 4-vinylguaiacol to
vanillin. The concentration of vanillin reached 52 mM in 24 h, starting from
75 mM ferulic acid (Furuya et al. 2015). The same cascade was also tested,
replacing Fdc and Cso2 with thermostable BcPad from Bacillus coagulans
DSM1 and Ado from Thermothelomyces thermophila, converting 99% of 30
mM ferulic acid in 2 h (Ni et al. 2018).

Similarly, enzyme immobilization enhances enzyme stabilization, simplifies
product separation, and enables enzyme recycling, thereby improving the
efficiency and cost-effectiveness of industrial enzyme applications. Based on
the type of interaction with the carrier, these methods can be divided into
reversible techniques, such as adsorption, ionic interaction, and metal
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binding encapsulation, and irreversible techniques, including cross-linking,
covalent binding, and entrapment (Maghraby et al. 2023). Generally, non-
covalent methods offer rapid immobilization, preserve enzyme activity, and
allow for catalyst recovery. However, the more unstable interactions make
the enzyme more susceptible to leaking. Conversely, covalent binding can
sometimes lead to enzyme inactivation, but it provides a robust and durable
interaction, even in the presence of high concentrations of substrates or robust
buffer solutions. Common drawbacks of enzyme immobilization include the
high cost of carriers, low immobilization efficiency, and loss of enzyme
activity. However, developing new supports using affinity interactions
allows for higher immobilization efficiency, faster immobilization, and the
potential for “one-pot” purification and immobilization. These methods offer
advantages over conventional cross-linking, covalent, and ionic binding
immobilization techniques. While vanillin production using whole cells has
been extensively investigated, there are fewer reports on its production using
immobilized enzymes. Various immobilization methods have been applied
so far. To solve the instability problem of Cso2 and to simplify the process,
Cso2 was immobilized on Sepabeads EC-EA anion exchange carriers,
enabling the production of 6.8 mg vanillin from isoeugenol at a 1 mL scale
over ten cycles of reaction (Furuya, Kuroiwa, and Kino 2017). When Fdc and
Cso02 were immobilized simultaneously, the system could synthesize 2.5 mg

vanillin from ferulic acid after ten reaction cycles.

1.5. Concluding Remarks and Thesis Outline

Bioconversion of lignin into various value-added compounds can
significantly reduce our dependence on petroleum-based fuels and chemicals,
a necessity given the limited availability of fossil resources. The degradation

of lignin by microorganisms and enzymes is a promising area of research for
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sustainable bioproduction processes. So far, many microorganisms have
evolved specialized enzymes and metabolic pathways to break down lignin
into valuable compounds like vanillin and other aromatic chemicals.
However, using microbes and enzymes to convert lignin-derived compounds
to value-added products is still in infancy. Significant research efforts are
needed to understand if this concept will be viable for biorefinery
applications in the long term. For example, one limitation in using LMEs in
the deconstruction of lignin is represented by repolymerization due to
phenoxy radical coupling instead of depolymerization, making their

application still far.

On the other hand, enzymatic funneling is an attractive alternative to
chemocatalytic methods as they offer high specificity and selectivity and do
not require harsh conditions for reaction. However, in this case, some
challenges must be overcome before application. In particular, enzymatic
stability and activity of enzymes in their wild-type form are unsuitable for
prolonged industrial processes. Therefore, protein engineering and strategies
like whole-cell and immobilization are often required to allow their
implementation. As shown in this chapter, the case of lignin-derived vanillin
has been relatively widely explored by researchers in the last two decades
and led to the identification and characterization of new classes of enzymes
with high biotechnological potential. The last bioconversion studies
demonstrated that implementing these enzymes for biorefinery is already at
more than a proof-of-concept phase. However, experiments at a larger scale
to assess the potential for real socioeconomic impact still need to be included

in the literature.

This thesis was developed with the objective of the SMARTBOX European
project (https://www.smartbox-project.eu) (Grant Agreement 837890),
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which aimed to provide bio-based industries access to inexpensive, robust,
and efficient oxidative enzymes that can be readily engineered to meet
industrial requirements. This project utilized advanced computational
engineering platforms as alternatives to traditional directed evolution
methods to accelerate and reduce biocatalyst development costs. ZYMVOL-
Biomodeling SA (Barcelona, Spain) contributed by integrating quantum
mechanics, machine learning, and molecular dynamics experiments into
engineering. Another key feature of the project was the exclusive focus on
products derived from the RCF method. Bert Sels’ group at KU Leuven,
recognized for their extensive work in lignin deconstruction (Renders et al.
2017, Van Aelst et al. 2020; Van den Bosch et al. 2015), was tasked with
providing the lignin oil. Their RCF method involves simultaneous solvolysis
and catalytic hydrogenolysis of softwood using a Ru-on-carbon catalyst in a
methanol solvent, resulting in a lignin oil enriched with phenolic monomers,
primarily 4PG and 4-n-propylsyringol (Van Aelst et al. 2020). Indeed, one
of the main advantages of RCF is its tunability towards the formation of
specific lignin monomers. By carefully choosing the feedstock, such as
softwood, where lignin contains over 95% guaiacyl (G) units, achieving a
high yield of the optimal substrate 4PG for enzymatic conversion into
vanillin is possible. As outlined in section 3.2, the proposed pathway
consisted of two reaction steps: (1) converting 4PG into isoeugenol and (2)
the oxidative cleavage of the C=C bonds to produce vanillin as the final
product. The optimization of the first step, catalyzed by a vanillyl alcohol
oxidase (VAO), was carried out by Prof. Marco Fraaije's group at the
University of Groningen and resulted in the construction of a high specific
and thermostable VAO variant (PROGO) (Guo et al. 2022). The second step,

focused on optimizing the oxidative cleavage of the C=C bond to produce
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vanillin from isoeugenol, was undertaken by Ligia Martins' group at ITQB-

NOVA and developed during my thesis work.

In Chapter 2, we tested the production in E. coli of three different isoeugenol
oxygenases and characterized their kinetic and stability parameters. We
successfully performed an initial test of isoeugenol-to-vanillin bioconversion
using whole-cells overproducing these enzymes. NOV1 from
Novosphingobium aromatocivorans was selected as the most suitable

enzyme for further protein engineering and bioconversion experiments.

Chapter 3 details a rational, computer-guided design of 35 variants targeting
the active site of NOV1 to enhance its activity against the isoeugenol
substrate. The variant S283F was identified and selected for its improved
activity and stability. Biochemical and structural, in collaboration with Prof.
Andrea Mattevi of the University of Pavia and molecular dynamics
experiments in partnership with Zymvol, revealed iron cofactor retention as
the key factor in the enzyme's stability. The S283F variant was also tested in
coupled reaction experiments with the PROGO enzyme to demonstrate the
potential of a new enzymatic route for valorizing the RCF-derived
intermediate 4PG to vanillin. After optimization, a one-pot reaction using
whole-cells was set up, yielding high amounts of vanillin from synthetically

pure 4PG and natural lignin oil containing 4PG.

Chapter 4 uses a computational tool to predict distal mutations that could
improve NOV1 activity on isoeugenol in collaboration with Zymvol. This
work identified six best-performing variants with improved kcat compared to
the wild-type. DNA shuffling technique was used to recombine these
mutations, resulting in the selection of the 12G2 (M324K_L372A) and 1D2
(1222V_L286W_L372A) mutants, which exhibited up to a 7-fold increase in
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kcatand 40-fold more excellent stability compared to the wild-type. Finally, a
fast and user-friendly immobilization by affinity protocol was developed to
perform bioconversions, achieving high vanillin yields and excellent

recyclability using the 1D2 triple mutant.

Chapter 5 will move beyond the scope of lignin-to-vanillin conversion and
isoeugenol oxygenase. Still, it addresses a related topic in terms of techniques
and objectives: the immobilization of variants of a peroxygenase, an L-
tyrosine hydroxylase from Streptomyces sclerotialus, an enzyme of interest
for L-DOPA production and other biotechnological applications to validate
a computational software designed by Zymvol to predict optimal surface

sites.
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2.1. ABSTRACT

This chapter describes the work to identify the most suitable isoeugenol
oxygenase for converting lignin-derived isoeugenol to vanillin. Initially, two
bacterial isoeugenol oxygenases (IEMs) were considered: PpIEM from
Pseudomonas putida and PnlEM from Pseudomonas nitroreducens. The
genes were synthesized and expressed, producing protein in E. coli. Due to
the lack of detectable activity of PpIEM in E. coli cell extracts’ supernatants,
PnlEM was purified and chosen for further biochemical characterization.
This enzyme has a Km of 0.25 + 0.03 mM and a turnover number (Kcat) of 5.1
+ 0.2 st for isoeugenol. However, its tendency to aggregate resulted in very
low production soluble yields. Attempts to improve its solubility were
unsuccessful, and efforts to determine its crystal structure compromised the
success of the following protein engineering experiments. These reasons led
us to search for an alternative enzyme, and NOV1 from Novosphingobium
aromatocivorans was identified as a suitable candidate. NOV1 displayed
high solubility, with ten times higher production levels than the PnIEM.
NOV1 revealed slightly higher catalytic efficiency than PnIEM and a similar
half-life at 25 °C ~2 h, but with a higher melting temperature (Tm) at 58 °C
than PnlEM's Tr, of 43 °C. Based on these results and the availability of a
crystal structure in the database, NOV1 was selected for future protein

engineering experiments.

Keywords: Protein expression, Protein stability, Biocatalysis, Whole-cell

reactions
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2.2. INTRODUCTION

The conversion of 4-n-Propylguaiacol (4PG) obtained from reductive
catalytic fractionation (RCF) of lignin to more valuable compounds is crucial
for the economic sustainability of lignin biorefineries (Sun et al. 2018; Van
den Bosch et al. 2015). In the SMARTBOX project, the proposed pathway
to convert 4PG to vanillin involved first the dehydrogenation of the alkyl
moiety to produce isoeugenol, which can then be converted to vanillin

through oxygenation at the double bond (Scheme 2.1).

O\
VAO Oxygenase
MeO 02 H,0, O, CHCHO MeO
OH OH
4-n-propylguiacol Isoeugenol Vanillin

Scheme 2.1. Oxidation of 4-n-propyl guaiacol (4PG) into vanillin. 4PG is first converted to
isoeugenol by a VAO-type oxidase; an isoeugenol oxygenase cleaves the double bond,
producing vanillin.

The most promising candidates for catalyzing the second step were
isoeugenol oxygenases (1.13.11.88) of the carotenoid cleavage oxygenases
(CCOs) superfamily, as they are reported to cleave C=C bonds in one step
without the use of expensive cofactors (Daruwalla and Kiser 2020). CCOs
constitute a superfamily of mononuclear non-heme iron-dependent enzymes
capable of oxidatively cleaving the C=C bonds in carotenoid, apocarotenoid,
stilbenoid, and phenylpropanoid compounds, forming aldehydes or ketones
as products (Daruwalla and Kiser 2020; Sui et al. 2017). CCOs are present
in all life domains, and their activity is critical for different biological

processes such as hormone signaling, light sensation, and production of
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aesthetically pleasing compounds in plants, including those responsible for
the smell of roses (Huang et al. 2009) and the aroma of saffron and vanillin
(Frusciante et al. 2014). As shown in section 1.3.2, Chapter 1, alkene-
cleaving oxygenases have raised interest in bioindustry applications in the
last few years. These enzymes are expressed in soil-based fungi and bacteria
to detoxify plant antimicrobials and degrade biomass. Indeed, their substrates
are stilbene and phenylpropanoids, which are secondary metabolites
synthesized by plants generally as a defense against abiotic and biotic agents
exploiting their antimicrobial and antioxidant properties or as lignin building
blocks (Ortiz and Sansinenea 2023). The first reports of these enzymes go
back to the early 1990s when researchers described the first identified
enzymes capable of cleaving the interphenyl o,f double bond of trans-
stilbenes from bacteria of the soil (Kamoda and Saburi 1993, 1995). In the
2000s-2010s, the first isoeugenol oxygenases were identified from bacterial
genomes, including PpIEM from Pseudomonas putida (Yamada et al. 2007)
and PnlEM from Pseudomonas nitroreducens (Ryu et al. 2010). These two
enzymes share 81.4% identity and showed high vanillin yields from
isoeugenol by whole-cell conversions (Ryu et al. 2013; Yamada et al. 2008).
It is controversial whether these enzymes' incorporation of two oxygen atoms
during catalysis occurs via a mono- or dioxygenase mechanism (Scheme
2.2). In the first case, one oxygen atom is first incorporated from O, forming
an epoxide intermediate, and then a second atom is added from the water
solvent. In the second case, both the oxygen atoms come from O, generating
a dioxetane intermediate. Both mechanisms have been suggested for this
enzyme family (Holger et al. 2006; Marasco and Schmidt-Dannert 2008; Ryu
et al. 2013; Yamada et al. 2007). Subsequent quantum mechanics/molecular

mechanics studies and oxygen-labeling experiments indicated that the
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dioxygenase mechanism was the most plausible for some alkene-cleaving
oxygenases (Bai et al. 2019; Lu and Lai 2019; Sui et al. 2017). However,
discrepancies between these studies might also indicate that both mono- and
dioxygenase mechanisms could exist within the CCO family.

Due to the unsatisfactory production of PnlEM in the soluble fraction and
difficulties crystallizing the protein, we sought an alternative enzyme. We
identified NOV1, a stilbene cleavage dioxygenase (SCD) from
Novosphingobium aromatocivorans (Marasco and Schmidt-Dannert 2008),
which shares 41% sequence identity with PnlIEM. Although NOV1 was
described in the literature as resveratrol cleavage dioxygenase, it was
reported to have activity on isoeugenol (McAndrew et al. 2016). However,
no characterization was performed at the time to compare with PnlEM.
Importantly, NOV1 was described as a very soluble protein, and its structure
was already available in the database, facilitating future protein engineering

experiments.

Monooxygenase mechanism H
— 7— i A g

_ Y

Dioxygenase mechanism

Scheme 2.2. Putative mono- and dioxygenase mechanisms of carotenoid cleavage
oxygenases (CCOs).

This chapter describes selecting the most suitable isoeugenol oxygenase for

converting isoeugenol into vanillin. Towards this goal, PpIEM, PnlEM, and
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later NOV1 were heterologously produced E. coli and characterized. The
three proteins were evaluated based on their production yields, kinetic and
stability parameters, tendency to aggregate, and the availability of their
crystal structures. Finally, the most promising catalyst was tested in the

bioconversion of isoeugenol to vanillin by whole-cell reaction.

2.3. MATERIALS AND METHODS

2.3.1. Production of PplEM, PnIEM and NOV1

Genes coding for both PpIEM and PnlEM wild-type, Fireprot and PROSS
designed enzymes were synthesized, with codons optimized for E. coli, and
cloned into pET-15b under a T7 promoter by GenScript. The gene coding for
NOV1 oxygenase was provided by the University of Pavia and cloned into
pET28b with a SUMO-tag sequence. PpIEM, PnlEM, and NOV1 production
tested in E. coli host strains: Tuner, BI21, BI21Star, and Rosetta.
Recombinant E. coli strains containing plasmids for IEMs and NOV1 were
grown in 0.1-1 L of LB medium, supplemented with either 100 pg/mL
ampicillin or 50 pg/mL kanamycin, respectively. Cultures were incubated in
a 0.1-5 L Erlenmeyer flask with shaking at 100 rpm (Innova 44, New
Brunswick Scientific) at 37 °C until reaching an optical density of 0.6 at 600
nm. At this point, 0.1 mM IPTG and 0.5 mM FeSO4 were added, and the
temperature was reduced to 25 °C. Incubation continued for an additional 16

h before cells were harvested by centrifugation.

PnlEM production was also tested with the co-expression of two genes
coding for the chaperones, GroES and GroEL. E. coli Tuner cells were
transformed with the pGro7 plasmid, containing the GroES and GroEL
genes. These chaperones enhance the enzyme folding process during

recombinant enzyme expression. Growth was conducted as previously
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described, and the co-expression of chaperons was performed by adding 0.5

mg/mL of L-Arabinose and 0.1 mM IPTG to induce PnIEM expression.

2.3.2. PnlEM Purification from the Soluble Fraction

Cell pellets were suspended in 20 mM sodium phosphate buffer, 0.5 M NacCl,
and 20 mM imidazole, pH 7.6 (buffer A), containing DNasel (2 pg/mL), 5
mM MgCl,, and a protease inhibitor mixture (Complete™ mini-EDTA-free
protease inhibitor mixture tablets; Roche, Basel, Switzerland). Cells were
disrupted by three cycles at French press (900 psi), followed by
centrifugation (18,000g, 1 h, 4 °C). The resulting soluble extracts were
loaded onto an affinity chromatography HisTrap™ column (GE Healthcare)
equilibrated with buffer A. Elution was performed with a linear imidazole
gradient (0 to 0.5 M in 20 min) in the same buffer. All purification steps were
carried out at room temperature using an AKTA purifier (GE Healthcare).
The purity of eluted fractions was assessed by SDS-PAGE analysis. NOV1
active fractions were digested with SUMO-protease (1 unit per 5 ug of
protein) overnight at 4 °C, then concentrated by ultrafiltration (30 KDa cut-
off) and equilibrated to 20 mM Tris-HCl and 0.2 M NaCl, pH 7.6.

2.3.3. PnIEM Purification from Inclusion Bodies

PnlEM inclusion bodies were isolated by resuspending the cell pellets from
a 50 mL cell culture in 10 mL of 20 mM Tris-HCI buffer, pH 7.6,
supplemented with 0.5% Triton X-100. The mixture was incubated at room
temperature for 5 min, then centrifuged for 5 min at 18,000 rpm, 4 °C. The
cell debris was recovered and resuspended in 9 mL of 20 mM Tris-HCI
buffer, pH 7.6, supplemented with 8 M urea, 2 mM reduced glutathione, and
0.2 mM oxidized glutathione. After incubating for 1 h at room temperature,
the mixture was centrifuged for 5 min at 18,000 rpm at 4 °C. The supernatant,

containing the urea-solubilized protein, was recovered for the renaturation
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step. Two different renaturation solutions were tested. The first solution
consisted of 20 mM Tris-HCI buffer pH 7.6 supplemented with 2 mM
reduced Glutathione, 0.2 mM oxidized Glutathione, and 100 uM FeSOg4. The
second solution was identical to the first but supplemented with 5 mM
ascorbic acid. Forty milliliters of either solution were slowly added to the
fractions. The second refolding solution was added under anaerobic
conditions using an anaerobic chamber. These mixtures were incubated for 2
h at room temperature and then dialyzed using an Amicon® centrifugal filter

to remove urea traces and concentrate the refolded protein.

2.3.4. In silico Stability Design
The variant structure model of PnIEM wild-type was obtained by submitting

the protein sequence in Phyre2 web portal (www.sbg.bio.ic.ac.uk/phyre2).

The structure was modeled using four crystal structures available in database
as templates (6ojr, 5vd2d, 5j54, 5u90), which were selected based on
percentage identity and alignment coverage. The resulting model was
submitted to PROSS (https://pross.weizmann.ac.il/) and FireProtl.2

(https://loschmidt.chemi.muni.cz/FireProtweb/) servers to improve protein

stability and solubility. Submissions were performed in standard settings.
Mutations in positions close at < 4A from Fe(ll)-center were excluded from

the final designs.

2.3.5. Biochemical Characterization

Enzymatic activities of PnIEM, PpIEM, and NOV1 were monitored using a
Synergy2 microplate reader (BioTek, Vermont, USA) at 25 °C, following
vanillin absorbance peak at 340 nm (€340 = 15.97 M* cm™). The effect of pH
on activity was studied in 100 mM Britton-Robinson buffer (pH 3—11). The
optimal reaction temperatures were determined in the 10—50 °C range. In this
case, the reaction mixtures were incubated in 1 mL glass cuvettes in a UV-
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visible spectrophotometer (Shimadzu UV-1603) equipped with a Peltier
module system. The steady-state kinetic analysis was performed with
isoeugenol (0.01-4 mM) in 100 mM Tris-HCI, pH 9. Kinetic data were fitted
directly to the Michaelis—Menten equation using Origin software. All

enzymatic assays were performed at least in triplicate.

2.3.6. Thermostability Analysis

Thermal inactivation was studied by incubating enzyme preparations in 20
mM Tris-HCI, pH 7.6, at 25 °C. At appropriate time points, aliquots were
withdrawn and examined for activity. Inactivation constants (kin) were
obtained by linear regression of logarithm activity versus time. Half-life (t12)
was calculated using the equation ti2 = In2/kin.

Protein unfolding was monitored using a Cary Eclipse spectrofluorometer
with an excitation wavelength of 296 nm and by recording the fluorescence
emission of tryptophyl residues at 340 nm. Enzyme preparations in 20 mM
Tris-HCI and 0.2 M NaCl, pH 7.6, were placed onto a thermostatically
thermal block and heated at 1 °C/min to 100 °C. Thermal unfolding was
analyzed using an N = U two-state model (Eftink 1998). Static light
scattering using the spectrofluorometer's excitation and emission
wavelengths of 500 nm followed enzyme aggregation and determined the

onset of aggregation temperature (Tagg).

2.3.7. NMR analysis of coniferyl alcohol conversion

The product of coniferyl alcohol conversion was studied in a 50 mL
Erlenmeyer flask with a reaction volume of 10 mL containing 20 mM
coniferyl alcohol in 0.1 M TrisHCI pH 9 at room temperature and 150 rpm.
The reaction started after adding 0.1 U/mL of pure NOV1 (1 U is defined as
the amount of enzyme that produced 1 pmol min™* of product). After 24 h the
reaction mixture was lyophilized, and the resulting powder was resuspended

53



Chapter 2

in 0.7 mL of deuterated chloroform (CDClIs), transferred into a clean tube and
analyzed by NMR. Spectra of *H (400 MHz) were collected on Bruker
AVANCE IT+ 400 MHz for reaction samples and samples of vanillin and
coniferyl alcohol as standards. Chemical shifts are reported in parts per
million (ppm) relative to tetramethylsilane (0 ppm). Coupling constants are
reported in Hertz (Hz). Multiplicity is reported with the usual abbreviations
(s: singlet, d: doublet, dg: doublet of quartets, dd: doublet of doublets, m:
multiplet).

2.3.8. Whole-cell Reaction

Whole-cell reactions were carried in 100 mL Erlenmeyer flasks holding 20
mL of reaction buffer (100 mM Tris-HCI, pH 9) and 2 OD/mL E. coli cells
that had overproduced NOV1 dioxygenase. The addition of 30 mM
isoeugenol started the reactions. Time-course bioconversions were carried

out at room temperature and 150 rpm for 24 h.

2.3.9. Other Methods

Protein concentrations were estimated using the Bradford colorimetric assay.
The concentration of purified protein preparations was assessed using the
molar absorption coefficient of PNIEM (e2s0 = 85830 M~ cm™!) and NOV1
(280 = 81930 M~ cm™?) calculated from the protein sequences using the
ExPASy Bioinformatics Resource Portal (http://web.expasy.org). The iron
content of purified protein samples was determined by a colorimetric assay
resorting to the chelator TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) (Fischer and
Price 1964) and by atomic emission spectroscopy at Laboratorio Central de
Analises, Universidade de Aveiro (Aveiro, Portugal). Conversion of
phenolics used to explore NOV1 substrate scope was assessed using the

molar absorption coefficients in the literature (Silva et al. 2023)
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2.4. RESULTS AND DISCUSSION

2.4.1. Production of PpIEM and PnlEM

The two isoeugenol oxygenases, PpIEM from P. putida and PnIEM from P.
nitroreducens, were identified from databases and literature (Yamada et al.
2007; Ryu et al. 2010). Their application was attractive as they do not require
external cofactors, and their catalysis in whole-cell systems was already
demonstrated, achieving vanillin yields above 70% (Yamada et al. 2008; Ryu
et al. 2010).

Their gene expression was tested in Tuner and BL21 E. coli strains. The
overproduction levels of recombinant enzymes were compared by SDS-
PAGE analysis (Fig. 2.1). Protein production was higher in the Tuner strain;
however, both proteins, PpIEM and PnlEM, were primarily found in the
insoluble fraction of cell crude extracts. Moreover, no activity was detected
from PplEM supernatants, while PnIEM displayed 0.05 + 0.01 U/mg specific

activity on isoeugenol.

Considering the low yields of PnIEM in the soluble fraction, an unfolding
and refolding protocol was tested to take advantage of the high amounts of
enzyme in inclusion bodies. (Fig. 2.2A). High levels of refolded protein were
obtained (~25 mg), but no enzymatic activity could be detected after
refolding, indicating that the Fe?" cofactor was possibly lost during the
unfolding-refolding process. Therefore, FeSO4 was added to the refolding
buffer to allow the putative Fe?* incorporation into the catalytic center, and
ascorbic acid was added to create a reducing environment to prevent Fe?
oxidation. However, the results did not differ from the ones observed in
previous conditions. A second approach was taken to increase the amount of

enzyme in the soluble fraction through the co-expression of two chaperones
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in E. coli host strains (Fig. 2.2B). However, PnIEM was not produced at
increased soluble levels compared to enzyme productions without the

chaperone co-expression.

PplEM PnlEM
Tuner BL21 Tuner BL21

Figure 2.1. SDS-PAGE analysis of soluble (s-crude extracts) and insoluble (p-cell pellets)
protein fractions from E. coli Tuner and BL21 strains cultures, transformed with pET15b
plasmid containing the genes coding for PpIEM and PnlEM. The two enzymes have a
molecular mass of ~54.5 kDa. In the green square, PnIEM production in the Tuner strain is
highlighted.
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75
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75

50
50

37
25

Figure 2.2. (A) PnlEM inclusion body refolding procedure. M - molecular marker; 1 - cell
pellet after inclusion body solubilization step; 2 - soluble fraction after unfolding step; 3 -
soluble fraction after folding step. (B). SDS-PAGE analysis of PnIEM production in E. coli
co-expressed with GroES and GroEL chaperones. M - molecular marker; 1 - soluble fraction
of induced cells: 2 - soluble fraction of not induced cells; 3 - cell pellet of induced cells; 4 -
not induced cells. PnIEM has a molecular mass of approximately 54.5 kDa.
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Overall, the highest levels of soluble protein were achieved with the
production of PnIEM in the E. coli Tuner strain. Therefore, this enzyme and
this strain were chosen for production at a 1 L scale. An affinity
chromatography method was used to purify PnIEM from cell crude extracts,
and the protein was eluted using an increasing imidazole gradient. However,
final protein yields were about 0.5 mg/L culture, and enzyme preparations
resulted in iron-depleted and very prone to aggregation. Some adjustments to
the protocol were made to improve protein yields and iron loading. The
volume to resuspend the cellular pellet was increased from 1 to 5 mL
buffer/100 mL culture to disfavor aggregation throughout the process. The
addition of FeSO4 was replaced by the more stable (NH4)2Fe(SO.)2 salt to
promote iron incorporation into the enzyme. Furthermore, 20% glycerol was
added to aliquots just after elution. These adjustments resulted in an increase
of 20-fold in the yield, which resulted in 10 mg protein/L culture and 60%
iron loading after His-trap purification. Specific activity was also

considerably higher, resulting in 2.9 + 0.2 U/mg (Fig. 2.3).
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Figure 2.3. Purification chromatogram (tf)p) of E. coli Tuner expressing pnlEM. In blue, the
absorbance registered at 280 nm in the AKTA purifier system. In the red square, the peak
corresponds to eluted PnlEM fractions. SDS-PAGE analysis (bottom) resultant from the
purification.

2.4.2. Biochemical Characterization of PnlEM

A bell-shaped curve describes the pH profile for isoeugenol bioconversion to
vanillin using PnlEM (Fig. 2.4A) with an optimum pH of 9. Temperatures
tested for isoeugenol conversion to vanillin ranged from 25 °C to 50 °C, with
an optimum at around 30 °C (Fig. 2.4B). The Kinetic parameters were
calculated to evaluate PnIEM efficiency in the conversion of isoeugenol to
vanillin (Fig. 2.5A). The affinity constant (Kn) proved to be relatively low,
0.25 = 0.03 mM, indicating high substrate affinity to the enzyme. The
calculated turnover number (Kcat) resulted in 5.1 + 0.2 s, comparable to the
previously reported value (Ryu et al. 2013). This resulted in the catalytic
efficiency (Kca/Km) of (25.5 + 2.3) x 10° M*-sL. The kinetic thermostability
was assessed by incubating PnIEM at 25 °C (Fig. 2.5B). The enzyme showed
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a temperature-dependent activity decay, with a half-life time (t12) of 1.6 +
0.3 h. In thermal unfolding experiments (Fig. 2.6A), PnlIEM starts to
denature at approximately 36 °C and displays a Tm of 45 + 3 °C. Following
at the same time the aggregation signal at 500 nm, it was possible to
determine a Tagg at 43 °C (Fig. 2.6B).
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Figure 2.4. (A) pH profile of pure PnlEM. Reactions were performed using Britton
Robinson buffer (pH range from 2 to 12) in 1 mM isoeugenol at room temperature. (B)
Temperature dependence of PnIEM enzymatic activity. Reactions were performed in 100
mM Tris-HCI buffer, pH 9, in 1 mM isoeugenol.
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Figure 2.5. (A) Steady-state kinetic analysis of PnIEM. Reactions were performed at room
temperature using isoeugenol concentrations from 0 to 2 mM in 100 mM Tris-HCI buffer,
pH 9. The activity was determined by measuring vanillin production at 340 nm (€340 = 15.97
mL pmol* cm™). Kinetic data were fitted with the Michaelis-Menten equation using Origin
software. (B) Kinetic thermostability of PnIEM. An aliquot was incubated at 25 °C in 20

mM Tris-HCI buffer, pH 9, and at appropriate times, aliquots were withdrawn and tested for
activity at room temperature.
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Figure 2.6. (A) Thermal unfolding of PnIEM following fluorescence emission of tryptophan
residues at 340 nm (Tm = 45 £ 3 °C) The unfolded fraction was measured from 10 to 100 °C
with an increasing gradient of 1 °C/min. (B) Static light scattering at 500 nm (Tagg = 43 °C).

2.4.3. Computational Engineering to Improve Solubility and
Stability

One stone of the SMARTBOX project was engineering the selected
isoeugenol oxygenase to improve activity using computational tools.
Therefore, it was strongly advised that a crystal structure model of the protein
be available. For this reason, we extensively attempted the structural
elucidation of PnIEM. Although the protein could be effectively purified, the
protein tended to precipitate. Therefore, it was not surprising that the enzyme
resisted our extensive attempts at crystallization. As a more drastic approach,
we employed FireProt1.2 and PROSS online tools to engineer PnIEM to
enhance its stability and solubility and reduce its tendency to aggregate.
Tools such as FireProt (Bednar, Beerens et al. 2015, Musil, Stourac et al.
2017), PROSS (Goldenzweig, Goldsmith et al. 2016) have a multilevel
framework combining consensus analysis, energy calculations and in
FRESCO, de novo design, to analyze possibly stabilizing mutations from
sequence-based and energy-based analysis, calculates possible antagonistic
effects among predicted mutations and provide a list of target positions for

experimental verification. These tools generated two variant designs,
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introducing 64 and 70 mutations, respectively (Table 2.1). Ten of these
mutations targeted the same positions, while other nine were identical across

both designs.
Table 2.1. Mutations designed by Fireport (sixty-six) and PROSS (seventy). Mutations in

the same positions are underlined; identical ones are in bold. The asterisk indicates mutations
at < 4 A from the active center that were excluded from the final designs.

Fireprot PROSS

L4P 1247P L11M L273F

N5P Y248F L15F K274E
T14W E251D L16A L278C
D30E G255L S36D W279Y*
S36E S268G ABSV F281G*
137L L273F D72N V284M
E47D W279F* F77Y V289E
Q49F N309D 178R T291N

T51P Q311D S79N A316D
T57W N312G AB85E S334G
I159F Q313F T88E 1392K
S66M A3161 L92A W393Y
I178R V321W K95R N395H
K83R E328T T109P H396S
R86K S334N S122N* R397T
R94G S335D S125W D399E
K95R M350F R145D D401Q
S96A I1352R F153Y L402Y
S122N* L359G D176E S405A
S125V N362Y Al183E A408G
H127A Y364H A188G A410Y
Y155F G365F P190R A411V
Y1701 A37TTW H200N T422D
D176E A381G G214P A424P

L177M F385W 1222V Y429W
S182Y N388A A234L G435S
T2071 S389A S239E L437Y

Q211A N395F A243K T449A
G214P T422D K244R Q453S
1222V G435L G255P T459R
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W226Y T499A 1258F K461R
S227V A468W R264H L466V
S239E C4A73N Q266T A468Y

G267A A469G
Q269D L470F*

The variants were expressed in E. coli strains; however, both attempts were
unsuccessful, resulting in inactive variants and no improvement in solubility.
In a final effort, we considered using a DNA shuffling technique to
recombine the FireProt variant with the wild-type, aiming to remove
destabilizing mutations selectively. However, after characterizing the Tm of
this variant, which showed no improvement (45 °C) compared to the wild-
type (Fig. 2.7), we opted to pursue an alternative enzyme candidate instead.
This result underscores the limited reliability of rational design strategies in

the absence of an X-ray crystal structure.

Unfolded fraction

0 20 40 60 80 100

Temperature (°C)

Figure 2.7. Thermal unfolding of PnlEM FireProtl.2 variant following fluorescence
emission of tryptophan residues at 340 nm (Tm = 45 £ 3 °C) The unfolded fraction was
measured from 10 to 100 °C with an increasing gradient of 1 °C/min.
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2.4.4. Production of NOV1 from N. aromaticivorans and
comparison to PnlIEM

Considering these results, we searched for alternatives to PnIEM. Sequence
comparisons highlighted the Lignostilbene dioxygenase A from
Sphingomonas paucimobilis (LsdA) and the stilbene dioxygenase (SCD)
from N. aromaticivorans (NOV1), with 43% and 41% identity to PnIEM,
respectively. Past literature described that most of the recombinant LsdA
could not easily be expressed in to PNIEM.

The pH and the temperature profiles of NOV1 are very similar to those
observed E. coli, whereas NOV1 was reportedly expressed as an active and
soluble protein (Kuatsjah et al. 2019; McAndrew et al. 2016). The nov1 gene
was chosen to clone in the plasmid pET28a with a SUMO-tag for these
reasons. The overproduction of recombinant NOV1 dioxygenase was tested
in several E. coli strains and BL21star was selected as the host since it
resulted in higher yields of the soluble enzyme (data not shown). As observed
by SDS-PAGE analysis (Fig. 2.8A), the protein is mainly produced in the
soluble fraction, in contrast to what was observed with IEMs (Fig. 2.1). After
one purification step by affinity chromatography, it was possible to obtain a
protein yield of 100 mg/L culture (10-fold higher than PnIEM) with a high
purity level, as observed in the SDS-PAGE (Fig. 2.8B). NOV1 presented an
iron load of around 50%, similar to PnIEM, with an optimal pH of 9 (Fig.
2.9A) and an optimal temperature of around 30 °C (Fig. 2.9B). The kinetic
parameters were determined to evaluate NOV1 in converting isoeugenol to
vanillin (Fig. 2.10A). The catalytic efficiency of 13 x 10° M*.stis lower
than that of PNIEM (Kca/Km = 5.1 x 10° M?1-st) mainly due to a 2-fold
increased Km. However, the kcat value is slightly higher, 7.5 + 0.2 s (Table
2.2). The kinetic thermostability of NOV1 was assessed at 25 °C (Fig.
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2.10B), and the calculated half-life (ti2) resulted in 1.7 £ 0.4 h, the same as
PnlEM. Thermodynamic stability was investigated, and a Tm 0of 58 £ 1 °C
(Fig. 2.11A) was calculated, indicating that NOV1 is more thermostable than
PnlEM (Tm = 43 = 3 °C). Moreover, NOV1 aggregates at a slightly higher
temperature than PnIEM (Tagg = 47 °C) (Fig. 2.11B).
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Figure 2.8. (A) SDS-PAGE analysis of soluble (s-crude extracts) and insoluble (p-cell
pellets) protein fractions from cultures of IPTG-induced (I) and non-induced (NI)
recombinant E. coli BL21star strain transformed with a plasmid containing the gene coding
for NOV1. In the red square, the NOV1-SUMO band is highlighted (70 KDa). (B)
Purification chromatogram of His-trap purification. In blue, the absorbance registered at 280
nm by the AKTA purifier system. In green is the percentage of elution buffer. In the red
square are the recovered fractions and corresponding SDS-PAGE analysis.

g

Relative activity (%)

Relative activity (%)

)
o

o
o

=
o

o
o

0

2 4 6 8 10 12 5 10 15 20 25 30 35 40 45
pH Temperature (°C)

Figure 2. 9. (A) pH profile of pure NOV1. Reactions were performed in Britton Robinson
buffer (pH range from 2 to 12). (B) Temperature dependence of NOV1 enzymatic activity.
Reactions were performed in 100 mM Tris-HCI buffer, pH 9, and 1 mM isoeugenol.
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Figure 2.10. (A) Steady-state kinetic analysis of NOV1. Reactions were performed at room
temperature using isoeugenol concentrations from 0 to 4 mM in 100 mM Tris-HCI buffer,
pH 9. Kinetic data were fitted with the Michaelis-Menten equation using Origin software.
(B) Kinetic thermostability of NOV1. An aliquot was incubated at 25 °C in 20 mM Tris-HCI
buffer pH 9, and at appropriate times, aliquots were withdrawn and tested for activity at
room temperature.
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Figure 2.11. (A) Thermodynamic stability of NOV1 (T =58 + 1 °C). The unfolded fraction
was measured from 10 to 100 °C with an increasing gradient of 1 °C/min. (B) Static light
scattering at 500 nm (Tagg = 47 °C).

Table 2.2. Apparent steady-state kinetic parameters of PnIEM and NOV1 for isoeugenol.
Assays were performed at room temperature in 0.1 M Tris-HCI, pH 9.

kcat Km kcat/Km

(s1) (mM) (Ms1) x 108
PnlEM 51+0.2 0.25 +£0.03 202
NOV1 75%£0.2 0601 13+£2
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2.4.5. Substrate Scope of NOV1 from N. aromaticivorans

CCOs possess relevant biological importance, constituting a family of
ubiquitous enzymes involved in many processes. A recent study by Metz et
al. (2024) identified NOV1 (LsdD) as key in the degradation of lignin-
derived dimers, indicating a significant role in lignin catabolism. To
characterize the substrate scope of NOV1, the lignin-related phenolic
compounds were measured in the presence of molecular oxygen and
hydrogen peroxide (Table 2.3). We have tested H>O, as a substrate since data
from De Vitis et al. (2023) showed that Cso2 oxygenase oxidized 2,6-
dimethoxyphenol (DMP) using H20: despite the lack of prior reports of
peroxidase  active among CCO enzymes. However, dual
oxygenase/peroxidase activity is not unprecedented among iron-dependent
enzymes (Hrycay and Bandiera 2015; Wang et al. 2013). In expanding
NOV1's substrate scope, we observed peroxidase-like activity on phenolics,
including DMP, guaiacol, and ABTS (Table 2.3). Notably, activity on DMP
was optimal at a pH of 10 (Fig. 2.12A). However, the Kn for H20: is
relatively high (1.3 £ 0.3 mM) (Fig. 2.12B), indicating that NOV'1’s primary
function likely remains the cleavage of C=C bonds in stilbenoid and
phenylalkyloid compounds. On the other hand, the Ky for DMP (0.3 £ 0.1
mM) and the kear (1.0 + 0.1 s%) are within the range observed for specific
peroxidases (Linde et al. 2021; Rodrigues et al. 2021; Silva et al. 2023).
Notably, NOV1 showed no inhibition even at H-O: concentrations up to 10
mM (Fig. 2.12B). It is unclear whether, in the NOV1 case, peroxidase
activity has biological relevance. However, the alkaline optimal pH and lack
of H20: inhibition at high concentrations are valuable characteristics for
industrial applications. Interestingly, NOV1 in a dioxygenase activity can use

coniferyl alcohol, albeit at levels five times lower than those for isoeugenol
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for the production of vanillin as it was confirmed by NMR (Fig. 2.13),

highlighting NOV 1’s potential to catalyze the one-step conversion of another

key intermediate in lignin depolymerization into vanillin.

Table 2.3. NOV1 specific activity on phenolic substrates and ABTS, using O, or H,O; (4
mM) as co-substrate. Reactions were performed at room temperature in 0.1 M Tris-HCI
buffer pH 9 or pH 7 for ABTS. Reactions were monitored at the spectrophotometer following
substrate consumption or product formation.

Substrates A _18 1 Acn,w.tly 1
(nm) (M em™) (nmol min mg )
Syringyl-type +0 +H.O
phenolics 2 272
2,6-DMP 468%* 49600 N.D. 0.9+0.2
Sinapyl alcohol 275 2503 0.03 £0.01 N.D.
Acetosyringone 360 11162 N.D. 0.04 £ 0.01
Methyl syringate 280 8056 N.D. 0.11 £0.01
Syringaldehyde 360 21812 N.D. 0.02 +£0.01
Sinapic acid 310 14820 N.D. N.D.
Syringic acid 260 7473 N.D. N.D.
Guaiacyl-type
phenolics
Isoeugenol 340%* 15970 3.1£0.2 N.D.
Guaiacol 470% 26600 N.D. 0.6 +0.2
Coniferyl alcohol 340%* 15970 0.6+£0.2 N.D
Coniferyl aldehyde 340%* 15970 N.D. 0.14 £0.02
Ferulic acid 300 13495 N.D. N.D
Vanillyl alcohol 280 2570 N.D. N.D
Vanillin 340 15970 N.D. N.D
Hydroxybenzene-type
phenolics
Caffeic acid 320 3646 N.D. N.D.
p-Coumaric acid 300 13642 N.D. N.D.
Gallic acid 260 7040 N.D. N.D.
Resveratrol 306 31800 0.3+0.1 N.D.
420 36000 0.12 £0.02
ABTS N.D. (oH 7)

*product absorbance peak; N.D.= not detected.
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Figure 2.12. Characterization of NOV1 peroxidase activity on 2,6-DMP. (A) pH profile of
NOV1 peroxidase activity. Reactions were performed at room temperature using Britton
Robinson buffer (pH range from 4 to 12), 1 mM DMP, 4 mM H,0; at room temperature. (B)
Steady-state kinetic analysis of NOV1 for H,O; in concentrations from 0 to 10 mM, in 1 mM
2,6-DMP. (C) Steady-state kinetic analysis for 2,6-DMP using concentrations from 0 to 1.2
mM in 4 mM H,0,. Reactions were performed in 100 mM glycine-NaOH buffer, pH 10.
The activity was determined by measuring absorbance increase at 468 nm (g420 = 49.6 x 10°
M cm™). Kinetic data were fitted with the Michaelis-Menten equation using Origin
software.
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Figure 2.13. 'H-NMR spectra of coniferyl alcohol, vanillin and conversion catalyzed by
NOV1 wild type. *H NMR (400 MHz, CDCl3) § (ppm): coniferyl alcohol: 3.90 (s, 3H), 4.29(
dd, J=1.2, 6.0 Hz, 2H), 5.69 (s, 1H), 6.23 (dt, J = 6.0, 15.8 Hz, 1H), 6.53 (d, J = 15.8 Hz,
1H), 6.84-6.91 (m, 3H); vanillin: 9.82 (s, 1H), 7.44 — 7.40 (m, 2H), 7.04 (d, J = 8.5 Hz, 1H),
6.27 (s, 1H), 3.96 (s, 3H). Numbers in labels represent the value of the integral of each peak,
as MestReNova gives.
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2.4.6. Isoeugenol to Vanillin Conversion by Whole-Cells

For biotechnological purposes, whole-cell systems overproducing the
enzymes of interest for bioconversions can be of interest as they are more
cost-effective than purified enzyme preparations. Hence, we investigated
whole-cell systems for isoeugenol bioconversion to vanillin. Reactions by
whole-cells, that overproduced NOV1, resulted in 90% of isoeugenol
bioconversion to vanillin after 16 h in the presence of 30 mM substrate (Fig.
2.14).
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Figure 2.14. Isoeugenol bioconversion to vanillin in whole-cell reactions. (A) Whole-cell
reaction setting-up: aspect of reaction solution a) at initial time and b) after 24 h reaction.
(B) Vanillin yields over time using 2 OD/mL resting cells overproducing NOV1 in 0.1 M
Tris-HCI, pH 9, at 30 °C, 150 rpm.

2.5. CONCLUDING REMARKS

We have expressed the genes of three different enzymes showing isoeugenol
oxygenase activity (P. putida PplEM, P. nitroreducens PnlEM, and N.
aromaticivorans NOV1) in E. coli strains and have produced, purified,
characterized, and tested the conversion of isoeugenol into vanillin using the

PnlEM and NOV1 enzymes. N. aromatocivorans NOV1, a stilbene cleavage

oxygenase, was selected for further investigations considering the higher
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levels of soluble enzyme production (10-fold higher than PnIEM), improved
thermostability (~10 °C higher Trm), and solubility as compared to PnIEM.
Moreover, and importantly, crystal structures of this enzyme are available
(PDB codes: 5J53, 5J54 and 5J55), paving the way to the computational in
silico design of mutants with improved catalytic efficiency and enhanced

thermostability required for industrial applications.
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Chapter 3

Engineering NOV1 Oxygenase and Its
Implementation in a Catalytic Cascade for
Efficient Vanillin Production
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3.1. ABSTRACT

In this chapter, we made advancements in understanding the structure-
function relationships of NOV1 through rational mutagenesis near the active
site. We integrated computational, kinetic, structural, and biophysical
approaches, leading to identifying the NOV1-S283F variant that exhibited a
2-fold increase in activity and a 20-fold longer half-life compared to the wild-
type. Biochemical and molecular dynamics experiments elucidated that
S283F replacement in the active site enhances the stabilization of the iron
cofactor, revealing cofactor retention as a critical factor for enzyme stability.
The potential of NOV1 was further demonstrated in whole-cell reactions,
where cells producing NOV1-S283F efficiently converted >99% of 100 mM
isoeugenol to vanillin within 24 h. Subsequently, we set up a coupled reaction
in which a eugenol oxidase initially converts lignin-derived 4-n-propyl
guaiacol (4PG) into isoeugenol, followed by its conversion to vanillin by
NOV1-S283F. This approach led to a 90% vanillin yield starting from
commercial 4PG and a substantial 66% yield using 4PG from natural lignin
oil. This integrative strategy provided a new enzyme for biotechnological
applications and mechanistic insights to facilitate the future design of robust

and efficient biocatalysts.

Keywords: Biocatalysis, Oxygenases, Non-heme iron proteins, Cascade

reactions, Lignin valorization, Biorefinery, Green Chemistry
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3.2. INTRODUCTION

NOV1, also known lignostilbene dioxygenase (LsdD), is a non-heme, iron-
dependent dioxygenase that catalyzes the cleavage of double bonds in
stilbene compounds such as resveratrol, oxyresveratrol, and piceatannol,
yielding small-modified benzaldehydes (Marasco and Schmidt-Dannert
2008; McAndrew et al. 2016). In its natural host, Novosphingobium
aromatocivorans, NOV1 plays a key role in the breakdown of aromatic
dimers, converting them to aromatic monomers, like vanillin and 5-
formylferulate, that can be later processed through the aromatic central
pathway (Metz et al. 2024). NOV1 has also shown activity on single-ring
aromatic compounds, such as isoeugenol, where it oxidatively cleaves the C-
C double bond of the propenyl functional group to produce vanillin, albeit at
low efficiencies (McAndrew et al. 2016). Notably, this reaction does not
require coenzymes, simplifying the bioprocess and reducing the costs
(Marasco and Schmidt-Dannert 2008; Sui et al. 2015). Analogously to all
CCO enzymes, the NOV1 structure is a seven-bladed B-propeller (Fig. 3.1A).
A ferrous ion (Fe?*), which is essential for catalysis, is placed at the center of
the central axis (McAndrew et al. 2016) and is directly coordinated by four
conserved histidine residues (H167, H218, H284, H476) (Fig. 3.1B), three of
which are stabilized by three second-sphere glutamate residues (E135, E353,
E418) by hydrogen bonding interactions. The geometry of this metal binding
is best described as either square pyramidal or trigonal bipyramidal with iron-
His bond lengths in the range of 2.1-2.2 A. Helical and loop segments
connecting the B-strands form a cap over one face of the entire. While the 3-
propeller core is structurally preserved across the CCO superfamily, the cap
region shows significant variability and conformational flexibility,
influencing substrate recognition and function (Daruwalla and Kiser 2020;

79



Chapter 3

Sui et al. 2017). The size of the active site correlates with substrate range.
For example, canonical CCOs typically feature long tunnels to accommodate
carotenoid molecules (Kiser et al. 2009; Kloer et al. 2005; Messing et al.
2010). In contrast, enzymes of the subfamily of stilbene cleavage oxygenases
(SCOs), including NOV1, possess a narrower and flatter active site pocket,
consistent with the expected planar structure of the stilbenoid substrates
(Kuatsjah et al. 2019; McAndrew et al. 2016; Sui et al. 2017). The substrate-
binding cleft is predominantly covered by aromatic side chains, which may
facilitate substrate binding and stabilize reaction intermediates through van
der Waals forces or m-stacking interactions (Sui et al. 2017). Additionally,
these structures revealed a pre-active site binding pocket closer to the surface
of the protein where the substrate may initially interact before moving to the

site of catalysis.

H284

Figure 3.1. A) Side and under view of NOV1 (N. aromatocivorans) crystal structure (5J53).
The seven B-sheets are highlighted in cyan, and the Fe?* cofactor and O, are shown as
orange-red spheres, respectively. B) Coordination of the Fe?* cofactor by the four His
residues. Structural images were generated using PyMOL. Figure B was adapted from
(McAndrew et al. 2016).

In the NOV1 substrate binding pocket, the side chains of conserved Y101
and K134 interact with the 4’-hydroxyl group of the substrate, increasing its
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nucleophilicity and helping the delocalization of electrons necessary for
subsequent C=C cleavage. Substitution of these residues dramatically
decreases catalytic activity, supporting their key functional roles (Kuatsjah
et al. 2019). The conserved interactions involving these residues help explain
the absolute requirement for a 4’-hydroxyl group in the substrates of these
enzymes (Kamoda, Terada, and Saburi 2003; McAndrew et al. 2016). In the
proposed mechanism of reaction (Scheme 3.1), the catalysis occurs as
follows: (A) Activation of the 4'-OH group of the substrate promotes
delocalized electron density toward the central double, forming the ternary
complex of Fe® -superoxide-substrate; deprotonation of 4’-OH by Tyr and
Lys residues contributes to the activation of the substrate. (B) Intermediate
formed before the formation of the first C—O bond. (C) Intermediate formed
after the formation of the first C—O bond. (D) Cleavage of the O—O bond and
formation of the second C—O bond. (E) Cleavage of the C—C bond and
restoration of the Fe?*-enzyme. (F) Release of two aldehyde products. Other
residues in the active site are responsible for enzyme specificity. For instance,
in NOV1, a small serine residue (S283) is placed perpendicular to the plane
of the substrate to allow both the binding of the stilbene compound and
isoeugenol. In isoeugenol oxygenases from Pseudomonas nitroreducens and
Pseudomonas putida, a bulky phenylalanine is placed in the same position,
which makes these enzymes specific for phenylpropanoids (Ryu et al. 2013;
Yamada et al. 2007).
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Scheme 3.1. The proposed NOV1 reaction mechanism for isoeugenol was adapted from
McAndrew et al. (2016). (A) Formation of the ternary complex of Fe(l11)-superoxo, Oz, and
isoeugenol substrate, and contributions of deprotonation of 4’-OH by Y101 and K135 in
activation of the substrate. (B) Intermediate formed before the formation of the first C-O
bond. (C) Intermediate formed after the formation of the first C-O bond. (D) Cleavage of the
0O-0O bond and formation of the second C-O bond. (E) Cleavage of the C-C bond and
restoration of the Fe(Il) enzyme. (F) Vanillin and acetaldehyde are the reaction products.

In this chapter, our primary goal was to enhance the activity of NOV1
towards isoeugenol. To achieve this, we designed thirty-five variants based
on a detailed structural analysis of NOV1, incorporating in silico docking
studies, comparative structural alignments, and Rosetta computational
design. These variants were constructed and tested for their activity against
the isoeugenol substrate. Among them, the S283F variant emerged as the
most active and stable, showing great potential as a biocatalyst for vanillin
production. Additionally, a combination of Kkinetic studies, stability
assessments, X-ray diffraction, and molecular dynamics simulations helped
to identify the molecular mechanisms underlying the improved properties of
the S283F variant.
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Next, we developed a biocatalytic cascade to produce vanillin from lignin-
derived 4-n-propylguaiacol (4PG). Specifically, we selected an engineered
4PG oxidase (PROGO) from Rhodococcus jostii RHAL for the selective
production of isoeugenol (Guo et al. 2022) and NOV1-S283F to produce
vanillin from isoeugenol (Scheme 3.2). For this purpose, whole-cell
biocatalysis with both engineered enzymes, PROGO and NOV1-S283F since
it avoids the cost contribution of cell lysis and enzyme purification (Wang et
al. 2020; Yao et al. 2020) and, at the same time, can protect the expressed
enzymes from potentially harmful surroundings (Wachtmeister and Rother
2016). We employed a one-pot approach with further process scale-up and
related downstream processing to reduce produced waste (Schmidt,
Schallmey, and Kourist 2021). The reaction parameters were optimized by
employing 4PG, and RCF lignin oil was used in bioconversion. The resulting
vanillin was isolated and characterized, confirming the effectiveness of the

developed process for lignin valorization.

(o}
NEB 10 BL21-Al r/
E. coli E el
(PROGO) (NOV1F)
& / \ ; ; o”
OH 0, H,0, 0, CH,CHO OH
4-n-propylguaiacol Vanillin

(4PG)

Scheme 3.2. The developed whole-cell cascade for vanillin production from 4PG.
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3.3. MATERIALS AND METHODS

3.3.1. NOV1 Mutants Design with Rosetta Coupled Moves
Isoeugenol was included in the active site of wild-type NOV1 using
Autodock VINA (Trott and Olson 2010). The vanillin present in the X-ray
structure (PDB code: 5J55) was used to define the center of the simulation
box, comprising 3 A from the ligand, and then it was manually removed. The
best-scored binding mode of isoeugenol at the active site was used as a
starting point for Rosetta Coupled Moves experiments (Ollikainen, de Jong,
and Kortemme 2015). Three groups of non-catalytic active site residues close
to the isoeugenol substrate were selected for mutagenesis (Fig. 3.2C); i)
N120 and T121, ii) F281, S283, and F307, and iii) F354, L473, and F475.
For each group, a Monte Carlo algorithm explored changes over one, two, or
three positions simultaneously, resulting in a library of single, double, and
triple variants. Repacking was allowed for all the residues in contact with any
modified position. A Boltzmann constant of 0.6 and ligand weight of 1.0
were used. Every individual experiment consisted of 100 Coupled Moves
runs of 1000 trials. All variants were filtered by protein-ligand docking,
retaining the variants that attained pre-catalytic distances (the distances
between the two carbons forming the double bond of isoeugenol and the
oxygen molecule bound to Ir (d1) and the hydroxyl group of the substrates
and the catalytic residues Y101 and K134 (d2)< 4 A). The final list of variants
was determined by the TotalScore, LigandScore (from Rosetta), and binding
energy (from docking) values (Fig. S3.1, Annex 1)).

3.3.2. NOV1l Mutants Construction using Site-directed
Mutagenesis

Single, double, or triple amino acid substitutions in the novl gene were
constructed using the Quick-Change site-directed mutagenesis protocol
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(Stratagene). The plasmid pET-28a (+) containing the nov1 gene was used as
a template using appropriated primers (Table S3.1, Annex 1), except the
triple variants F281M_2831_F307H and F281M_S283T_F307H, constructed
using the DNA template of variant F281M_S2831 and F281M_S283T,
respectively. PCRs were performed in 50 pL reaction volumes containing 3
ng of DNA template, 2 pM of primers, 200 uM of dNTPs, NZYProof
polymerase buffer, and 1.25 U of NZYProof polymerase (NZYTech). After
an initial denaturation period of 5 min at 94 °C, the following steps were
repeated for 20 cycles in a thermal cycler (MyCycler thermocycler, Biorad):
1 min at 94 °C, 1 min at 55-58 °C, 10 min at 72 °C, followed by a final 10
min period at 72 °C. The amplified products were purified using GFX PCR
DNA and a Gel Band Purification kit (GE Healthcare). The final PCR
products were digested with Dpnl to eliminate the wild-type template and
were used to transform electrocompetent E. coli strain DH50 (Novagen)
cells. The presence of the desired mutation in the resulting plasmid was

confirmed by DNA sequencing.

3.3.3. Activity screenings in 96-well plates

Electroporation introduced the genes coding for the wild-type and variant
enzymes into the host strain E. coli BL21 star (DE3, Novagen). In E. coli
BL21 star, the genes are controlled by the T7 promoter and are induced by
isopropyl B-D-1-thiogalactopyranoside (IPTG). Single colonies were picked
from a fresh agar plate to 96-well microplates filled with 200 pL of Luria-
Bertani medium (LB) supplemented with 50 ug mL™ kanamycin. Cultures
were cultivated at 37 °C, 750 rpm for 24 h. The following day, 20 pL of these
cultures were inoculated with 180 puL of LB medium in 96-well microplates
and cultivated for 4 h at 37 °C. At this time, gene expression was induced
with 0.1 mM IPTG; the medium was supplemented with 0.5 mM FeSO4 and
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cultivated at room temperature at 750 rpm. After 24 h, cells were harvested
by centrifugation, re-suspended in 20 mM Tris-HCI, pH 7.6, disrupted by 3
cycles of freezing in liquid nitrogen and thawing at room temperature for 5
min, followed by re-suspension in the same buffer with lysozyme (0.5 mg
ml™). After cell disruption, plates were centrifuged at 4,000 rpm for 30 min
at 4 °C, and supernatants (cell crude extracts) were used for enzymatic
activity measurements. The activity was assessed after mixing 20 pl of crude
extracts with 160 pl of 100 mM Tris-HCI, pH 9.0, containing 1 mM
isoeugenol. Reactions were monitored following vanillin production at 340
nm (ga20= 15,97 Mt cm™).

3.3.4. NOV1 production and purification

The recombinant E. coli strains containing plasmids coding for wild-type and
S283F were grown in 1 L LB medium supplemented with kanamycin in 5-L
Erlenmeyer with 120 rpm shaking (Innova® 44, New Brunswick Scientific).
The cells were grown at 37 °C until an optical density of 0.6 at 600 nm was
reached, after which 0.1 mM IPTG and 0.5 mM FeSO4 were added to the
culture media, and the temperature was reduced to 25 °C. The incubation was
continued for a further 16 h, after which the cells were harvested by
centrifugation. The cell pellets were suspended in 20 mM sodium phosphate
buffer, 0.5 M NaCl, 20 mM Imidazole pH 7.6 (buffer A), containing DNasel
(2 ng mL1), 5mM MgCl,, and a mixture of protease inhibitors (Complete TM
mini-EDTA free protease inhibitor mixture tablets; Roche, Basel,
Switzerland). Cells were disrupted in a French press cell (at 9,000 psi),
followed by centrifugation (18,000 g, 1 h, 4 °C). The resulting soluble
extracts were loaded onto an affinity chromatography HisTrap™ column
(GE Healthcare) equilibrated with buffer A. Elution was carried out with a

linear imidazole gradient (0-0.5 M in 20 min) in the same buffer. All
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purification steps were performed at room temperature with an Akta Purifier
(GEHealthcare). SDS-PAGE analyzed the purity of eluted fractions. The
active fractions were pooled and digested by SUMO-protease (1 U for Sug
of protein), removing the SUMO and His-tag, overnight at 4 °C and then
concentrated by ultrafiltration (cut-off of 30 kDa), and equilibrated to 20 mm
Tris-HCI, 0.2 M NaCl pH 7.6. The concentration of purified protein
preparations was estimated using the molar absorption coefficient of NOV1
(e280 = 81,930 M cm™) calculated from the protein sequence using the

ExPASy Bioinformatics Resource Portal (http://web.expasy.org). Iron

content of purified protein samples was determined by colorimetric assay
resorting to the chelator TPTZ (2, 4, 6-Tris(2-pyridyl)-s-triazine) (Fischer
and Price 1964) and by atomic emission spectroscopy at Laboratério
Central de Andlises, Universidade de Aveiro, Portugal.

3.3.5. Apparent Steady-state Kinetic Analysis

The effect of pH on activity was studied in 100 mM Britton-Robinson buffer
(pH 3-11), and the optimal temperature was determined at the temperature
range of 10-40 °C. Reactions were performed with isoeugenol (0.01-4 mM)
in 100 mM Tris-HCI, pH 9, and monitored at 340 nm (see above). Reactions
with resveratrol (0.01-0.32 mM) were monitored following the decrease of
absorbance at 306 nm (e306 = 31,800 M cm™) in 100 mM Tris-HCI, pH 9.
Enzyme activity was also measured by monitoring the oxygen consumption
with an oxygen electrode (Oxygraph; Hansatech) at 25 °C. Reactions were
started by adding the enzyme to a nitrogen-purged mixture containing 4 mM
isoeugenol in 100 mM Tris-HCI, pH 9. Kinetic data were fitted directly to the
Michaelis-Menten equation using the Origin® software. All enzymatic assays
were performed at least in triplicate.
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3.3.6. Thermodynamic Stability

Protein unfolding was monitored using a Cary Eclipse spectrofluorimeter
with an excitation wavelength of 296 nm, and the fluorescence emission of
tryptophy! residues was recorded at 340 nm. Guanidine hydrochloride
(GdnHCI) concentrations in the range 0-3 M in 20 mM Tris-HCI, 0.2 M
NaCl, pH 7.6, were used to induce protein unfolding after incubation at room
temperature for 5 min. The fraction of unfolded protein (fy) was plotted
versus [GdnHCI] and fitted according to the equation fu = exp(-
AG®/RT)/(1+exp(-AG°/RT)). The chemical-induced unfolding was analyzed
using the equations previously described based on a two-state process
(Fernandes, Martins, and Melo 2009). Thermal unfolding was performed for
the iron-depleted enzyme preparations (10 uM) with EDTA for 12 h at room
temperature. Before measurement, EDTA was removed by ultrafiltration
using Vivaspin™. Enzyme preparations in 20 mM Tris—HCI, 0.2 NaCl, and
pH 7.6, were placed onto a thermostatically thermal block and heated at 1
°C/min up to 100 °C. Thermal unfolding was analyzed using a two-state
model N = U (Eftink 1998). Static light scattering using excitation and
emission wavelengths at 500 nm in the spectrofluorometer was used to follow

enzyme aggregation.

3.3.7. Kinetic Stability

Thermal inactivation was studied by incubating enzyme preparations in 20
mM Tris-HCI, pH 7.6 at 25 °C. FeSO4 was added to the solution at a
concentration of 100-fold the enzyme molarity when required. At appropriate
time points, aliquots were withdrawn and examined for activity. Inactivation
constants kin were obtained by linear regression of logarithm activity versus

time. The half-life t> was calculated using the equation: ti= In2/kin.
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3.3.8. Protein crystallization, Data collection, and X-ray Structure
determination and Refinement

The S283F enzyme was crystallized according to the crystallization
conditions reported in the literature for NOV1 wild-type (sitting drop vapor
diffusion, 0.16 M MgCly, 0.08 M Tris-HCI pH 8.5, 18% wt/vol PEG 4000,
and 20% vol/vol glycerol at 20 °C). For data collection, crystals were flash-
cooled in a gaseous nitrogen stream at 100 K. X-ray diffraction data were
measured at beamlines of the Swiss-light source (SLS, Villigen-CH). Data
processing and scaling were performed using XDS (Kabsch 2010) and the
CCP4 package (Collaborative Computational Project 1994) (Table S3.2,
Annex 1). The coordinates of the NOV1 bound to vanillin (PDB: 5J55)
deprived of all ligands and waters were used as the initial model for structure
determination. The program Coot (Emsley et al. 2010) was used for electron
density inspection and model building, whereas crystallographic refinement
was performed with the program REFMACS5 (Murshudov et al. 2011).

3.3.9. Molecular Dynamics Simulations

Eight hundred ns trajectories (200 ns per 4 replicas) were run for four
different systems: 1) the wild-type NOV1 in its Fe(I1)-O- substrate-free form,
2) the S283F variant in its Fe(ll)-O2 substrate-free form, 3) the wild-type
NOV1 in its apo form (no metal and no ligand) and 4) the S283F variant in
its apo form. The preparation of the NOV1 structures and the MD simulations
were carried out using Yasara (Krieger and Vriend 2015). The protein and
water solvent were described based on the AMBER14 force field (Hornak et
al. 2006) and the TIP3P model (Mark and Nilsson 2001). The resulting
conformations of the holo proteins were used for structural analysis (free-
volume analysis and inter-residue interactions) and ensemble docking. Those

apoproteins were used for pKa studies on the histidines composing the
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catalytic center to assess the effect of the mutation S283F on their flexibility
and orientation. MDpocket, part of the Fpocket suite (Le Guilloux,
Schmidtke, and Tuffery 2009; Schmidtke et al. 2010), was used to assess the
free volume available inside the core of the protein and active site along with

the MD simulation timescale.

3.3.10. Inter-residue interactions

The Protein Interactions Calculator (Tina, Bhadra, and Srinivasan 2007)
webserver was used to identify the hydrophobic patches on wild-type NOV1
and S283F PDB structures.

3.3.11. Ensemble Protein-Ligand Docking

The isoeugenol and resveratrol substrates were systematically docked every
40 ps along with the MD simulations of the ligand-free systems (20000
structures for each system) using a simulation box of 8 A from the oxygen
molecule. 96 docking runs and a clustering cut-off of 2 A of RMSD were
established for each MD snapshot. The protein was kept rigid while the rotors
of the substrate were allowed to move. The distances between the two
carbons forming the double bond of the ligands and the oxygen molecule
bound to Fe (d1), the hydroxyl group of the substrates and the catalytic
residues Y101 and K134 (d2) were measured. The dockings were performed
with AutoDock VINA (Trott and Olson 2010) using the YAMBER force
field (Krieger et al. 2004), and the structural analysis was done with the
Yasara Python module. For all the binding modes identified as pre-catalytic
structures (the distances d1 and d2 were <4 A), both the AGpinding (it estimates
the quality of ligand-protein interactions) and AEginedra (it measures how
strong the distortion of the ligand is in comparison to its protein-free form)

energies were assessed.
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To dock E- and Z-isoeugenol into the S283F variant, we downloaded the
PDB-REDO version3 of NOV1 wild-type in complex with vanillin (PDB ID
5J55). This structure was deemed more suitable for computation than pdb
7QR6 (NOV1-S283F) due to its higher resolution, the presence of the
vanillin product, and the absence of electron density for F59 in 7QR6, and
because the overall structure of the enzyme was essentially identical (Ca
RMSD = 0.48A). We used the YASARA molecular modeling program
(Krieger, Koraimann, and Vriend 2002) to prepare the structure by fixing
common issues (YASARA commands Clean and OptHydAll), followed by
energy minimization with vanillin, oxygen, iron, and the iron-chelating
histidine side chains frozen. Next, Ser283 was swapped for Phe (SwapRes),
the residue was optimized with YASARA’s OptimizeRes using the
SCWALL method (Canutescu, Shelenkov, and Dunbrack 2003; Krieger et
al. 2009) and another minimization was performed, now with vanillin kept
flexible. Finally, the aldehyde oxygen of vanillin was swapped for an ethyl
group to convert vanillin into isoeugenol (setting dihedral angles such that
the molecule was either in trans or cis configuration) and the complex was
energy minimized once more. These complex structures were used for an
initial inspection to identify active-site residues involved in substrate
binding. Subsequently, we removed the ligand, froze the whole structure
except for the side-chains of residues F59, M216, F283, F307, F354, and
L475, and defined a simulation box 2 A around all non-frozen atoms. Using
default parameters, YASARA was then used to execute 999 docking runs
with VINA (Trott and Olson 2010).

3.3.12. Bioconversions of Isoeugenol to Vanillin
Conversion of isoeugenol to vanillin was studied in 50 mL-Erlenmeyer with

a reaction volume of 10-mL containing 10, 25, 50, and 100 mM isoeugenol
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in 0.1 M glycine-NaOH, pH 9, at room temperature, 150 rpm. After adding
1 U mL™? of purified wild-type and S283F variant (defined as the amount of
enzyme that produced 1 mol of vanillin per min) and whole-cells of E. coli
overproducing the variant S283F at ODeoo = 2, which corresponds to 1.3 mg
cell dry weight mI. Reactions containing up to 3.5% ethanol were used to
prepare the substrate's stock solution (1-2 M isoeugenol in 70% ethanol). The
progress of reactions was monitored at 340 nm by quantifying vanillin
production by absorbance (see above) and HPLC (see below).

3.3.13. Bioconversion of 4PG to Vanillin by Coupled Reactions

E. coli NEB 10p cells harboring PROGO and E. coli BL21AlI cells harboring
NOV1-S283F were used, resulting in the expression of PROGO and NOV1-
S283F after induction by L-arabinose and IPTG, respectively. The incubation
continued until final ODeoo values were above 10 and 5 for PROGO and
NOV1-S283F, respectively, after which the cells were harvested and
resuspended in potassium phosphate (KPi) buffer (50 mM, pH 7) to yield the

desired OD before being used as biocatalysts.

Unless stated otherwise, all small-scale conversions (250 pL) were
performed in 20 mL glass vials with 50 mM KPi buffer, pH 7.0, at 150 rpm.
Both individual conversions on targeted substrates were tested with cells with
various OD values at 25 °C. Subsequently, the temperature in 3 gradients was
applied to the conversion. P cells were fixed at OD 50 and mixed with N cells
to initialize the one-pot conversion (250 pL). In comparison, the step-wise
approach of 4PG conversion was separated by the later addition of N cells
and doubled the reaction volume (500 pL) upon adding the N cells.

3.3.14. HPLC analysis

Bioconversions of isoeugenol to vanillin by pure NOV1 wild-type and S283F
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were analyzed in a Waters Alliance 2695 HPLC System with a Purospher
STAR RP-18c column (125 x 4 mm), 5 um particle size (Merck KGaA,
Germany). The column was maintained at 40 °C, the flow rate was set to 1.0
mL min and the volume injected was 25 pL. A linear gradient was set
starting from 70% of 0.5% acetic acid (solvent A) and 30% methanol with
0.5% acetic acid (solvent B), going from 0 to 80% solvent B in 25 min and
maintaining for 10 min. After this, initial conditions were resumed in 2 min
and maintained for 8 min. The absorption was monitored between 200 and
500 nm by a Waters Photodiode Array Detector 2996 operated by Empower
Pro, version 5, 2002 (Waters Chromatography). A time-course investigation
of whole-cell biocatalysis was analyzed. In 20 mL glass vials, the samples
were quenched with acetonitrile at a 20-fold dilution. After centrifuging the
mixture, the supernatants were analyzed using HPLC. All chemicals were
separated with a gradient control method and calibrated using standards on
the HPLC. Buffer A is 12 mM KPi (pH 7), and Buffer B is pure acetonitrile.
Control method: 25% to 95% gradient acetonitrile for 12 min, remaining 95%
acetonitrile for 0.5 min and following 95% to 25% gradient acetonitrile
decrease for 5.5 min.

3.3.15. Isolation of Vanillin and NMR analysis

After 48 h, the reaction mixture was spun down, and the supernatant was
separated from the biomass by decanting. Firstly, the supernatant was
extracted with ethyl acetate, followed by the extraction of the precipitate. To
facilitate the collection of organic layers from the mixture with biomass, each
extraction step was followed by spinning down the mixture. Combined
organic layers were washed with water, saturated solution of NaCl and dried
over anhydrous MgSO4. The organic layer was concentrated in vacuo, and

the residue was purified by column chromatography using Merck 60 A 230-
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400 mesh silica gel, and solvent composition hexane/Ethyl acetate = 9/1
followed by 7/3. Combined fractions were evaporated, and NMR analyzed
the residue. The yield was ~40%, and NMR analysis indicated the presence
of water and impurities that probably originated from lignin oil (no
isoeugenol or 4PG were detected). Water was added to recrystallize the
remaining solid, and the flask was heated until the compound was completely
dissolved. The water layer was separated from the oil by pipetting it into
another clean flask. The remaining solution was allowed to cool down slowly
at room temperature, leading to vanillin crystals formation. The crystals were
isolated by filtration and dried. The isolated yield was ~10%, and NMR
indicates pure vanillin with some traces of water. The identity of products
was determined using NMR. NMR data were collected on a Varian
MercuryPlus (*H at 400 MHz) equipped with a 400 Autosw probe. Chemical
shifts are reported in parts per million (ppm) relative to the residual solvent
peak (CDCls: *H: 7.26 ppm). Coupling constants are reported in Hertz (Hz).
Multiplicity is reported with the usual abbreviations (s: singlet, d: doublet,

dq: doublet of quartets, dd: doublet of doublets, m: multiplet).

3.4. RESULTS AND DISCUSSION

3.4.1. Active Site Design: Construction and Characterization of
Variants

The analysis of vanillin and resveratrol binding to NOV1 (PDBs 5J55 and
5J54) suggested that isoeugenol can be docked into the NOV1 active site with
the hydroxyl group pointed towards Y101 and K134 residues, and the
methoxy substituent, to the pocket created by N120, T121 and L475 (Fig.
3.2A-C, Region A). In this position, the isoeugenol aromatic ring plane sits
parallel to the side chain of F59. Moreover, the reactive double bond of

isoeugenol is located right above the iron center. In contrast, the terminal
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methyl group is hosted in a large and hydrated niche in the rear of the cavity
close to F281, S283, F307, and F354 (Fig. 3.2A-C, Region B). The alignment
of NOV1 with P. nitroreducens isoeugenol monooxygenase shows a
phenylalanine residue at the position of S283 in this enzyme (Yamada et al.
2007).

C
Resveratrol Isoeugenol A
HO, 0 \ F307 \ > A
F2 N AR w7
ct(’_
B

N\ H
81
O
% C? p Resveratrol ;_/7}73
_/B B 2 ﬁasa

5283

Fig. 3.2. Structural Basis for Rational Design of NOV1. (A) NOV1 active site in complex
with vanillin (PDB code 5J55) with surrounding residues highlighted. (B) Resveratrol and
isoeugenol chemical structures. The regions at which the different chemical groups of the
ligands bind to the active site are indicated. (C) Comparison between the binding of
isoeugenol and resveratrol (PDB code 5J54) to the NOV1 binding site. Regions A and B
outline the amino acids binding the isoeugenol hydroxy! propenyl groups.

Furthermore, the X-ray crystal structure analysis supported that S283F
replacement could improve isoeugenol catalysis by fulfilling the free space
left in the active site upon binding the single-ring isoeugenol substrate.
Mutations N120L, F281W, S283Q, F307H, F307W, and L475S were
suggested by sequence comparisons and biochemical information from the
literature (Zhao et al. 2018; McAndrew et al. 2016; Yamada et al. 2007; Ryu
et al. 2013). Positions 120, 121, 281, 283, 307, 354, 473, and 475 were
submitted to mutagenesis using Rosetta and filtered by protein-ligand

docking; see the computational methods section for further details. Thirty-
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five variants based on the rational and computational approaches were
constructed using site-directed mutagenesis and characterized (Table 3.1).
The enzymatic activity of isoeugenol was tested in cell crude extracts in 96-
well microplates. Results showed that mutations in positions 120, 121, 473,
and 475 impaired the isoeugenol activity. Three double variants,
F281M_S283T, F281M_S283V, and F281C_S283l, showed specific
activities comparable to the wild-type, and the single variant S283F stood out

with almost 2-fold higher enzymatic activity as compared to the wild-type.

Table 3.1. Mutant design and enzymatic activity. Reactions were performed using cell-crude
extracts in 0.1 M Tris-HCI, pH 9, 1 mM isoeugenol at room temperature.

Initial Relative activity to
Enzyme Rational design Activity (ia) wild-type
(U/mL) (iavariant/iawT)
Wild-type 0.252 £ 0.027 -
N120L (Zhao, 2018) nd nd
N120S Rosetta + docking 0.019 + 0.006 0.07 £0.03
T121P Rosetta nd nd
T121A Rosetta + docking 0.052 £ 0.009 0.18 +0.03
F281W (Ryu, 2013) 0.047 +0.011 0.23 +0.05
S283F (Yamada, 2007) 0.433 £ 0.082 1.50 £ 0.29
$283Q (Zhao, 2018) 0.031 + 0.005 0.15+0.02
S2831 Rosetta + docking 0.044 +0.019 0.18 £0.08
S283E Rosetta + docking 0.040 = 0.010 0.17 £0.04
S283N Rosetta + docking nd nd
S283V Rosetta + docking 0.118 = 0.027 0.61+0.14
S283C Rosetta + docking 0.012 £ 0.004 0.05 +0.02
S283T Rosetta + docking 0.063 £ 0.018 0.26 £ 0.02
F307H Visual inspection 0.017 £ 0.010 0.07 £0.04
F307W (McAndrew, 2016) 0.030 + 0.006 0.10 £ 0.02
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F309W Rosetta + docking 0.016 £ 0.003 0.05+0.01
F473W Rosetta + docking 0.020 + 0.005 0.07 £0.02
F473E Rosetta + docking 0.018 = 0.004 0.06 £ 0.01
F473Q Rosetta + docking 0.014 £ 0.005 0.06 +0.02
L475S (Zhao, 2018) 0.011 + 0.004 0.04 £0.02
L475G Rosetta 0.017 + 0.004 0.07 £ 0.02
L475T Rosetta + docking 0.016 £ 0.003 0.05+0.01
E353D Rosetta + docking 0.013 £ 0.006 0.05+0.03
F281C S283I Rosetta + docking 0.283 + 0.055 1.02+0.18
F281C S283T Rosetta + docking 0.015 +0.005 0.05+0.02
F2811 S283V Rosetta + docking 0.012 +0.004 0.05+0.02
F281H S283I Rosetta + docking 0.193 £ 0.043 0.70+0.14
F281H S283V Rosetta + docking 0.011 £ 0.003 0.04 £0.02
F281M S283lI Rosetta + docking 0.273 £ 0.048 0.98 £0.16
F281M S283T Rosetta 0.282 + 0.061 1.02+0.20
F281M S283V Rosetta + docking 0.252 + 0.023 0.90 £ 0.09
FA7T3W L475G Rosetta + docking 0.022 + 0.004 0.09 £0.02
FA7T3W L475T Rosetta + docking 0.017 £ 0.003 0.07 £0.03
F281M S2831 F307H Rosetta + docking 0.038 + 0.015 0.20 £0.10
F281M S283T F307H Rosetta + docking 0.014 + 0.007 0.04 +0.03

nd — not detected

3.4.2. Biochemical and Kinetic Characterization

Wild-type and variant S283F were produced at an Erlenmeyer scale and
purified. Both enzymes showed an optimal pH of 9, an optimal temperature
of around 28 °C for the wild-type enzyme, and 32 °C for the S283F variant
(Fig. 3.3A, B). Purified enzyme preparations displayed approximately 0.5
mol of iron per mol of protein. They were partially iron-depleted, similar to
the observed in isoeugenol oxygenases from P. putida (Yamada et al. 2007)
and P. nitroreducens (Ryu et al. 2013). The steady-state kinetic analysis
revealed that the S283F variant features a 2-fold higher ket than the wild-
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type, and a slightly higher Kn, value for isoeugenol, leading to a catalytic
efficiency (kca/Km) comparable to the wild-type (Table 3.2). The activity
using resveratrol as substrate was also investigated; the S283F variant
showed a 5-fold lower kcst and 4-fold higher Km, resulting in a sharp 20-fold
decrease of the kcat/Km, compared to the wild-type. Notably, the Kkinetic
analysis for O in the presence of isoeugenol showed that the S283F displayed
an enhanced binding to molecular oxygen, with a ~2-fold lower Km and a 4-
fold higher catalytic efficiency than the wild-type (Table 3.2). This is an
important asset to overcome the usually limiting levels of soluble O in large-
scale industrial processes; indeed, enhancing O binding and catalysis has
been a critical challenge in the application of oxygenases (Garcia-Ochoa et
al. 2010; Sigurdardottir et al. 2018). The results supported the prediction that
introducing the bulky and hydrophobic phenylalanine at position 283 impairs
resveratrol oxidation, shifting the specificity of NOV1 towards smaller

substrates such as isoeugenol and molecular oxygen.
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Figure 3.3. pH and temperature profiles. (A) pH activity profile of wild-type (circles) and
S283F NOV1 (squares). Reactions were performed in Britton-Robinson buffer (in the pH
range from 3 to 11) in 1 mM isoeugenol at room temperature. (B) Temperature dependence
of enzymatic activity in reactions performed in 100 mM Tris-HCI buffer, pH 9.
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Table 3.2. Apparent steady-state kinetic parameters of wild-type and S283F NOV1 for
isoeugenol, molecular oxygen (in 4 mM isoeugenol), and resveratrol. Kinetic assays were
performed at room temperature in 0.1 M Tris-HCI, pH 9.

Isoeugenol O: (isoeugenol) Resveratrol
Keat (s) 73102 10.9+0.8 0.38 £ 0.02
wild-type K (mM) 06+0.1 (0.7+0.1) x 10 0.06 £ 0.01

Keat/Km (M1 s1)  (12242) x 103 (15.6 + 4) x 10 (6.3+0.2) x 10°

Keat (52) 145+08 17306 0.078 + 0.004
S283F  Kn (MM) 0.8+0.1 (0.29+0.04) x 102 |  0.227 +0.002

Kea/Km (M1s)  (18.1+4) x 103 (59.7+10) x 105 | (0.34 +0.02) x 103

3.4.3. NOV1 Stability and Iron Incorporation

The kinetic or operational stability is relevant to assess the biocatalyst
performance under specific operating conditions, for example, at a given
temperature, and to study pathways that lead to the formation of irreversibly
inactivated enzyme states (Sanchez-Ruiz 2010). The thermal inactivation
assays revealed that the S283F amino acid replacement drastically improves
the enzyme kinetic stability. While the wild-type NOV1 displayed inferior
stability with a half-life (tu2) of around 1 h at 25 °C, the variant S283F
exhibited a half-life of 29 h (Fig. 3.4). Notably, incubation of wild-type with
iron increased the half-life 10-fold but not of the variant, indicating that i)
binding of the iron cofactor seems the critical determinant of thermostability
of NOV1 enzyme, and ii) the wild-type enzyme loses iron more quickly than
the S283F variant. The chemical unfolding of wild-type and S283F was

assessed using fluorescence emission of tryptophan residues.
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Figure 3.4. Kinetic stability. Stability of wild-type (circles) and S283F (squares) NOV1 at
25 °C in the absence (open symbols) and the presence of 100 equivalents of FeSO. (closed
symbols). Inset: linear regression of logarithm activity versus time. Without iron, the half-
time at 25 °C was 1.3 + 0.2 h and 29 + 3.4 h for wild-type and S283F variant, respectively.
The addition of iron increased 10-fold the half-life time (11.4 = 0.7 h) of the wild-type,
whereas the stability of S283F remained similar (30.4 £ 1.2 h).

The folded and unfolded states were the only states that accumulated in
significant amounts, and a two-stage process accurately fit the unfolding
process (Fig. 3.5A), and both enzymes displayed similar stability; the
guanidinium hydrochloride mid-point concentration at around 0.6 M (where
50% of molecules are unfolded), and the native state free energy is 3.5 kcal
mol?. In thermal unfolding experiments, the fluorescence emission from
tryptophan residues increased in the 30-40 °C range (Fig. 3.6), indicating the
iron cofactor’s release, a known fluorescence quencher (Dunning Hotopp et
al. 2003). Incubation of wild-type with 2000 molar equivalents of EDTA
abolished this effect (Fig. 3.6A), in contrast to S283F, which shows a
persisting “iron quenching effect” even after incubation with EDTA,
suggesting a significantly higher affinity for iron (Fig. 3.6B), in line with the
higher half-life values of kinetic stability. The apparent melting temperatures
(Tm) are very similar in both enzymes at 57-59 °C (Fig. 3.5B); static light

scattering at 500 nm revealed a highly-aggregation tendency with an onset of
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aggregation (Tagg) at 47 °C before enzyme unfolding (Fig. 3.5C). These
results showed that both enzymes share a relatively high thermal robustness
of the enzymes’ native state. The higher kinetic thermostability observed in
the S283F variant compared to wild-type most likely results from an

enhanced stabilization of iron cofactor inside the catalytic cavity.
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Figure 3.5. (A) NOV1 wild-type (closed circles) and S283F (open squares) fraction
unfolded by Gdn-HCI as measured by fluorescence emission of tryptophyl residues at 340
nm. Measurements were performed by reading fluorescence at excitation wavelengths of
296 nm and emission wavelengths of 340 nm. The solid line is the fit according to the
equation fy = exp(-AGYRT)/1+exp(-AG%RT), which assumes the equilibrium N = U
(Fernandes, Martins, and Melo 2009). B) Thermal unfolding following fluorescence
emission of tryptophan residues at 340 nm (T = 57-59 °C) for wild-type (filled circles) and
S283F variant (empty squares). C) Static light scattering at 500 nm (Tagg = 47 °C) for wild-
type (filled circles) and S283F variant (empty squares).
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Figure 3.6. Tryptophan fluorescence emission at 340 nm at increasing temperatures of wild-
type (A) and S283F variant (B) in the absence (squares) and after incubation with 2000

equivalents of EDTA (triangles).
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3.4.4. Structural Characterization of the S283F Variant

The crystal structure of NOV1-S283F was solved at 2.9 A using synchrotron
radiation (Table S3.2, Annex I), revealing the recognizable electron density
of a phenylalanine side chain at position 283 (Fig. 3.7A-C). The aromatic
ring of F283 was found to occupy the active site, cluttering the catalytic
cavity. The Fe(I1)-O2 complex, required for activity, is coordinated by four
histidine residues: H167, H218, H284, and H476 (Fig. 3.6B, C). F283 is
predicted to reach out and interact with isoeugenol through hydrophobic
contacts (Fig. 3.1C), whereas K134 and Y101 create the proper hydrogen
bonding environment with the 4-hydroxy group of the substrate (Fig. 3.6C,
D).
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Figure 3.7. (A) Crystals of S283F NOV1 variant. (B) Weighted 2Fo-Fc electron density of
the active site. The contour level is 1.2 6. The side chain of F283 is well recognizable with
its aromatic ring close to the His-coordinated iron. The difference Fourier Fo-Fc map
(contoured at 3.0 o level; green) showed a residual electron density interpreted as bound
oxygen. (C) The oxygen-bound active-site structure of the final model. (D) S283F NOV1
crystal structure with the reaction product (vanillin, carbons in purple) modeled in the cavity.
The model used the complex structure between the wild-type enzyme and vanillin as a
reference (carbons in green, PDB code 5J55). F283 interacts with the edge of the substrate
ring, whereas F59 is involved in a n—= stacking with the aromatic ring of the substrate.

3.4.5. Molecular Dynamics Simulations and Substrate Docking
Starting from the experimental wild-type (PDB code 5J55) and S283F

structures (PDB code 7QR6), the computational analysis showed that a
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comparable number of interactions is present in both wild-type and S283F
enzymes and the active site cavity along the MD trajectories (800 ns), which
remained in a relatively stable conformation with a constant volume in both
structures (Fig. S3.2). However, S283F replacement resulted in local re-
arrangement of a sizeable hydrophobic core present in wild-type to create
small hydrophobic patches near the active site (Fig. S3.3); the average cavity
volume is expanded in S283F. Consequently, a higher number of water
molecules was identified inside the active site of the mutant (Fig. S3.4). The
more expanded shape of the S283F active site could make the catalytic center
more accessible to the solvent and, by extension, other small molecules, such
as molecular oxygen and isoeugenol. Furthermore, the presence of the bulky
phenylalanine at the active site seems to distort the resveratrol conformation
significantly when approaching pre-catalytic states (Fig. 3.11A, B and Table
S3.3, Annex I). In contrast, the distortion of the isoeugenol structure when
approaching pre-catalytic binding modes appeared only slightly higher in the
variant than in the wild-type. These data support the experimental
observation that resveratrol is a poorer substrate for the variant than wild-
type (4-fold higher K and 5-fold lower kcar). Furthermore, MD trajectories
of the ligand-, oxygen- and iron-free systems of wild-type showed that the
four iron-binding histidines are kept in a stable conformation that is not
compatible with iron coordination, particularly for H167 and H218 (Fig.
3.12). This was different from S283F, where the presence of phenylalanine
in the iron neighborhood increased the fluctuation of the His residues, which
visited conformations compatible with iron-binding (Fig. 3.12), indicating a
lower relative transition energy barrier between iron-free and iron-bound
forms in S283F. This increased flexibility of the iron-coordinating histidines

could be related to alterations in the H-bond network of the active site, where
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three conserved carboxylate residues (E135, E353, and E418) are responsible
for stabilizing H218, H284, and H476 (McAndrew et al. 2016; Daruwalla
and Kiser 2020). In addition, lower pKa values for all histidine side chains,
particularly H167 and H218, were found in the S283F variant (Fig. 3.11C),
suggesting that their dissociation equilibrium favors the unprotonated state
required to bind the iron metal. These electrostatic calculations support a
higher affinity of iron to the S283F variant with kinetic stability and thermal
unfolding/EDTA chelation, which showed that wild-type loses iron more
readily than S283F (Fig. 3.4 and 3.6).
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Figure 3.11. (A) Dihedral (AE) and binding energies (AG) were estimated for ensemble
docking of isoeugenol and resveratrol to wild-type NOV1 and S283F variants. AEginedral
measures how strong the ligand distortion is compared to its protein-free form, AGpinding
estimates the quality of ligand-protein interactions. (B) Representation of resveratrol binding
to wild-type NOV1 (grey) and the S283F variant (blue). The substrate is represented as balls,
and the residues as sticks. (C) pKa of iron-coordinating histidines 167, 218, 284, and 476
were measured every 40 ps along the 800 ns MD trajectory for the apo form of the wild-type
(red) and the S283F mutant (blue).
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Figure 3.12. On the top, dihedral angles [C-CA-CB-CG] define the orientation of the
histidine 167 (red), 218 (blue), 284 (green), and 476 (purple) side chains, measured on the
four replicas of 200 ns MD simulation. The values for the wild-type and mutant in their holo
(Fe-bound) and apo (Fe-free) forms are represented. For simplicity, only one replica is
shown for the holo form (which is consistent for the four replicas). The bottom illustrates
the most representative clusters concerning the histidine conformations, along with the MD
simulation of the iron-free form of both wild-type and mutant. For comparison, these appear
superposed with the catalytic center of the Fe(11)-O2 bound state as it appears in the 5J55 X-
ray structure.

3.4.6. Enzymatic Vanillin Bio-Production
Bioconversion assays confirmed that purified S283F converts isoeugenol to

vanillin more efficiently than wild-type: >99% conversion of 10 mM
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isoeugenol after 1.5 h of reaction was achieved, which favorably compares
with the 67% conversion obtained using the wild-type enzyme (Fig. 3.13A).
The reaction product was confirmed to be vanillin by HPLC following the
previous identification (McAndrew et al. 2016). Further addition of
isoeugenol (10 mM) resulted in 96% and 74% conversion yields after 24 h
for S283F and wild-type, respectively. The total turnover number (TTN),
defined as the total moles of vanillin produced per mole of enzyme over the
entire length of the reaction, is 5.1 and 2.2 for S283F and wild-type,
respectively. Remarkably, the ket of the S283F variant for isoeugenol is 2 to
10 times higher than the values previously reported for isoeugenol
oxygenases (Han, Long, and Ding 2019; Yamada et al. 2007; Ryu et al. 2013;
Zhao et al. 2018) further endorsing this enzyme as a superior biocatalyst in
non-limiting substrate concentrations, typical of industrial setups. We set up
time-course bioconversion assays using whole cells that overproduced the
S283F variant to reduce the costs associated with enzyme purification (Fig.
3.13B, C) (Lin and Tao 2017; Fernandes et al. 2021). Our results revealed
that excellent molar conversion yields, >99%, were achievable within 24 h
of reaction using concentrations of isoeugenol up to 100 mM, in the presence
of small amounts (3.5%) of ethanol, a bio-solvent, in the whole-cell catalysis
mixture. Notably, the obtained conversion yields were similar to those
obtained with Pseudomonas isoeugenol monooxygenases in the presence of
organic solvents or enzyme aggregates (Zhao et al. 2019; Yamada et al.
2008) and higher than those obtained with oxygenases from Herbaspirillum
seopedicae and Rhodobacteraceae bacterium (Table 3.3) (Han, Long, and
Ding 2019) Furthermore, the NOV1 system tolerated concentrations of
substrate up to 100 mM in contrast to other enzymatic systems inhibited by
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isoeugenol, and force reactions to be performed at significantly lower

concentrations of substrate (Han, Long, and Ding 2019; Furuya et al. 2015).
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Figure 3.13. Bioconversions of isoeugenol to vanillin. (A) Time course of vanillin
production using 1 U mL* of wild-type (blue) and S283F NOV1 (red) purified enzymes;
reactions started with 10 mM of the substrate, and additional supplementation with 10 mM
of isoeugenol occurred after 1.5 h of reaction (arrow). (B) Time course of vanillin production
using recombinant E. coli whole-cells overproducing S283F NOV1 variant (final ODggo = 2)
in reactions containing initial concentrations of 10 (yellow), 25 (green), 50 (red) and 100
(blue) mM isoeugenol. (C) Molar conversion yields after 24 h in reactions containing initial
concentrations of 10 (yellow), 25 (green), 50 (red), and 100 (blue) mM isoeugenol. Reactions
were performed in 0.1 M glycine-NaOH buffer, pH 9, at room temperature, 150 rpm.

Table 3.3. Comparison of performance of whole-cell reactions in the conversion of
isoeugenol to vanillin.

Celldry — Organic ¢ \irate  Conversion

Enzyme ( rvnvgllgr]r?li ) ;))I\(/j/r:/t) (mM) (%) Ref.
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107



Chapter 3

3.4.7. Activity of Individual Whole-Cells toward 4PG and
Isoeugenol

We investigated the feasibility of a one-pot conversion of 4PG to vanillin,
utilizing E. coli NEB 10 cells harboring PROGO (P cells) and E. coli BL21-
Al cells containing NOV1-S283F (N cells). The number of cells varied to
determine the optimal amount for reaching a complete or close to complete
conversion. After 24 h, a >95% conversion of 50 mM 4PG was achieved
using P cells at an ODegoo of 75 (Fig. 3.14A). Lower amounts of P cells
resulted in less efficient yet considerable conversions, indicating that
lowering the ODego, alongside optimization of other reaction conditions
(temperature, pH, reaction time), could lead to satisfactory yields. The N cells
showed activity on commercially available E-isoeugenol already at ODgoo 2.
Production of vanillin yielded approximately 85% when the ODsoo value was
above 10 (Figure 3.14B). Despite increasing the amounts of N cells to ODseoo

50, the vanillin yield remained at around 85%.

a) b)

N50-
N20
N0
N5

N2+

Control

T T T T T T T T
0 20 40 &0 B0 100 0 20 40 60 80 100

T T

Abundance (%) Abundance (%)
mm 4PG ml Vanillin

Figure 3.14. Conversions of 50 mM substrate of (A) 4PG by P cells at different ODggo values
(10, 25, 50, and 75); and (B) isoeugenol (IEUG) by N cells at different ODgqo values (2, 5,
10, 20, and 50). Reactions were performed in 50 mM KPi buffer, pH 7 in 10% (v/v) DMSO
at 25 °C for 24 h.
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Previous reports indicate that P cells catalyze the formation of a mixture of
E- and Z-isoeugenol (Guo et al. 2022). To anticipate the actual reaction
conditions of the cascade, we followed the depletion of a mixture of
isoeugenol isomers (E/Z=75/25) catalyzed by N cells over time. We
hypothesized that the ratio of unreacted isoeugenol, remaining after the
cascade, should remain constant if the N cells are equally active on both
isomers. The NMR analysis of the crude reaction mixture at different time
intervals points toward the preference of NOV1-S283F for the E-isomer, as
the ratio of E/Z changes from 3 to 0.8 after 24 h (Fig. 3.15A). To further
support this evidence, a docking study using the crystal structure of NOV1-
S283F revealed a minimal clashing between the CHz moiety of the alkyl
chain of the Z-isomer and F283 (Fig. 3.15B). It appears that Z-isoeugenol can
adapt within the active site of the enzyme, thus being still a possible substrate
but with hampered reactivity when compared to the E-isomer. Thus, we
expected that the conversion of both isomers would occur; however, it would

be more readily on E-isoeugenol, which might affect the final vanillin yield.
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a)

E/Z isoeugenol ratio

b)

Figure 3.15. Substrate preference of NOV1-S283F. A) NMR analysis of the whole-cell
conversion of 50 mM E/Z-isoeugenol (starting ratio E/Z=75/25). N cells (ODeoo 10) were
used in 50 mM KPi buffer, pH 7, with 10% (v/v) DMSO as a cosolvent, at 25 °C; B) Docking
result for NOV1-S283F with the E- (pale yellow left) and Z- (pale green, right) isomers of
isoeugenol. Active site residues that were flexible during docking are white, frozen residues
cyan, and the catalytic iron and oxygen are in gold and red, respectively. For comparison,
the active site-bound vanillin from PDB:5J55 is shown in purple. While E-isoeugenol
docked readily into the active site and with —7.75 kcal/mol binding energy is the highest
ranking docking result out of 999 VINA runs, the Z-isomer docks mostly in non-catalytic
positions (where the ligand’s alcohol oxygen atom was more than 3.5 A from the catalytic
oxygen of Y101). The best (<3.5 A O-O distance) catalytic pose of Z-isoeugenol binds with
5.42 kcal/mol as rank 240 — significantly less than the top-ranked (noncatalytic) pose, which
binds with —7.17 kcal/mol.

3.4.8. Optimizing the Productivity
Different temperatures, buffer systems, and pH values for the two individual
biocatalysts were compared to identify the most suitable reaction conditions
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to perform the two-step cascade process in one pot. The cellular confinement
protects enzymes from the surrounding environment, stabilizing the
enzyme’s catalytic performance (Mueller and Levin 2020). We used these
advantages to determine isoeugenol and vanillin productivity in whole-cell
conversions at higher temperatures. It has been reported that isolated eugenol
oxidase exhibits a relatively low conversion rate at 25 °C (Nguyen et al.
2016). Isoeugenol productivity was significantly improved from 25 °C to 37
°C (Fig. S3.5A). In contrast, the highest vanillin yields using N cells was
obtained at 25 °C (Fig. S3.5B). Conversions of 4PG and isoeugenol were
performed in Tris-HCI and in KPi buffers (Fig. S3.5C, D). To avoid or
minimize the cell lysis, our studies were performed at 50 KPi buffer (pH 7)
at 25 °C.

3.4.9. Cascade Conversions: Simultaneous vs. Stepwise
Addition of Whole-cell Catalysts

To enhance the efficiency of the multi-enzyme process, we aimed to optimize
the stoichiometry of the biocatalysts. Combining the two cell types in
different ratios slightly influenced the oxidation of 4PG (Fig. 3.16A).
However, the vanillin yield significantly decreased in the cascade reaction,
compared to an 85% yield in the transformation of isoeugenol by N cells
alone. We speculated that the by-product, hydrogen peroxide, may inhibit the
performance of the N cells. Theoretically, the biocatalytic oxidation of 50
mM 4PG affords 50 mM H20., which might exceed the quenching ability of
the naturally present catalase in cells (Kumar and Imlay 2013; Seaver and
Imlay 2001). Therefore, 50 mM sodium sulfite was added to the reaction to
diminish the potentially damaging effect of H.O>. However, we observed a
significant decrease in vanillin production probably related to the oxidation
of sodium sulfite, which can inhibit the activity of NOV1-S283F, an iron-
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containing dioxygenase (Nguyen and Kumar 2022; Ranguelova, Bonini, and
Mason 2010). Following this hypothesis, the biological alternative, 1 to 5 mg
of catalase was introduced, but the amount of vanillin produced increased
only slightly. This demonstrates that H.O> bioproduct plays a minor role in
limiting the conversion of isoeugenol to vanillin. Another possible
explanation for the inefficiency of the one-pot approach is a partial substrate
inhibition of NOV1-S283F by 4PG (Fig. S3.6). Isoeugenol and 4PG are very
similar compounds, only differing in the propyl moiety. Therefore, 4PG may
also bind in the active site of NOV1-S283F as a substrate analogue,
competing with isoeugenol binding.

To avoid this interference, a step-by-step strategy was used to achieve a one-
pot biocatalytic production of vanillin. In such an approach, all reaction steps
of the cascade are still performed in one pot but are separated in time.
Furthermore, separating the consecutive reactions in the time allowed us to
apply in each step the optimal temperatures of the independent biocatalysts,
thus maximizing the production of the desired product. P cells were added to
a 50 mM 4PG to start the cascade. The N cells were introduced after 24 h and
the reaction temperature decreased from 37 °C to 25 °C. The newly added
biocatalyst reacted for another 24 h before analysis. Gratifyingly, a high yield
of vanillin (80%) was obtained, while only a small portion of isoeugenol
remained unreacted. (Fig. 3.16B). Clearly, the stepwise approach
successfully boosted the conversion of 4PG to vanillin, probably by
eliminating the inhibiting effect of 4PG on NOV1-S283F activity.
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a) Simultaneous b) Step-wise
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PS50/N10 + 5 mg Catalase

P50/N10 + 1 mg Catalase P50/N50+

P50/N10 + 50 mM Na2SOs P50/N20
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Figure 3.16. Biocatalytic cascade reactions using P and N cells in one pot. a) One-pot
conversions of 4PG to vanillin using a whole-cell multi-enzyme cascade in a simultaneous
approach. Sodium sulfite and catalase were supplied to quench the excess of H20.. b) One-
pot conversions of 4PG to vanillin using a whole-cell multi-enzyme cascade step-wise.
Different amounts of N cells were added after an almost full conversion of 50 mM 4PG,
which was reached utilizing P cells at ODggo 50. Reactions were shaken at 150 rpm at 25 °C
for 24 h for a simultaneous approach and at 37 °C for 24 h, followed by the change to 25 °C
for 24 h for the step-wise method.

In addition, we investigated the feasibility of our biocatalytic cascade
reaction at higher substrate concentrations. Remarkably, 92% of 100 mM
4PG was converted, while with 260 mM 4PG, only 69% was converted to
give a mixture of isoeugenol and vanillin (Fig. S3.7). Despite the difference
in yields, the obtained vanillin production was 9.9 g/L (for 100 mM) and 8.7
g/L (for 260 mM), values that are similar to that obtained for 50 mM 4PG
conversions (6.1 g/L). The obtained values are within the average for
previously reported procedures using isoeugenol as substrate, while other
biotechnological approaches and substrates remain inferior to our process

(Kaur and Chakraborty 2013).
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3.4.10. One-Pot Conversion of Lignin Oil

After optimizing the reaction conditions on a model system with pure 4PG,
we shifted our attention to a more complex starting material: a raw
depolymerized lignin oil obtained by RCF on spruce wood. Using the
established procedure, 0.5 g of RCF lignin oil, containing 27.1% (wt) 4PG,
resuspended in 50 mM KPi buffer pH 7, 10% (v/v) DMSO, was first reacted
with P cells (ODeoo 25) for 24 h at 37 °C, followed by a conversion by N cells
(ODeoo 10) for 24 h at 25 °C. Regardless of the cosolvent’s presence, 4PG in
the mixture was converted to yield 15% of isoeugenol and 66% of vanillin
within 48 h. Although cosolvent has no evident effect on the conversion, we
note that the use of DMSO was more practical in handling lignin-derived oil.
It is worth noting that the one-pot conversion of pure 4PG using the
previously optimized settings for the conversion on a small scale resulted in
an approximate 90% vyield of vanillin (Fig. 3.17). Notably, the obtained
conversion yields using oil produced by RCF as a starting material were
lower than those obtained using pure and commercially available 4PG.
However, it should be considered that the applied lignin oil comprises about
32% phenolic monomers (27.1% being 4PG) alongside lignin-derived dimers
and small oligomers (Mw <1000 g/mol) (Van Aelst et al. 2020). Other
structurally ~ similar monomers, such as 4-ethylguaiacol or 4-
propanolguaiacol can be potential enzyme inhibitors. Yet, despite the
complexity of the reaction mixture, the biocatalysts remained remarkably
efficient, showing promise to valorize the lignin oil from lignocellulose into

a value-added chemical with a satisfactory yield.

Finally, we aimed at simplifying the process of bioconversion. To do so,
cells, after the growth phase and in their native media, were considered ready-

to-use biocatalysts. 0.5 g of lignin oil in DMSO cosolvent was mixed with P
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cellsin LB medium for 24 h at 37 °C. After 24 h, N cells, also in LB medium,
were added, and conversion continued for 24 h at 25 °C. Both types of cells
were used at their final ODeoo values: ODegoo 17 for P cells and ODggo 8 for N
cells, which are lower than what was found to be the optimum for the highest
vanillin production. Nonetheless, vanillin was produced in 60% yield, which
is comparable to results obtained for KPi buffered systems (Fig. 3.17). The
successful conversion using cells expressing the corresponding enzymes in
growth media demonstrates the robustness and utility of this process. It
encourages the translation of this biobased laboratory protocol into a viable

industrial process.

0.5 g Lignin oil (LB media)

0.5 g Lignin oil (without DMSO)

0.5 g Lignin oil (with DMSO) _ B

0.594PG

Abundance (%)

Hm 4PG El Vanillin
Conditions A Conditions B
P17 37°C 24 h P2537°C 24 h
N8 25°C 24 h N1025°C 24 h

Figure 3.17. One-pot conversions of commercial 4PG and lignin-derived oils using a whole-
cell, multi-enzyme cascade stepwise under different experimental conditions. One-pot
conversions of 0.5 g lignin oil or 4PG in 50 mM KPi buffer, pH 7. For conversions of 0.5 g
lignin oil, the effect of 10% (v/v) DMSO as cosolvent was tested. To catalyze the first step
of the process, P cells at ODgyo 25 and N cells at ODggo 10 were used in the second step. A
conversion of 0.5 g RCF oil was performed using P and N cells at ODggo 17 and ODegqo 8,
respectively, resuspended in the growth media, i.e., LB media. All the reactions were shaken
at 150 rpm at 37 °C for 24 h, then changed to 25 °C for 24 h.
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To isolate and fully characterize vanillin produced through the biocatalytic
cascade, 1 g of RCF lignin oil containing 27.1% (wt) of 4PG (279 mg, 1.7
mmol) was reacted for 48 h in one-pot system to produce vanillin. The
reaction mixture was purified by column chromatography, followed by
recrystallisation. The first purification step yielded 40% (99 mg, 0.7 mmol)
of vanillin. At the same time the NMR analysis indicated that the isolated
product contained traces of impurities (Fig. 3.20A). Then, the same sample
was recrystallized, which significantly reduced the yield of vanillin (10%, 26
mg, 0.2 mmol) while the purity increased (Fig. 3.20B). Note that this protocol
was not optimized and should be considered a first proof-of-concept. Further
purification process development is required, building upon industrially
existing best practices. At the same time, the NMR analysis of unreacted
isoeugenol, obtained through column chromatography, sheds some light on
the reasons behind its incomplete conversion to vanillin. The integration of
corresponding CHs signals of isoeugenol isomers indicates that the Z-
isoeugenol is the more dominant component of the mixture (Fig. 3.20C),

which is in agreement with NMR and docking studies.
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Figure 3.20. NMR spectra of A) vanillin isolated via column chromatography; B) vanillin
isolated by column chromatography followed by the recrystallization. *H NMR (400 MHz,
Chloroform-d) & 9.83 (s, *H), 7.46 — 7.40 (m, 2H), 7.04 (d, J = 8.5 Hz, 'H), 6.18 (s, 1H), 3.97
(s, ®H). C) unreacted mixture of E- and Z-isoeugenol isolated by column chromatography.
'H NMR (400 MHz, CDCI3) § (ppm): E-isomer: 6.91 — 6.78 (m, *H, ArH), 6.39 — 6.28 (m,
H, (C)CH), 6.08 (dg, J = 15.7, 6.6 Hz, *H, CHCHCHG), 5.55 (s, *H, OH), 3.90 (s, 1H, OCHj),
1.86 (dd, J = 6.6, 1.7 Hz, *H, CHg3). Z-isomer: 6.91 - 6.78 (m, 3H, ArH), 6.39 — 6.28 (m, 1H,
(C)CH), 5.70 (dqg, J = 11.6, 7.2 Hz, '*H, CHCHCHSa), 5.59 (s, *H, OH), 3.89 (s, 1H, OCHj),
1.90 (dd, J = 7.2, 1.9 Hz, ®H, CHs). Numbers in labels represent the value of the integral of
each peak, as MestReNova gives.

3.5. CONCLUDING REMARKS

In this study, we rationally designed, constructed, and tested thirty-five
variants of NOV1, ultimately selecting the S283F variant for its superior
selectivity and catalytic efficiency towards isoeugenol compared to the wild-
type enzyme. This variant also showed enhanced kinetic thermostability due
to increased stabilization of the iron cofactor inside the catalytic cavity.
Incidentally, the primary molecular determinant of NOV1 kinetic stability is
suggested to be iron depletion of the active site. MD analyses supported
increased iron retention in the active site of S283F and enhanced kinetic

stability.
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The biotransformation of isoeugenol using whole-cells expressing the
improved S283F variant achieved remarkable conversion levels to vanillin,
with concentrations reaching up to 100 mM at room temperature in relatively
short reaction times. Enzyme deactivation and stability under harsh
conditions are significant challenges in industrial biocatalysis. Thus, S283F,
with its increased activity and stability, was the optimal candidate for testing
in a biocatalytic cascade aimed at vanillin production from RCF lignin-
derived 4PG. By combining E. coli cells expressing an engineered 4PG
oxidase (PROGO) with NOV1-S283F, we optimized the conditions for a
whole-cell biocatalytic process. This approach yielded a high vanillin
production rate of 90% from synthetically pure 4PG and 66% from real lignin
oil, which contains 27.1% 4PG, derived from RCF biorefining of spruce
wood. The pre-purification vanillin yield was 18% from RCF lignin oil and
3% from the initial spruce feedstock, representing an estimated four-fold
improvement over current industrial wood-based vanillin production
processes (Breiner 2021). Notably, the relative increase for the post-
purification vanillin yield is expected to be even larger due to the lack of a
homogeneous metal catalyst in the vanillin product stream presented here.
Furthermore, we showed that cells in a growth medium could be used as
ready-to-use biocatalysts, making this one-pot conversion of lignin oil into
vanillin a rather facile process. The presented lignin refining strategy paves
the way for further development to sustainably produce biobased vanillin

using lignin as feedstock.
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4.1. ABSTRACT

Protein engineering is crucial to improve enzymes’ efficiency and robustness
for industrial biocatalysis. This study aims to enhance NOV1 activity and
operational stability by identifying distal hotspots located at more than 9 A
from the active site using Zymspot. This tool predicts advantageous distant
mutations, streamlining protein engineering. Fourty-one variants were
constructed using site-directed mutagenesis, and the six most active enzyme
variants were then recombined. Two variants, with two and three mutations,
showed nearly a 10-fold increase in activity and up to 40-fold higher
operational stability than the wild-type. Furthermore, these variants show
90% to 100% immobilization efficiency in metal affinity resins, compared to
approximately 60% for the wild-type. In bioconversion tests, where 50 mM
of isoeugenol was added stepwise over 24-hour cycles, the 1D2 variant
produced approximately 144 mM of vanillin after six reaction cycles,
corresponding to around 22 mg, indicating a 35% molar conversion yield.
This output was around 2.5 times higher than that obtained using the wild-
type. Our findings highlight the efficacy of distal protein engineering in
enhancing enzyme functions like activity, stability, and metal binding

selectivity, thereby fulfilling the criteria for industrial biocatalysts.

Keywords: Biocatalysis, Non-heme iron proteins, Immobilization metal

affinity, Protein Engineering
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4.2. INTRODUCTION

In the previous chapter, we have made progress in understanding the one-
step, coenzyme-free conversion of isoeugenol to vanillin by NOV1
dioxygenase. Advancements in comprehending the structure-function
relationships of NOV1 through rational mutagenesis near the active site have
been made (De Simone et al. 2023). Furthermore, its potential has been
recognized for effectively utilizing lignin-derived intermediates in whole-cell

bioprocesses to produce valuable compounds

In this study, we have two objectives: 1) use computational tools to predict
beneficial mutations distal to active sites, and 2) optimize the immobilization
of NOV1 variant enzymes onto solid metal supports by affinity, proposed to
be easier and more advantageous over conventional methods of
immobilization. Protein engineering is crucial to optimizing enzymes and
improving their efficiency and robustness for industrial biocatalysis
(Bornscheuer et al. 2012). Most rational and semi-rational engineering
designs target residues near the active or substrate binding sites. Still, it is
becoming increasingly clear that distal sites >10 A significantly contribute to
the enzymatic function (Gu, Xu, and Nie 2023; Lee and Goodey 2011),
although the mechanisms underlying their influence are still unclear
(Motlagh et al. 2014; Wilding et al. 2019). Current strategies for identifying
distal hotspots in enzymes involve assessing the enzyme's conformational
landscape to understand its allosteric behavior (Osuna 2021; Wang et al.
2020), relying on lengthy molecular dynamics simulations. Emerging
machine-learning models offer a promising approach to identifying these
functional sites (Cagiada et al. 2023). As part of Zymvol’s proprietary
software for enzyme engineering, Zymevolver (trade secret), Zymspot was

validated. This algorithm integrates bioinformatics and structure-based
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methods to predict long-range mutations with minimal human intervention,
allowing the construction of “smart libraries” that significantly accelerate
protein engineering (Casilli et al. 2024; Zymvol-Biomodeling). Zymspot
does not rely on time-consuming strategies such as molecular dynamics
simulations to assess the impact of the mutations on the conformational
dynamics of the protein but quickly extracts bioinformatics and structural
metrics that were benchmarked against experimental data. Based on the
assumption that sequence similarity implies functional similarity (Yu et al.
2022), Zymspot selects the most representative amino acids at each position
from a multiple sequence alignment (MSA). This process helps identify
positions conserved across related sequences but differ in the target protein,
pinpointing potential sites for functional improvement. On the other hand,
immobilization confers enzyme stabilization, simplifies the separation of
products, and enables recycling, enhancing the efficiency and cost-
effectiveness of the industrial application of enzymes (Basso et al. 2022;
Sheldon and van Pelt 2013; Winand et al. 2023). While vanillin production
using whole cells has been well investigated, few reports concerning its
production using immobilized enzymes can provide advantages in specific
applications (Furuya, Kuroiwa, and Kino 2017; Liu et al. 2023). The high
costs of the carrier, low immobilization efficiency, and loss of activity are
common drawbacks of enzyme immobilization (Es, Vieira, and Amaral
2015). Still, the development of new supports by affinity interaction allows
higher immobilization efficiency, faster immobilization, and even the
possibility to perform a “one-pot” purification and immobilization with clear
advantages over conventional cross-linking, covalent and ionic binding

immobilization techniques (Barbosa et al. 2015).
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Herein, we employed Zymspot to identify advantageous single distal
mutations on the NOV1 scaffold. We generated variants with enhanced
catalytic rates and stability compared to the wild-type through site-directed
mutagenesis and recombination. Double and triple-mutation-containing
variants were selected and immobilized on Chromalite© MIDA/M particles
with different metal ions, utilizing their His-tags' metal affinity. These
engineered immobilized enzymes outperformed the wild-type in vanillin
production, demonstrating significant improvements. Our study highlights
the importance of distal interactions in improving enzymatic properties, i.e.,
the importance of developing strategies for distal-mutation-based protein

engineering.
4.3. MATERIALS AND METHODS

4.3.1. Bacterial strains, plasmids, and culture media

E. coli strain DH5a (Novagen) was used to amplify plasmid constructs. E.
coli BL21 star (DE3, Invitrogen) strain was used to express the novl gene
cloned in pET-28a(+) plasmid (Novagen) and its variants. In the BL21star
strain, the expression of the novl gene is controlled by the T7 promoter and
induced by isopropyl B-D-1-thiogalactopyranoside (IPTG). Luria-Bertani
medium (LB) was used to grow E. coli strains, supplemented with kanamycin
(50 ug mL™).

4.3.2. Identification of NOV1 Distal Hotspot Residues

Our strategy comprised Zymvol's in-house algorithm, Zymevolver, and its
utility to depict distal hotspots, known as Zymspot (Zymvol-Biomodeling).
This algorithm deploys bioinformatics and structure-based approaches to
depict long-range mutations with the potential to perturb the conformational

dynamics of the enzyme, ultimately influencing the population of
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catalytically productive conformations. It has consistently demonstrated its
efficiency in more than 20 enzyme engineering campaigns to improve
catalytic properties (mainly activity, selectivity, enzyme stability, operational
stability, and expression) in approximately 30% of the predicted mutant
libraries. In this work, it has been used to improve NOV1 activity against

isoeugenol.

4.3.3. Construction of novl Variants using Site-directed
Mutagenesis

Single amino acid substitutions in the novl gene were inserted using the
Quick-Change site-directed mutagenesis protocol (Stratagene). The plasmid
pET-28a(+) containing the novl gene was used as a template using
appropriate primers (Table S4.1, Annex Il), and the PCRs were performed
as previously described (De Simone et al. 2023). The amplified products
were purified using GFX PCR DNA and a Gel Band Purification kit (GE
Healthcare). The final PCR products were digested with Dpnl to eliminate
the wild-type template and were used to transform electrocompetent E. coli
strain DH5a cells. The presence of the desired mutations in the resulting
plasmids and the absence of additional inadvertent mutations in other regions

of the inset were confirmed by DNA sequencing.

4.3.4. Recombination by DNA Shuffling

DNA shuffling was performed after the amplification of genes coding for
variants 1222V, L286W, T299S, M324K, L372A and N478S using primers
pPET21Fwd and pET21Rev (Table S4.1, Annex Il). A mixture containing 200
ng of each parental gene was digested with 0.04 U of DNasel in 200 mM
Tris-HCI, pH 7, with 0.2 M MnCl> for 10 min at 15 °C in a thermal cycler.
Digestion was stopped by adding 50 mM EDTA. The PCR reassembly was

performed in a 20 uL reaction volume containing 5 uL. of DNA fragments,
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200 pM of dNTPs, NZYProof polymerase buffer and 2.5 U of NZYProof
polymerase. After an initial denaturation period of 3 min at 96 °C, the
subsequent steps were repeated for 45 cycles in a thermal cycler: 1 min at 94
°C,90sat59 °C, 90 s at 56 °C, 90 s at 53 °C, 90 s at 50 °C, 90 s at 47 °C,
90sat44°C,90sat41°Cand1min+5s/cycleat 72 °C followed by a final
10 min period at 72 °C. The PCR reassembly products were amplified by
PCR using the primers NOV1GApET28a Fwd and NOV1GApET28a Rev
(Table S4.1, Annex I1) as previously described (De Simone et al. 2023). The
vector pET28a was amplified by PCR using primers pET28aGAnovl Fwd
and pET28aGAnovl Rev (Table S4.1, Annex IlI) with the following
conditions: 50 pL reaction volume containing 2.5 ng of DNA template, 200
uM dNTPs, Q5 polymerase buffer and 2.5 U of Q5® High-Fidelity DNA
polymerase (New England Biolabs). After an initial denaturation period of 1
min at 98 °C, the subsequent steps were repeated for 35 cycles in a thermal
cycler: 30 s at 98 °C, 20 s at 72 °C, 2 min at 72 °C, followed by a final 10
min period at 72 °C. The amplified products were purified using GFX PCR
DNA and Gel Band Purification kit (GE Healthcare, Chicago, IL, USA). The
ligation between shuffling products and vector pET28a was performed using
the NEBuilder® HiFi DNA Assembly (New England Biolabs). The
constructed library was first introduced into E. cloni 10G ELITE
electrocompetent cells (Lucigen), the plasmids were extracted and then
propagated in E. coli BL21 star cells.

4.3.5. High-throughput Activity Screening in 96-well plates
Single colonies were picked from a fresh agar plate and transferred to 96-
well microplates containing 200 pL of LB medium supplemented with 50 pg

mL* kanamycin. Cell cultivation, disruption, and activity screenings in crude
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extracts for isoeugenol following vanillin production at 340 nm (g340 = 15,97

M-t cm1) were performed as previously described (De Simone et al. 2023).

4.3.6. Enzyme Production and Purification

The cultivation of recombinant E. coli BL21star strains in 100 mL LB
medium supplemented with kanamycin in 500 mL Erlenmeyer’s at 37 °C,
100 rpm shaking and the induction of gene expression with 0.1 mM IPTG
and 0.5 mM (NHa4)2Fe(SO4)2(H20)s was performed as previously described
(De Simone et al. 2023). The protein purification protocol, using an affinity
chromatography HisTrap™ column, and the digestion of the pure protein
with SUMO-protease were performed as previously described (De Simone et
al. 2023). The purified protein concentration was estimated using the molar
absorption coefficient of NOV1 (e280 = 81,930 Mt cm) calculated from the
protein sequence using the EXPASy Bioinformatics Resource Portal

(http://web.expasy.org). The iron content of purified protein samples was

determined by colorimetric assay resorting to the chelator TPTZ (2, 4, 6-
Tris(2-pyridyl)-s-triazine) (Fischer and Price 1964).

4.3.7. Apparent Steady-state Kinetic Analysis

The activity dependence on pH was measured using Britton-Robinson buffer
(pH 3-11), and the optimal temperature was determined at the temperature
range of 10-40 °C. Apparent steady-state kinetic parameters were measured
at 340 nm by adding the enzyme to a mixture containing isoeugenol (0.01—4
mM) in 100 mM Tris-HCI, pH 9. Kinetic data were fitted directly to the
Michaelis-Menten equation using the Origin® software. All enzymatic assays

were performed at least in triplicate.
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4.3.8. Thermodynamic and Kinetic Stability

Protein unfolding was monitored using a Cary Eclipse spectrofluorometer
with an excitation wavelength of 296 nm and recording the fluorescence
emission of tryptophan residues at 340 nm as previously described (De
Simone et al. 2023). Thermal unfolding was analyzed according to a two-
state model N = U. (Eftink 1998). Thermal inactivation was studied as
previously described (De Simone et al. 2023). In brief, enzyme solutions
were incubated at 25 °C in 20 mM Tris-HCI, pH 7.6, and at fixed time
intervals, aliquots were withdrawn and tested for activity.

4.3.9. Immobilization on Metal-loaded Resin by Affinity
Interaction

Chromalite MIDA/M is a microporous iminodiacetic acid polymethacrylic
affinity resin, which can be loaded with divalent transition metals. The
purified NOV1 wild-type and variant enzymes 12G2 (M324K/L372A), and
1D2 (1222V/L286W/L372A) were immobilized by affinity interaction on
Chromalite™ MIDA/M resins loaded with Ni%* (LS04058-186), Co?*
(LS04054-186), Zn** (LS04057-186), Cu?** (LS04055-186) and Fe*
(LS04056-186), taking advantage of the His-tag of the recombinant enzymes.
Resins were first equilibrated, washing twice with 1 mL of 50 mM sodium
phosphate, pH 8. The immobilization was performed by incubating 0.1 mg
protein/10 mg dry resin in the same buffer at 25 °C, under rotary mixing at
15 rpm (Hybrid Mini 10 incubator) for one hour, in a total volume of 0.5 mL.
After immobilization, resins were centrifuged, the supernatants were
collected, and the carrier was washed with 0.5 mL of buffer. The total free
protein was quantified using the Bradford method, and the amount of enzyme

immobilized enzyme was calculated from a mass balance. The
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immobilization yield (1) was determined to evaluate the immobilization

process.

(1) Immobilization yield (%) = 100 = (

P1—P2)
P1

P1 is the initial protein concentration, and P2 is the free protein concentration
after immobilization in the supernatant and washing.

The immobilized enzymes were resuspended in 0.5 mL of buffer and used in
enzymatic assays to measure the specific activity and compared with that of
the free enzyme to calculate the activity yield (2) and immobilization
efficiency (3). Assays were performed in 1 mL volume, adding 20-100 pl of
immobilized enzyme in 100 mM Tris-HCI buffer, pH 9, containing 2 mM
isoeugenol in a 96-deep well plate on a shaker at 1000 rpm at room
temperature. Reactions were followed, taking aliquots over time and reading

absorbance at 340 nm.

(2)  Activity Yield (%) = 100 = (

immobilized activity)
initial activity

(3)  Immobilization Ef ficiency (%) = 100 x ( Activity vield )

ImmobilizationYield

The kinetic stability of immobilized enzymes was assessed using 0.3 mg
protein on 30 mg Chromalite™ MIDI/M/Ni?* in 50 mM sodium phosphate,
pH 8, and incubating at room temperature. Samples are withdrawn, cooled,
and tested for activity at appropriate times. Inactivation constants kin and half-
life values are calculated as previously described (De Simone et al. 2023).

4.3.10. Bioconversions of Isoeugenol to Vanillin by Immobilized
Enzymes

Bioconversions were performed using 1.2 mg of enzyme immobilized on 120

mg of Chromalite™ MIDI/M/Ni?*. Immobilized enzymes were resuspended
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in 1 mL of 100 mM Tris-HCI, pH 9, with 50 mM isoeugenol. Reaction
mixtures were transferred into a flask at room temperature at 10,000 rpm. At
specific times, aliquots were withdrawn to quantify vanillin production at 340
nm and calculate the % of substrate conversion (defined as [product]/[initial
substrate]*100). After 24 h, all the reaction mixtures were transferred to an
Eppendorf tube and centrifuged for 2 min, at 12,000 rpm, to recover the
supernatant. The immobilized enzymes were washed with buffer,
centrifuged, and resuspended with fresh reaction mixtures to start new

conversion cycles.

4.4, RESULTS AND DISCUSSION

4.4.1. Identification of NOV1 Distal Hotspots

A comprehensive computational screening was performed in NOV1
dioxygenase using Zymspot to identify positions that increased NOV1
activity against isoeugenol. As a result, 62 distal positions, covering 13% of
the protein, were identified to have a key role in modulating the enzyme
properties. This list was shortened to the best-ranked 20 positions,
representing 4% of the protein. Driven by phylogenetic and structural
information, the amino acid variability was assessed at each position,
resulting in a final list of 41 single-point residues.

4.4.2. Construction, Screening, and Characterization of Variants
The distal variants (41) resulting from the computational study were
constructed using site-directed mutagenesis, and their activity was measured
for isoeugenol (Table 4.1). Twenty enzyme variants had no detectable
activity, ten showed lower activity than wild-type, and eleven (T299S,
L372A, L286V, M324K, L286W, M374A, 1222V, N478S, L2861, T299V,
and 1222L), around 27% of the library, showed improved activity as
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compared to wild-type. Notably, seven of these improved variants are placed
in three positions: T299 (2), L286 (3) and 1222 (2), suggesting these positions
are very permissive to mutations. The eleven variants were purified and
characterized. The purified enzyme preparations are partially iron-depleted,
displaying approximately 0.5 mol of iron per mol of protein (Table 4.2),
lower amounts as compared to wild-type, as previously observed in our
previous studies (De Simone et al. 2023) and with other isoeugenol
oxygenases (Ryu et al. 2013; Yamada et al. 2007). Notably, all variants
displayed an increase in kcat up to 4-fold compared to wild-type except 1222L
and M374A, although the Kn values are generally 2-fold higher (Table 4.2).

Table 4.1. Enzymatic activity of constructed variants. Reactions were performed using cell-
crude extracts in 1 mM isoeugenol, 100 mM Tris-HCI, pH 9, at room temperature. The
results are the mean + standard error of three independent experiments. Errors for
i Avariant/IAwT Were obtained by propagation.
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# | Enzyme Rfelative a_ctivity # | Enzyme Rglative a_ctivity
(IAvariant/iIAwT) (iAvariant/iIAwT)
Wild-type -
1| T299S 22+0.2 22 K86G nd
2 | L372A 21+04 23 K86R nd
3 | L286V 20£0.2 24 R116K nd
4 | M324K 20+£04 25 N122A nd
5 | L286W 2.0+0.3 26 N122S nd
6 | M374A 1.9+£0.2 27 F1241 nd
7| 1222V 1.8+£0.3 28 F124L nd
8 | N478S 15+£0.2 29 F164M nd
9 | L286I 14+0.2 30 M195F nd
10 | T299V 14+£0.2 31 M195Y nd
11 | 12221 12+0.2 32 L286A nd
12 | L372V 0.8x0.2 33 T299G nd
13 | F124V 0.7+0.1 34 E301R nd
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14
15
16
17
18
19
20
21

T299L
T299A
M177L
W330F
M195G
T362V
W330Y
F13Y

05+01
05+01
04+01
04+01
0.3+01
0.2+01
0.2+£0.1
nd

35
36
37
38
39
40
41

W3301
R356M
R356V
T362L
Q417G
Q417s
N478T

nd
nd
nd
nd
nd
nd
nd

nd — not detected.

Table 4.2. The apparent steady-state kinetic parameters of NOV1 wild-type and the eleven
variants show the highest activity for isoeugenol. Activity assays were performed using 100
mM Tris-HCI buffer, pH 9, in the presence of 0.01-4 mM isoeugenol at room temperature.
Activity values were normalized by mol Fe?*/mol of protein (%). The results are the mean *
standard error of three independent experiments. Errors for kea/Km were obtained by
propagation.

Enzymes mgIr<|):tee2i+n/r2>3(:)Of (tf?t) (rm) (|\/|-lf(:§1-t{;< x 10°

Wild-type 685 7003  06%01 1242
M324K 40 +5 33+3 1703 20 +4
L372A 51+4 30+3  1.9+03 16+ 3
N478S 40 +3 26+4 2503 1142
L286W 60 +5 23+1 1602 1542
1222V 304 23+1  1.9+02 12+1
T2995 64 + 4 2142 13+03 164
L286V 41+2 171 15%02 1242
L286l 35+2 13+1  1.0%01 1342
T299V 36+3 11+1  1.0£02 1142
1222L 33+2 42+03 1202 3506
M374A 40 +3 - i 5+1
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4.4.3. Mapping Mutations in the NOV1 X-ray Structure

The analysis of the NOV1 crystal structure of NOV1 (5J53) shows that the
six mutations that resulted in the most improved catalytic features are located
at distances >10 A from the Fe?* cofactor (Fig. 4.1A, Table S4.2, Annex I1).
Except for the mutation M324K at the surface, the remaining mutations are
placed in the enzyme's core at the second shell of the non-heme cofactor in
proximity to one of the four iron-coordinating histidines. For example,
T299S and L286W are relatively close to H284 (Fig. 4.1B), whereas N478S
is near H476 (Fig. 4.1C) at distances around 5 A. The influence of L372A
on H476 is probably mediated through its proximity (4 A) to E418, a
conserved glutamate residue that stabilizes H476 (Fig. 4.1C). Similarly,
1222V is only at 4 A from K169, stabilizing H167 by H-bond (Fig. 4.1D).
M324K appears at the walls of the active site entrance tunnel, close to the
substrate entrance loops, and can impact the substrate migration pathway
(Fig. 4.1E). These mutations, or a combination of mutations (please see

below), can modulate the activity and stability of the enzyme.
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Figure 4.1. (A) Cartoon representation of NOV1 crystal structure (PDB code 5J53) showing
the distribution of hotspots (blue spheres) and the six best hits (in orange). The four iron-
coordinating histidines are in yellow, and their surroundings are highlighted for H284 in (B),
H476 in (C), and H167 in (D). The surface visualization of NOV1 in (E) shows the only
solvent-exposed mutation M324K located close to the access to the substrate pocket in
yellow. Fe?* cofactor is shown as a red sphere.
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4.4.4. Recombination of Mutations by DNA Shuffling

To combine the best six mutations (1222V, L286W, T299S, M324K, L372A,
and N478S) and attempt to further increase the activity towards isoeugenol,
the random recombination of genes was performed using DNA shuffling
(Stemmer 1994). This excellent in vitro gene recombination technique allows
the randomization of gene mutations, concentrating on beneficial mutations.
It also facilitates the assessment of potential synergistic conformational
effects arising from side-chain orientations, which are unpredictable using
single-site mutagenesis. After screening a library of 1700 clones for
isoeugenol activity, the best 25 variants were selected for re-screening (Fig.
4.2), and the variants showing 2-fold higher activity than the wild-type were
chosen for DNA sequence analysis. The two variants with the highest activity
were selected for further studies: variant 12G2, harboring mutations M324K
and L372A, and variant 1D2, with mutations 1222V, L286W, and L372A.
Both variants show comparable optimal activity to the wild-type at pH 9 and
28-32 °C. Notably, these variants showed approximately 7-fold higher Kcat
than that of the wild-type (Table 4.3) and 3-fold the kcat Of the best variant
(S283F) identified and studied in our previous work (De Simone et al. 2023).
The catalytic efficiency is only 2-fold higher than that of the wild-type
because the Ky, values are 4-fold higher; however, the turnover number (Kcat)
is considered the most important parameter for biotechnological applications
since bioprocesses usually take place at high concentrations of substrate, i.e.,
the enzyme’s activity is not limited by substrate concentration. The other
identified single mutations and mutation S283F from our previous study were
inserted using site-directed mutagenesis in each variant. Still, these

substitutions did not increase further the activity.
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Figure 4.2. Relative activity for isoeugenol (to wild-type) of the twenty-five DNA shuffling
variants selected for re-screening. Reactions were performed using 100 mM Tris-HCI buffer,
pH 9, in 2 mM isoeugenol at room temperature. The best 12 variants that showed relative
activity > 2 (left of red dash line) were selected for DNA sequence analysis.

Table 4.3. Apparent steady-state kinetic parameters of variants 12G2 and 1D2 that resulted
from the recombination of genes using DNA shuffling, measured at room temperature in 100
mM Tris-HCI buffer, pH 9 in 0.1-4 mM isoeugenol. The results are the mean * standard
error of three independent experiments. Errors for kcai/ Km Were obtained by propagation.
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Wild-type 68+5 70£03 06+0.1 1242

(M322Ii?l_2372A) o S 2403 2

1D2 50+5 47+3 23203 2043

(1222V/L286W/L372A)

Thermal unfolding and kinetic stability of NOV1 variants were assessed.
Assuming the denaturation process as a two-state model native (N) =
unfolded (U) (Eftink 1998), the apparent melting temperature (Tm) is defined
as the temperature at which half of the protein population is in the unfolded
state. The Tm 0f 12G2 and 1D2 variants are comparable to the wild-type (58
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+ 1 °C), suggesting the robustness of the enzyme's native structure is
maintained (Table 4.4). The kinetic or operational stability of an enzyme is
helpful to evaluate its resistance to inactivation under specific operating
conditions, for example, at a given temperature. It is generally expressed as
a half-life time (t12) (Sanchez-Ruiz 2010). Notably, the study of the kinetic
stability at 25 °C showed a half-life time of 50 + 5 h for 12G2 and 40 £ 5 h
for 1D2 (Fig. 4.3, Table 4.4), which were significantly higher than that of
the wild-type (1.3 £ 0.3) or of any other studied NOV1 variant (variant S283F
shows a half-life of 29 + 3 h (De Simone et al. 2023)). Our previous results
indicated that the primary molecular determinant of NOV1 kinetic stability
is the depletion of iron cofactor from the active site during the enzyme
incubation at 25 °C. Therefore, the enhanced kinetic stability of both 12G2
and 1D2 variants may result from stabilizing the iron cofactor,
hypothetically, like what was observed with S283F, throughout a

conformational effect between the distal mutations and the active site.
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Figure 4.3. Kinetic stability of wild-type and NOV1 variants at 25 °C. Data are shown as
linear regression.
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Table 4.4. Thermal stability of wild-type and variant enzymes as monitored by thermal
inactivation at 25 °C and by fluorescence emission at 330 nm. Half-life at 25 °C is the time
after which 50% of activity is achieved. Tr, is the melting temperature at which 50% of the
protein molecules are unfolded. The results are the mean + standard error of three
independent experiments for kinetic stability and two for thermal unfolding.

Half-life at

Enzymes 25 °C (h) Tm (°C)
Wild-type 1.7+04 58+1
12G2 (M324K/L372A) 505 58 +2
1D2 (1222V/L286W/L372A) 405 58+1
L372A 14+£2 58
L286W 14+£2 56
M324K 4+1 55
T299S 31 53
N478S 3x1 55
1222V 3x1 53

4.4.5. Affinity Immobilization of Wild-type and Variants

In this study, NOV1 wild-type and variants were produced with a SUMO-tag
at the N-terminal to promote higher protein solubility and facilitate
purification by affinity chromatography. The His-tag allowed binding to
Chromalite® MIDA/M resin loaded with Ni?*, Co?*, Zn?*, Cu®*" and Fe?
metals (Fig. 4.4). The long distance between the His-tag and the active site
can provide a good orientation for catalysis, eventually resulting in good
enzymatic activity and stability compared to other immobilization methods
(Basso et al. 2022). The immobilization yield (defined as the percentage of
protein bound to the resin) was above 80% for all resins except Fe?*-loaded
resin, resulting in the lowest (20-30%). On the other hand, although the

immobilization yield on Cu?" was 99%, most of the protein is inactive,

142



Distal Mutations enhance Efficiency for Vanillin Synthesis

resulting in the lowest immobilization efficiency (20-40%). Previous works
suggested that different metal ions exhibit varying His-tag selectivity: Cu?*
< Ni#" < Co*" < Zn?* < Fe?, influencing the amount and the way enzymes
are immobilized (Basso et al. 2022; Winand et al. 2023). Accordingly, the
lower selectivity of resins with Cu?* putatively promotes unspecific
interactions with protein surface impairing activity, while the higher

selectivity of resins with Fe?* most likely results in a weaker protein binding.
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Figure 4.4. Immobilization yield (A), Activity yield (B) and Immobilization efficiency (C)
of NOV1 wild-type (blue), 12G2 (red), and 1D2 (orange) immobilized onto Chromalite™
MIDA/M loaded with Nickel, Cobalt, Zinc, Iron, and Copper metals. The immobilization

was performed by incubating 10 mg protein/g resin in 50 mM sodium phosphate buffer pH
8 for 1 hat25°C.

Wild-type and both variants show similar and high immobilization yields in
Ni2*, Co?", and Zn?* loaded resins; however, a significantly higher
immobilized activity yield (% of immobilized enzyme activity to initial
activity) was measured in variants than in the wild-type. Accordingly, the
immobilization efficiency (ratio of immobilization yield to immobilization
activity) was almost double for the variants (~ 90%) when compared to the
wild-type (~50%). The reduced efficiency of the wild-type can be attributed
to its shorter half-life (1.7 £ 0.4 h) under the immobilization conditions (1

hour at 25 °C; see Table 4.4). We increased the protein from 10 mg to 20 mg
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per gram of resin immobilized, observing slightly lower absorption at higher
capacities. The stability of enzymes increased after immobilization and
storage at room temperature (Fig. 4.5). The half-life of wild-type increased
from 1.7 h (free enzyme) (Table 4.4) to 32 + 4 h (immobilized). In contrast,
for NOV1 variants, immobilization extended the half-lives to 59 + 4 h for
12G2 and 57 + 3 h for 1D2.
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Figure 4.5. Kinetic stability at room temperature of immobilized NOV1 wild-type (blue),
12G2 (red), and 1D2 (yellow). Inset: linear regression of logarithm activity versus time. The
half-lives at room temperature were 32 £ 4, 59 + 4, and 57 £ 3 for wild-type, 12G2 and 1D2,
respectively.

4.4.6. Bioconversion of Isoeugenol into Vanillin using
Immobilized Enzymes

We tested the recyclability of the immobilization systems by measuring the
conversion yields of isoeugenol (50 mM) into vanillin after up to ten reaction
cycles of 24 h each (Fig. 4.6, Table 4.5). In the first cycle, 1D2 and 12G2
converted 95% and 62% of isoeugenol to vanillin, respectively, compared to
38% for the wild-type. The conversion observed during the first cycle is
comparable to and even better than what was observed for whole-cell
reaction systems (De Simone et al. 2023; Han, Long, and Ding 2019; Zhao
et al. 2019; Zhao et al. 2018). The lower performance of 12G2 compared to

144



Distal Mutations enhance Efficiency for Vanillin Synthesis

1D2 most likely reflects the lower iron loading (Table 4.3) and activity
immobilization yield (Fig. 4.4B). Variant 1D2 maintained the highest
conversion along the 10 cycles, producing 164 mM vanillin (~25 mg) at the
1 mL scale, which corresponds to a 33% molar conversion against the 23%
and 15% molar conversion of 12G2 and wild-type (Fig. 4.6, Table 4.5).
However, after the seventh cycle, substrate conversion is residual (< 10%)
for the three enzymes, probably due to enzyme inactivation (Fig. 4.5).
Enzyme immobilization offers advantages over whole-cell reactions by
addressing product instability and biosafety. These important issues need to
be considered, for example, food application (Liu et al. 2023). The 1D2
variant immobilized on MIDA/M/Ni?*, produced ~ 4-fold higher amounts of
vanillin using lower amounts of protein as compared to a previously reported
system using Cso2 oxygenase (De Vitis et al. 2023) immobilized in
Sepabeads EC-EA, representing an efficient alternative in the production of

vanillin (Furuya, Kuroiwa, and Kino 2017).
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Figure 4.6. Isoeugenol conversion to vanillin (%) by immobilized wild-type (blue bars) and
variants 12G2 (red bars) and 1D2 (yellow bars) in a 24 h-stepwise 50 mM isoeugenol-
addition bioprocess at pH 9 and room temperature. The total amount of vanillin (mM)
produced is also shown for wild-type (blue dots), 12G2 (red dots), and 1D2 (blue dots).
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Table 4.5. Total vanillin yield (mM) and corresponding molar conversion (%) obtained by immobilized wild-type, 12G2 and 1D2 for each
cycle reaction. Immobilized protein was resuspended in 100 mM Tris-HCI, pH 9, with 50 mM isoeugenol. After 24 h, reaction mixtures were
transferred to an Eppendorf tube and centrifuged for 2 min, at 12,000 rpm, to recover the supernatant. The immobilized enzymes were washed
with buffer, centrifuged, and resuspended with fresh reaction mixtures to start new conversion cycles. The results are the mean + standard
error of three independent experiments.

Wild-type 12G2 1D2
Per cycle Per cycle Per cycle

Total Total Total
Cycle  Substrate | Conversion  Vanillin (mM) | Conversion  Vanillin | (mM) | Conversion Vanillin (mM)

# (mMV) (%) (mM) (%) (mM) (%) (mM)

1 50 38+2 19+1 62+3 31+2 95+3 47+1
2 50 2017 10+4 29 36+2 18+0 49 52+3 26+2 74
3 50 22+7 11+3 40 33+8 16+4 66 42+3 21+1 94
4 50 18+8 9+4 49 231 12+1 77 311 151 110
5 50 11+7 6+3 54 300 15+0 92 33+1 17+1 127
6 50 12+4 62 60 13+1 7+1 99 3B+l 18+1 144
7 50 10+£3 5+1 66 12+2 6+1 105 17+0 8+0 153
8 50 7+3 4+2 69 10+0 540 110 11+0 5+0 158
9 50 70 410 73 8+0 410 114 6+0 3+0 161
10 50 50 30 75 60 30 117 7+0 30 164
500 (15%) (23%) (33%)
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4.5. CONCLUDING REMARKS

In summary, this work underscores the importance of distal interactions in
enhancing enzymatic properties, emphasizing the value of distal-mutation-
based protein engineering strategies. Using the computational tool Zymspot,
we identified and mutated 41 distal residues and constructed two variants
with two and three distal mutations, achieving nearly a 10-fold increase in
activity and up to 40-fold higher operational stability than the wild-type. We
demonstrated the successful immobilization of these enhanced variant
enzymes in MIDA/M/Ni?*. This protocol is straightforward and effective for
immobilizing an isoeugenol dioxygenase, providing a higher immobilization
efficiency (89-99%) and conversion yields (95%) than previously reposted
methods. When using these enzymes in reaction mixtures containing 50 mM
of isoeugenol, 35% conversion rates were achieved after six reaction cycles,
resulting in a total yield of 144 mg vanillin. Our findings provide a proof of
concept for the immobilization of computationally optimized enzyme
variants, offering significant improvements in enzyme efficiency and
stability. Further development and optimization of these bioprocesses at a
larger scale would undoubtedly lead to the economically attractive
production of natural vanillin from lignocellulose waste products, such as

isoeugenol as a precursor.
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5.1. ABSTRACT

Enzyme immobilization is pivotal in industrial applications, offering
advantages such as increased enzyme stability and recyclability. However,
achieving consistently active and robust immobilized biocatalysts remains
challenging due to the empirical methodologies used. Strategies such as
adding fusion peptide tags for affinity immobilization have emerged as

potential solutions.

This study developed a new computational tool to predict optimal tag sites
for enzyme immobilization. Validation was performed using a peroxygenase,
a heme-dependent L-tyrosine hydroxylase from Streptomyces sclerotialus
(SsTyrH), which has enormous potential for industrial applications, including
L-DOPA production. Two immobilization strategies were computationally
designed: (i) Lys-tags for covalent immobilization and (ii) His-tags for
affinity immobilization. A total of 20 variants were constructed and
produced, and peroxidase activity assays were used to assess enzyme
immobilization. Our results demonstrate the effectiveness of the
computational tool, particularly in predicting His-tagged sites for enzyme
immobilization. Replacement or addition of four His are sufficient at specific
resulted in the highest activity before immobilization and retained most of it

afterward.

Keywords: Biocatalysis, Heme peroxidase, Protein Engineering, Immobilization
tag design
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5.2. INTRODUCTION

Enzyme immobilization is a key technology for numerous industrial
applications, offering advantages such as increased stabilization, easier
enzyme separation from the reaction mixtures, and enhanced recycling
potential, contributing to greater efficiency and cost-effectiveness of
enzymatic processes in the industry (Barbosa et al. 2015; Basso et al. 2022;
Datta, Christena, and Rajaram 2013; Mateo et al. 2007). However,
immobilization science remains empirical, making it difficult to consistently
achieve efficient protocols through general and rational approaches
(Bhattacharjee, Alonso-Cotchico, and Lucas 2023). Although enzyme
immobilization provides numerous benefits, specific unavoidable
conformational changes may negatively impact enzyme properties
(Hernandez and Fernandez-Lafuente 2011). For example, enzyme orientation
is critical for successful immobilization (Zeballos et al. 2023); uncontrolled
immobilization can lead to unproductive binding, where enzymes are
attached in unfavorable orientations or adopt excessively rigid
conformations, ultimately resulting in a complete loss of activity (Bolivar,
Eisl, and Nidetzky 2016; Hernandez and Fernandez-Lafuente 2011; Zhang,
Ge, and Liu 2015). This issue has sparked interest, and peptide tags have
become a popular strategy for achieving oriented immobilization (Costa et
al. 2014; Young, Britton, and Robinson 2012). However, the fusion of
peptide tags and protein domains is typically restricted to the N- and C-
termini of the target enzyme, which limits the possible orientations

(Paraskevopoulou and Falcone 2018).

In recent years, computational methods have been employed to better
understand the structural and dynamic aspects of enzyme immobilization

strategies (Bhattacharjee, Alonso-Cotchico, and Lucas 2023). These
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simulations have allowed for rationalizing the molecular aspects of
immobilization events. Still, their use in predicting optimal protocols to
control the impact on enzyme properties remains largely unexplored.
Therefore, developing computational tools capable of predicting optimal

immobilization sites in target proteins is critically urgent.

Zymvol recently developed Zymlock (Zymvol-Biomodeling), an algorithm
to predict optimal tag sites based on the following criteria of the target
enzyme: (i) features of the secondary structure, (ii) site exposure to the
solvent, (iii) distance from the active site, and (iv) residue conservation. This
new tool was validated by using peroxygenases, i.e. a tyrosine hydroxylase
from Streptomyces sclerotialus (SsTyrH); heme-dependent L-tyrosine
hydroxylases (TyrHs) that constitute a new enzyme family which aroused
interest due to its ability to produce L-3,4-dihydroxyphenylalanine (L-
DOPA) through hydroxylation of tyrosine (Singh et al. 2023; Wang et al.
2021). Members of this family, including SsTyrH, also display a remarkable
capacity to cleave carbon—fluorine (C-F) bonds, which are among the
strongest in chemistry (Seong et al. 2019; Tong et al. 2019; Wang and Liu
2020). This makes TyrHs promising biocatalysts to address the
biodegradation of fluorinated hydrocarbons, whose degradation is
particularly difficult due to the exceptional stability of these bonds (Cui et al.
2018). SsTyrH crystal structure (pdb: 7KQR) revealed a folding organized in
eleven a-helices (al to all), two short B-strands (31 and 132), and four 310
helices (n1 to n4) (Fig. 5.1). A b-type heme is located near the protein
surface, with Fe** coordinated by a conserved axial histidine (H196), nearly
perpendicular to the heme plane. Argl72, Serl57, and Ser209 further
stabilize the heme through hydrogen-bonding interactions with the
propionate groups (Wang et al. 2021).
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Figure 5.1. SsTyrH structure (pdb: 7KQR) coloured by a rainbow spectrum (N-terminus,
blue; C-terminus, red). The molecule is composed of 11 a-helices, two B-strands and four
310 helices (Wang et al. 2021)

In this work, tags for the immobilization of SsTyrH were computationally
designed with two distinct goals: 1) Lys-tags for optimal covalent
immobilization on an epoxy/butyl methacrylate carrier, and 2) His-tags for
affinity immobilization n on an iminodiacetic acid methacrylate carrier
loaded with Ni?*, Each of these approaches offers advantages and limitations.
Covalent bonding provides a stable binding of the enzyme to the carrier
(Wong, Thirlway, and Micklefield 2008), resulting in durable enzymes with
a low probability of leakage (Maghraby et al. 2023); however, the enzyme is
frequently irreversibly deactivated and the enzyme and the often expensive
support material become unusable. Moreover, long incubation times are
usually required for proper immobilization, and covalent immobilization can
limit the enzyme's flexibility, potentially reducing its catalytic efficiency
(Maghraby et al. 2023; Shen et al. 2011). In contrast, the His-tag provides a
weaker binding but offers selective and oriented immobilization, minimal
structural alterations to the enzyme, and reloading the same surface with the
enzyme multiple times, enabling support recycling (Andreescu, Bucur, and
Marty 2006). Here, a new computational design led to the construction of
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new peroxygenase variants with Lys- and His-tags. These variants were
immobilized and tested for peroxidase activity using 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) as substrate. Our results
demonstrated the potential of the computational algorithm in predicting
optimal immobilization sites, particularly for His-tagged enzymes, paving
the way for a more rational and efficient approach to enzyme immobilization

science.
5.3. MATERIALS AND METHODS

5.3.1. Design of Variants

The Zymlock algorithm was developed by Zymvol, Barcelona (Spain)
(https://zymvol.com/) and tested on SsTyrH using a crystal structure model
(pdb: 7KQR). This tool aims at categorizing distinct regions of the enzyme
sequence based on properties that would ultimately avoid perturbation of the
enzyme function, ensuring an optimal orientation as well for catalysis. These
properties comprise: i) the nature of the secondary structure, which benefits
the presence of loops; ii) solvent accessibility, excluding buried sites and
prioritizing surface-exposed regions to facilitate proper immobilization; iii)
distance and relative orientation of the studied region with respect to the
active site; and iv) residue conservation, excluding conserved regions to

avoid disrupting essential structural or functional elements.

5.3.2. Construction of Variants

The genes coding for variants M1-13 were synthesized and cloned in the
pBAD vector. The His-tags of mutants M14-M20 were instead introduced by
PCR reaction using Q5® Site-Directed Mutagenesis kit. Primers were
designed using the neb base changer online tool
(https://nebasechanger.neb.com/) (Table S5.1, Annex I11). The PCR reaction
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was performed using the wild-type gene cloned in pBAD plasmid following
these conditions: 25 pL reaction volume containing 2.5 ng of DNA wild-type
template, 200 uM dNTPs, Q5 polymerase buffer and 2.5 U of Q5® High-
Fidelity DNA polymerase (New England Biolabs). After an initial
denaturation period of 1 min at 98 °C, the subsequent steps were repeated for
25 cycles in a thermal cycler: 30 s at 98 °C, 20 s at 72 °C, 3 min at 72 °C,
followed by a final 5 min period at 72 °C. The amplified material is added
directly to a unique Kinase-Ligase-Dpnl (KLD) enzyme mix at room
temperature for 1 h to allow circularization and template removal. After Dpnl
inactivation by incubation at 80 °C for 20 min, the sample was used to
transform an aliquot of electrocompetent NEB10p E. coli cells. This resulted
in single and good-shaped colonies being picked and pre-inoculated in 10 mL
of LB media and growing overnight. Plasmid purification was performed by
Genelet plasmid MiniprepKit using 8 mL of pre-inocula. The presence of the

desired mutation was confirmed by Sanger sequencing.

5.3.3. Production and Purification

Bacterial growth for protein production was performed in 400 mL LB
medium supplemented with 50 pg/mL ampicillin at 37 °C, 120 rpm in a
baffled Elernmeyer flask. After reaching 0.8 OD, the expression was induced
by adding 0.02% L-arabinose; 80 pm Hemin was supplemented to promote
the production of Heme-loaded protein, and the temperature was decreased
to 24 °C. After 16 h, cells were collected by centrifugation, resuspended in
50 mM potassium phosphate, 0.5 M NaCl, 30 mM imidazole, pH 7.5, and
disrupted by three cycles at French press (9000 psi). Purification was
performed by affinity chromatography in the His-trap column, eluting the
protein of interest by 50-70% of 50 mM potassium phosphate, 0.5 M NacCl,

and 500 mM imidazole pH 7.5. Fractions showing enzymatic activity were
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collected and analyzed using SDS-PAGE. Cleavage of the His-tag at the N-
terminal was performed overnight by incubating 1 mg/mL of protein in the
presence of 0.5 U/ul of Thrombin at 20 °C. Washes removed His-tag
fragments in 50 mM potassium phosphate, 0.5 M NaCl, pH 7.5 in the PD-10
column. Activity measurements were conducted in 50 mM potassium
phosphate buffer, pH 7, using 0.1-10 mM ABTS and 1 mM H.O, Heme
concentration in purified protein preparations was assessed by measuring the
absorbance peak at 404 nm (g404 = 58.44 mM™ cm™) (Deniau et al. 2003).

5.3.4. Biochemical Characterization

The effect of pH on the activity of SsTyrH was studied in 100 mM Britton-
Robinson buffer (pH 3-11). Reactions were performed in 4 mM ABTS and 1
mM H20. and monitored at 420 nm (see above). Kinetic parameters for
ABTS substrate were calculated from 0-10 mM following the absorbance
increase at 420 nm using 1 mM H20> in 50 mM, potassium phosphate buffer,
pH 7 at room temperature. Kinetic parameters for H.O; activity were
measured in the 0-4 mM H,O; range in 4 mM ABTS. Kinetic data were fitted
directly to the Michaelis-Menten equation using the Origin® software. All
enzymatic assays were performed at least in triplicate.

5.3.5. Immobilization on Metal-loaded Resin by Affinity
Interaction

The purified SsTyrH wild-type and variants M1-M10 were immobilized on
Purolite™ Epoxy/butyl methacrylate resin (ECR8285). Resins were first
equilibrated, washing twice with 1 mL of 50 mM sodium phosphate, pH 8.
The immobilization was performed by incubating 0.1 mg protein/10 mg dry
resin in the same buffer at 25 °C, under rotary mixing at 15 rpm (Hybrid Mini
10 incubator) for 2, 16 and 24 h, in a total volume of 0.5 mL. After

immobilization, resins were centrifuged, the supernatants were collected, and
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the carrier was washed with 0.5 mL of buffer. The total free protein was
quantified using the Bradford method, and the amount of enzyme
immobilized enzyme was calculated from a mass balance. The
immobilization yield (1) was determined to evaluate the immobilization
process. The immobilization of His-tag variants M11-M20, along with wild-
type enzymes both with and without an N-terminal His-tag, was carried out
on Chromalite™ MIDA/M resins loaded with Ni** (LS04058-186), as
previously described (De Simone et al. 2024).

(1) Immobilization yield (%) = 100 * (Plp_lpz)
P1 is the initial protein concentration, and P2 is the free protein concentration

after immobilization in the supernatant and washing.

The immobilized enzymes were resuspended in 0.5 mL of buffer and used in
enzymatic assays to measure the specific activity and compared with that of
the free enzyme to calculate the activity yield (2) and immobilization
efficiency (3). In the case of Lys-tag variants, the immobilized enzyme
samples were resuspended in a 1 mL mix reaction containing 4 mM ABTS,
1 mM H20, 50 mM potassium phosphate buffer, pH 7. Regarding His-tag
variants, reactions were started by adding 20-100 ul of immobilized enzyme
sample to a final volume of 1 mL reaction. Reactions were carried on in a 96-
deep well plate on a shaker at 1000 rpm at room temperature. Reactions were
followed, taking aliquots over time and reading ABTS absorbance at 420 nm
(6420 =3.6 x 10* M1 cm™).

(2) Activity Yield (%) = 100 (immobilized activity)

initial activity

(3)  Immobilization Ef ficiency (%) = 100 * ( Activity Vield )

Immobilization Yield
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5.4. RESULTS AND DISCUSSION

5.4.1. Design and Construction of the Mutants

For the Lys-tag variants, five sites were considered that showed the highest
score from the algorithm: the four mutations S43K, R104K, R180K, and
R240K, in addition to the native K175 (Fig. 5.2A). Furthermore, we
identified Lys residues on the enzyme surface that could interfere with the
enzyme's correct orientation: K117 and K174; therefore, these two residues
were replaced with arginine, while K165 was replaced with arginine or an
alanine. This resulted in 10 Lys-tag variants (M1-M10; Table 5.1).

Fig. 5.2. SsTyrH crystal structure (pdb: 7KQR) showing the distribution of A) mutations for
immobilization on epoxy resin. In green, mutations to Lys to immobilize on epoxy resin; in
red, native Lys that were mutated to not interfere with binding; and in blue, native Lys175.
B) Loops (in magenta) selected to insert a His-tag immobilization on metal-loaded resin.
The heme group is highlighted in red.

Five solvent-exposed loops distant from the heme for the His-tag variants
were proposed as potential tag sites: 36-39, 42-45, 70-73, 105-108, and
239-242 (Fig. 5.2 B). For each loop, the insertion of a His-tag, consisting of

4 or 6 histidines, was suggested by substitution or insertion, resulting in 10
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variants (M11-M20; Table 5.1). Additionally, wild-type with an N-terminal
His-tag, which corresponds to the most trivial design, was used as a
benchmark. All variants were produced with a 6xHis-tag at their N-termini
to enable purification. After purification, the N-terminal His-tag of variants

M11-20 was proteolyzed to avoid interference with the other tags.

Table 5.1. List of variants and corresponding mutations. Lysine and histidine residues

supposed to bind to the carrier were highlighted in bold.

Variant |

Mutations

Lys tag variant

Mo1
MO02
MO3
MO04

MO5

MO6
MoO7
M08

M09
M10

K117R_K165R_K174R_K175R_S43K
K117R_K165A_K174R_K175R_S43K

K117R_K165R_K174R_K175R_R104K
K117R_K165A_K174R_K175R_R104K

K117R_K165R_K174R_K175R_R240K

K117R_K165A K174R_K175R_R240K
K117R_K165R_K174R_K175R_R180K
K117R_K165A K174R_K175R_R180K

K117R_K165R_K174R_K175
K117R_K165A K174R_K175

His tag variants

M11
M12
M13
M14
M15
M16
M17
M18

M19
M20

D42H_S43H_G44H_S45H
43-HHHH-44
43-HHHHHH-44
38-HHHHHH-39
106-HHHHHH-107
240-HHHHHH-241
G36H_S37H_L38H_E39H
V70H_Q71H_P72H_A73H

L105H_P106H_E107H_E108H
S239H R240H P241H S242H
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5.4.2. Biochemical Characterization

All variants were expressed and produced in the soluble fraction in
recombinant E. coli host cells. SsTyrH showed a bell-shaped pH profile with
an optimal value of around 7 (Fig. 5.3A). The keat for ABTS is 3.4 + 0.1 s,
with a K of 1.3 + 0.1 mM (Fig. 5.3B, Table 5.2). Analogously, using
saturating concentrations of 4 mM ABTS, we estimated a kca: for H202 of 3.4
+0.2 s, with a Km 0f 0.4 + 0.1 mM (Fig. 5.3C, Table 5.2). At concentrations
higher than 1 mM, H202 enzyme inactivation occurs. Notably, all variants
exhibited activity comparable to the wild-type, demonstrating the software's
ability to identify sites permissive to mutations, including insertions, without
affecting enzymatic activity (Table 5.2). Introducing a His-tag in loops 36-
39, 105-108, and 239-242 resulted in 2-3-fold lower Km than wild-type (see
mutants M14-17 and M20), implying allosteric interactions between loops
and the active site. Hypothetically, introducing histidines in these loops
expanded the electropositive surface of the enzyme, facilitating the

recruitment of the negatively charged ABTS molecules from the solvent.

6 6
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g 100 A 25 B . i 25 | C
£ £ [ £
> 80 =4 =4 *
= ! = *
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o 60 £ 3 1 3
2 g g
2 40 g2 221
& 20 8 8
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0 2 4 6 8 10 12 14 0 25 5 75 10 0 05 1 15 2
pH ABTS [mM]

Ho0; [mM]

Fig. 5.3. (A) pH profile of SsTyrH wild type. Reactions were performed using Britton
Robinson buffer (pH range from 2 to 12), 4 mM ABTS, 1 mM H;O; at room temperature.
(B) Steady-state kinetic analysis of SsTyrH wild type for ABTS in concentrations from 0 to
10 mM, in 1 mM H;0.. (C) Steady-state kinetic analysis for H,O, using concentrations from
0to 2mM in 4 mM ABTS. Reactions were performed in 50 mM KPi buffer, pH 7. Activity
was monitored at 420 nm (es20 = 3.6 x 10* M* cm™). Kinetic data were fitted with the
Michaelis-Menten equation using Origin software.
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Table 5.2. Kinetic parameters of SsTyrH wild-type and variants for ABTS. Reactions were
performed in 1 mM H;O0,, 50 mM potassium phosphate buffer, pH 7. The activity was
determined by measuring the increase of absorbance at 420 nm (g420 = 3.6 x 10* M cm™)
and normalized for [Heme]/[Protein]. Kinetic data were fitted with the Michaelis-Menten
equation using Origin software.

Mutant  Lemel/ kfit K _klcat_/le 5
[Protein] (s™) (mM) (M™~s7)x10
WT 0.5 34+01 1301 2604
N6His-WT 0.5 34+01 13+01  26+04
MO01 0.6 34+01 0801  42+02
MO02 0.7 49+02 13+01 3.7x03
MO03 0.6 70+03 0801 87+05
MO04 0.4 70+02 09+01  7.8+05
MO05 0.5 41+03 09+02  46x05
MO06 0.7 1.7+01 09x01 1.8+0.3
MO07 0.5 28+02 12+03 2305
M08 0.5 23+03 0802 28+05
M09 0.4 42+03 13+02 32%05
M10 0.5 32+01 14+02 22+03
M11 0.5 40+02 16+02 25%05
M12 0.6 48+05 15+02  3.1+06
M13 0.5 3302 15+02  22+05
M14 0.8 50+02 06+01 8305
M15 0.5 47+04 04+02 11705
M16 0.8 6.1+05 05+01 12.2+0.3
M17 0.7 3603 05+02  7.2+05
M18 0.7 75+03 0902 8305
M19 0.5 7705 1202  64+05
M20 0.9 57403 0602  95+04
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5.4.3. Immobilization on Epoxy Resin by Lys-tag

Immobilization variants M1-M10 on epoxy resin by variants M1-M10 was
first performed, incubating for 24 h at 25 °C (Table 5.3). Immobilization
yields, measuring the enzyme population bound to the carrier, resulted in
>99% for all the variants, including the wild-type enzymes. However, the
activity of the enzymes was not detectable, implying this protocol was utterly
inefficient, at least after the long-time incubation at 25 °C. We considered
the possibility of thermal inactivation, given by the long-time incubation at
25 °C. Therefore, we reduced the incubation time from 24 h to 2 h. This
decreased the enzyme loading to 60—70%, but the recovered activity resulted
in still residual, corresponding to less than 1% of the measured in the free
enzymes. Similar results were obtained after incubation at a lower
temperature (4 °C) for 16 h, which resulted in 80-100% immobilization
yields but still below the 1% activity yield. These results indicate that,
although immobilization occurred at high yields in these resins, this was
utterly inefficient, leading to inactive biocatalysts and most likely occurring
through nonspecific interactions, not involving the target lysine residues, as
the results are similar in all variants. Covalent bond formation between the
epoxy resins and any nucleophilic residue on the surface of the protein, like
tyrosine, serines, cysteines, and lysines, was previously reported in the
literature (Basso et al. 2022; Mateo et al. 2007). Therefore, the design of
optimal immobilization sites on epoxy resins needs to be further investigated
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Table 5.3. Immobilization parameters of SsTyrH wild type and variants M1-10 on epoxy resin. Immobilization was performed using 10 mg
protein/g support for 2, 16 and 24 h at 4 and 25 °C in 50 mM sodium phosphate pH 8. I'Y: Immobilization yield; AY: activity yield; IE:
immobilization efficiency. N.D.: not detected.

. 24hat 25 °C 2 hat25°C 16hat4d°C
Mutant Y Imm. Act. AY | |IE Y Imm. Act. AY | IE 1Y Imm. Act. AY IE

(kmol/min) -10°1 - | motiminy -10°| (@6) | @) | %) | qumotimin) -10°| %) | %) | @) | qumoliminy -10° | (%) | (%)
WT 13 100 N.D. [ - Ter 0018|0203 84 0.058 04 | 04
Mo1 34 100 N.D. | - | s0 0103 |o03|os| & 0.197 05 | 06
MO02 44 100 N.D. I I 0049 01|02 es 0.156 03 | 04
MO03 26 100 N.D. || 0018 |o02] 03] 9 0.176 04 | 04
Mo4 28 100 N.D. - 0 0015 |o01]o1] 9 0.097 02 | 02
M5 36 100 N.D. | - | s3 0069 02|03 0 0.133 04 | 04
MO06 29 100 N.D. |- | 6o 0005 |o01]o2] 9 0.070 02 | 02
MO7 35 100 N.D. N I 0043 |o1|o2]| 78 0.131 04 | 05
M08 46 100 N.D. R 0033 |o1|o1] ss 0.118 02 | 02
M09 36 100 N.D. -] s 0038 02|03 99 0.180 04 | 04
M10 19 100 N.D. R I 0015 |o1|o2| o5 0.061 03 | 03
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5.3.4. Immobilization by His-tag on Metal-loaded Resin by Affinity
Interaction

Wild-type enzymes with and without His-tags and variants M11-M20 were
immobilized on a nickel-loaded carrier (Table 5.4). The immobilization
yields are around 80% for all variants. Importantly, the wild-type enzyme
without a His-tag showed a relatively high immobilization yield of around
62%, indicating non-specific interactions. Variants where 6 His residues
were introduced, e.g., between residues 38-39 (M14) and 106-107 (M15) or
substituting His residues in segments 70-73 (M18) and 105-108 (M19),
results in enzymes that show significantly higher initial activities than wild-
type, higher immobilized activity and yields indicating improved catalytic
efficiency and orientation towards the carrier. Others resulted in lower or
comparable activities and yields of immobilization (below 30%). Our data
suggests that four His are sufficient to ensure specific binding at certain
locations: M14 (loop 38-39), M15 (loop 106-107), and M19 (replacements
between 105-108) achieved the highest activity before immobilization and
retained most of it afterward (Fig. 5.4), with their immobilized activity being
up to 5-fold higher compared to N6His-WT.

a b c
WT WT WT
M20 ‘gg N6His - WT M20 120 N6His - WT M20 133 NBHis - WT
90
M19 80 M11 M19 50 M11 M19 M11
40
20
M18 0 M12 M18 M12 M18 M12
M17 M13 M17 M13 M17 M13
M16 M14 M16 M14 M16 M14
M15 M15 M15

Fig. 5.4. Immobilization yield (%) (a), immobilization activity (mmol-min-10°) (b), and
immobilization efficiency (%) (c). Chromalite™ MIDA/M resins loaded with Ni?*. Activity
assays were performed in 4 mM ABTS, 1 mM H;0,, 50 mM potassium phosphate buffer,
and pH 7. Activity values were normalized for [Heme]/[Protein] (see Table 5.2).
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Table 5.4. Immobilization parameters of SsTyrH wild type and variants M11-20 on Chromalite™ MIDA/M resins loaded with Ni?*.
Immobilization was performed using 10 mg protein/g support for 1 h at 25 °C in 50 mM sodium phosphate pH 8. The activity values were
normalized for [Heme]/[Protein]. I'Y: Immobilization yield; AY: activity yield; IE: immobilization efficiency.

Enzyme Mutations I?x]iglo?m\i/;;y Imm_obilization Immob a_ctivity3 Activity yield Imr_nqbilization
10° yield (%) (mmol/min) -10 (%) efficiency (%)
WT - 55+7 62+2 1.7+07 3.0+09 41+04
N6His - WT 6 His-tag at N-terminal 50+6 871 273 56 + 11 703
M11 D42H_S43H_G44H_S45H 45+5 737 7.7+£0.6 15+£2 211
M12 42-HHHH-43 807 83+6 9.6+0.8 12+2 15+£2
M13 42-HHHHHH-43 39+2 80+9 82105 21+1 27+3
M14 38-HHHHHH-39 153+ 4 90+1 127 +2 83+3 95+1
M15 106-HHHHHH-107 165+ 11 87+3 130+ 11 79+2 901
M16 240-HHHHHH-241 180 £ 20 90+6 95+1 53+5 62+3
M17 G36H_S37H_L38H_E39H 52+12 76+2 39+8 76+2 101+1
M18 V70H_Q71H_P72H_A73H 109+ 12 88+1 79+6 73+4 86+1
M19 L105H_P106H_E107H_E108H | 122+12 87+2 108 £ 12 882 100+1
M20 S239H_R240H_P241H_S242H 60+1 85+1 47+5 7917 901
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5.5 CONCLUDING REMARKS

To overcome the initial cost associated with the carrier, enzyme
immobilization technology must ensure the highest efficiency and activity
while minimizing catalyst loss to make this strategy profitable for industrial
applications. Only some examples in the literature can be considered
successful, with activity yields exceeding 80% (De Santis et al. 2022; De
Simone et al. 2024; Ni et al. 2022; Winand et al. 2023). Indeed, most
traditional immobilization methods, such as adsorption and cross-linking
aggregates, rely on non-specific interactions between the enzyme surface and
the carrier, leading to inefficient binding and low activity (Sheldon and van
Pelt 2013). The use of tags to immobilize enzymes was initially mainly
applied for purification purposes (Porath et al. 1975) and only recently
emerged to achieve well-oriented immobilized enzymes for catalysis.
However, this approach is typically limited to the N- and C-termini,
restricting the range of possible orientations. While this strategy has yielded
promising results in some cases, it is only sometimes optimal for catalysis
and highly depends on the target protein and carrier. Therefore, it is important
to develop more refined tools for this technology. To achieve this aim, we
first tested a software tool designed to predict ideal sites and interactions for
immobilizing the target protein. Although the software’s poor performance
in predicting ideal Lys-tags indicates that a more sophisticated algorithm is
needed, it successfully identified six variants (M14, 15, 17, 18, 19, and 20)
with His-tags placed in four different loops, which showed higher
immobilization efficiency compared to the His-tag at the N-terminus, which
was used as a benchmark for this study. Future work will focus on further

developing this tool and validating it on additional systems.
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6.1 Conclusions and Future Perspectives

Lignin is the most abundant source of aromatic compounds on Earth but
remains a largely unexploited resource for the sustainable production of
valuable chemicals, such as vanillin. Enzymatic catalysis has long been
considered a promising tool for lignin valorization, yet implementing
enzymes in industrial-scale reactions presents significant challenges.
Enzymes have evolved to function under specific environmental conditions,
which often do not align with industrial requirements, such as long
operational lifetimes, high turnover rates, and resistance to product
inhibition. Therefore, protein engineering and optimization of reaction

conditions are necessary to allow their industrial application.

Research in this thesis focused on non-heme iron-dependent isoeugenol
oxygenases from the carotenoid cleavage oxygenase (CCO) superfamily,
which are known for catalyzing the cleavage of C=C bonds without requiring
external cofactors. In this context, the primary objectives of this thesis were:
(i) to enhance the stability and catalytic efficiency of isoeugenol oxygenases
for vanillin production from lignin-derived compounds; (ii) to advance our
understanding of the structure-function relationships within this enzyme
class; and (iii) to establish an eco-friendly and cost-effective model for bio-

vanillin production at an industrial scale.

NOV1 dioxygenase from Novosphingobium aromatocivorans was identified
among the isoeugenol monooxygenases tested, namely PplEM from P.
putida and PnlEM from P. nitroreducens, as the most promising target for
protein engineering due to its high solubility and crystal structure availability.
Through this thesis, we observed that mutations close to the active site can

influence catalysis and kinetic stability. Furthermore, we have also concluded
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that we can enhance the enzyme activity by distal mutations, which indirectly
interact with the active site. A significant finding was the identification of
residue S283, which, when mutated to a bulkier phenylalanine, was shown to
be key in determining substrate specificity toward stilbenoids or
phenylpropanoids, as well as influencing the enzyme’s affinity for O». In
addition, this work highlighted the iron cofactor's crucial role in maintaining
the wild-type enzyme's kinetic stability. Current computational tools like
FRESCO, Fireport, and PROSS focus on enhancing melting temperatures,
but often overlook cofactor retention and its influence on enzyme stability.
However, for metalloenzymes, it is often how they can retain the cofactor
that critically determines their half-life and, by extension, their practical
operational stability and applicability. Understanding the determinants of
cofactor stabilization, like in the NOV1 case, can guide the development of

tools to predict beneficial mutations.

Isoeugenol-to-vanillin conversion by NOV1 was achieved using whole-cell
and immobilized enzyme systems, yielding vanillin over 90%. Importantly,
we demonstrated for the first time an enzymatic conversion of 4-n-propyl
guaiacol (4PG) to vanillin by two reaction steps. This cascade produced high
vanillin yields starting from a real lignin oil obtained by reductive catalytic
fractionation of softwood, thereby offering a realistic approach to wood

biorefinery.

A key aspect of this thesis is using computational methods to guide protein
engineering, enhancing both enzyme activity and stability. Furthermore, we
introduced a computational His-tag design to optimize enzyme
immobilization. While the successful cases of protein engineering shown
through this thesis demonstrate the potential of computational tools, it is

important to acknowledge that these methods still need to be refined. Their
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success heavily depends on the target system and the availability of reliable
data. In addition, although computational approaches are often presented as
an alternative to labor-intensive directed evolution, the resulting library can
range from a few to dozens of mutants, whose construction by site-directed
mutagenesis can be time-consuming with no guaranteed success. Therefore,

more advances are necessary to achieve satisfying reliability with these tools.

Overall, the initial objectives of this thesis (see above) can be considered
fulfilled; however, more aspects of NOV1 and related enzymes need to be
elucidated. CCOs possess relevant biological importance, constituting a
family of ubiquitous enzymes involved in many processes. While this work
primarily focused on the industrial applications of NOV1 dioxygenase, it is
also intriguing to consider its biological functions. A recent study by Metz et
al. (2024) identified NOV1 (referred as LsdD) as key in the degradation of
lignin-derived dimers, pointing to a significant role in lignin catabolism.
Future research into N. aromatocivorans metabolism and NOV1’s substrate
specificity could shed light on its broader biological role in its native host. In
expanding NOV1's substrate scope, we observed peroxidase-like activity on
phenolics, including DMP and guaiacol, within the range observed for certain
peroxidases, albeit the kinetic parameters, remains the cleavage of C=C
bonds in  stiloenoid and phenylalkyloid compounds. Dual
oxygenase/peroxidase activity is not unprecedented among iron-dependent
enzymes (Hrycay and Bandiera 2015; Wang et al. 2013). It is unclear whether
in the NOV1 case, peroxidase activity has biological relevance. However, the
alkaline optimal pH and lack of H20: inhibition at high concentrations are

valuable characteristics for industrial application.

Furthermore, protein engineering can offer exciting possibilities for

expanding the substrate range of CCOs, revealing new reaction pathways and
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leading to commercially valuable chemicals beyond vanillin. For instance,
Fujimaki et al. (2024) achieved the one-step conversion of ferulic acid to
vanillin using an engineered CCO enzyme. The same strategy could further

expand the substrate range of NOV1 as well.

In conclusion, despite significant progress, the catalytic mechanisms of many
CCOs remain partially understood. Whether they have a monooxygenase or
dioxygenase nature or if the two mechanisms coexist is still debatable. Future
studies can focus on all these aspects, providing deeper insights into the

catalytic mechanisms and substrate specificity.
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Table S3.1 - Primers used to construct the thirty-five variants in the active site in Chapter 3.

Primers Sequence

N120L Fwd ACTGCACTCACAAATGCGTTTGTTTTCGGAGGTAAG

N120L Rev ATTTGTGAGTGCAGTCGAACGGATCTCTCCTTTAACAG

N120S Fwd GATCCGTTCGACTGCAAGCACAAATGCGTTTG

N120S Rev CAAACGCATTTGTGCTTGCAGTCGAACGGATC

T121P Fwd GCAAACCCAAATGCGTTTGTTTTCGGAGGTAAGTTGTG

T121P Rev CGCATTTGGGTTTGCAGTCGAACGGATCTCTC

T121A Fwd CCGTTCGACTGCAAACGCGAATGCGTTTGTTTTC

T121A Rev GAAAACAAACGCATTCGCGTTTGCAGTCGAACGG

F281W Fwd AATTGTTGGGCGTCTCACGTTTTGAACGCATG

F281W Rev AGACGCCCAACAATTGTCGCGGGTAAAC

S283F Fwd GCGTTTCACGTTTTGAACGCATGGCAGGAG

S283F Rev CAAAACGTGAAACGCAAAACAATTGTCGCGGGTAAAC

$283Q Fwd GCGCAACACGTTTTGAACGCATGGCAGGAGGGAACAAAGATC
$283Q Rev CAAAACGTGTTGCGCAAAACAATTGTCGCGGGTAAACCAACGAATAT
52831 Fwd GACAATTGTTTTGCGATTCACGTTTTGAACGC

52831 Rev GCGTTCAAAACGTGAATCGCAAAACAATTGTC

S283E Fwd GACAATTGTTTTGCGGTGCACGTTTTGAACGC

S283E Rev GCGTTCAAAACGTGCACCGCAAAACAATTGTC

S283N Fwd GACAATTGTTTTGCGAACCACGTTTTGAACGC

S283N Rev GCGTTCAAAACGTGGTTCGCAAAACAA TTGTC

$283V Fwd GACAATTGTTTTGCGGTTCACGTTTTGAACGC

$283V Rev GCGTTCAAAACGTGAACCGCAAAACAATTGTC

$283C Fwd GACAATTGTTTTGCGTGCCACGTTTTGAACGC

$283C Rev GCGTTCAAAACGTGGCACGCAAAACAATTGTC

$283T Fwd GACAATTGTTTTGCGACCCACGTTTTGAACGC

S283T Rev GCGTTCAAAACGTGGGTCGCAAAACAATTGTC

F307H Fwd GGCCAAAAACAATATGTGGCCTTTTTTTCCCGACG

F307H Rev CGTCGGGAAAAAAAGGCCACATATTGTTTTTGGCC

F307W Fwd AATATGTGGCCTTTTTTTCCCGACGTTCATGGCGCACCATTCAACG
F307W Rev AAAAGGCCACATATTGTTTTTGGCCTCACAAGTAACAAAGTGGA
F309W Fwd CAATATGTTCCCTTGGTTTCCCGACGTTCATG

F309W Rev CATGAACGTCGGGAAACCAAGGGAACATATTG

F473W Fwd CAATCCGTCTGCGCTGGGGACTTCACGGGAAC

FA73W Rev GTTCCCGTGAAGTCCCCAGCGCAGACGGATTG

FA473E Fwd CAATCCGTCTGCGCGAAGGACTTCACGGGAAC
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FA73E Rev
F473Q Fwd
F473Q Rev
L475S Fwd
L475S Rev
L475G Fwd
L475G Rev
L475T Fwd
L475T Rev
E353D Fwd
E353D Rev
F281C-52831 Fwd
F281C-S283I Rev

F281C-S283T Fwd
F281C-S283T Rev

F2811-S283V Fwd
F2811-S283V Rev
F281H-S2831 Fwd
F281H-S2831 Rev
F281H-S283V Fwd
F281H-S283V Rev
F281M-5283I1 Fwd
F281M-5283I Rev
F281M-S283T Fwd
F281M-S283T Rev
F281M-S283V Fwd
F281M-5283V Rev
F473W-L475G Fwd
F473W-L475G Rev
F4A73W-L475T Fwd
FA7T3W-LA475T Rev
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GTTCCCGTGAAGTCCTTCGCGCAGACGGATTG
CAATCCGTCTGCGCCAGGGACTTCACGGGAAC
GTTCCCGTGAAGTCCCTGGCGCAGACGGATTG
CGCTTCGGATCTCACGGGAACTGGGCAAATGCCGATGAAATTG
GTGAGATCCGAAGCGCAGACGGATTGGGATATTAACCGT
CAATCCGTCTGCGCTTCGGAGGCCACGGGAACTGGGCAAATG
CATTTGCCCAGTTCCCGTGGCCTCCGAAGCGCAGACGGATTG
CAATCCGTCTGCGCTTCGGAACCCACGGGAACTGGGCAAATG
CATTTGCCCAGTTCCCGTGGGTTCCGAAGCGCAGACGGATTG
GTGACACCGCTGCGGATTTTCCTCGCATCGAC
GTCGATGCGAGGAAAATCCGCAGCGGTGTCAC
GGTTTACCCGCGACAATTGTTGCGCGATTCACGTTTTGAACGCATGGC
GCCATGCGTTACAAACGTGAATCGCGCAACAATTGTCGCGGGTAAAC
C
GGTTTACCCGCGACAATTGTTGCGCGACCCACGTTTTGAACGCATGGC
GCCATGCGTTCAAAACGTGGGTCGCGCAACAATTGTCGCGGGTAAAC
C
GGTTTACCCGCGACAATTGTATTGCGGTGCACGTTTTGAACGCATGGC
GCCATGTCAAAACGTGCACCGCCATACAATTGTCGCGGGTAAACC
GGTTTACCCGCGACAATTGTCATGCGATTCACGTTTTGAACGCATGGC
GCCATGCGTTCAAAACGTGAATCGCATGACAATTGTCGCGGGTAAACC
GGTTTACCCGCGACAATTGTCATGCGGTGCACGTTTTGAACGCATGGC
GCCATGCGTTCAAAACGTGCACCGCATGACAATTGTCGCGGGTAAACC
GGTTTACCCGCGACAATTGTATGGCGATTCACGTTTTGAACGCATGGC
GCCATGTCAAAACGTGAATCGCCATACAATTGTCGCGGGTAAACC
GGTTTACCCGCGACAATTGTATGGCGACCCACGTTTTGAACGCATGGC
GCCATGCGTTCAAAACGTGGGTCGCCATACAATTGTCGCGGGTAAACC
GGTTTACCCGCGACAATTGTATGGCGGTGCACGTTTTGAACGCATGGC
GCCATGCGTTCAAAACGTGCACCGCCATACAATTGTCGCGGGTAAACC
CCCAATCCGTCTGCGCTGGGGAGGCCACGGGAACTGGGCAAATGCC
GGCATTTGCCCAGTTCCCGTGGCCTCCCCAGCGCAGACGGATTGGG
CCCAATCCGTCTGCGCTGGGGAACCCACGGGAACTGGGCAAATGCC
GGCATTTGCCCAGTTCCCGTGGGTTCCCCAGCGCAGACGGATTGGG

F281M-S283I-F307H! Fw GGCCAAAAACAATATGTGGCCTTTTTTTCCCGACG
F281M-S283I-F307TH*Rv CGTCGGGAAAAAAAGGCCACATATTGTTTTTGGCC
F281M-S283T-F307H*Fw GGCCAAAAACAATATGTGGCCTTTTTTTCCCGACG
F281M S283T F307H?Rv CGTCGGGAAAAAAAGGCCACATATTGTTTTTGGCC

1F307H mutation was introduced using the gene containing F281M_S283I mutations
2F307H mutation was introduced using the gene containing F281M_S283T mutations
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Table S3.2. Data collection and refinement statistics for the crystal structure of S283F in
Chapter 3.

Space group C222
Unit cell axes (A) a=178.471
b =187.984
c=105.867
Resolution (A) 2.9
PDB code 7QR6
Reym?® (%) 9.2(73.1)
CCu2 (%) 98.1 (30.3)
Completeness (%) 98.9 (97.5)
Unique reflections 36,348
Redundancy 3.5(3.5)
I/c® 6.1 (1.6)

N° of non-hydrogen atoms ¢

protein/Fe 11370/3

water 16
Average B value for protein atoms (A2?) 71.0
Rerys9 (%) 2138
Riree™d (%) 29.0
Rms bond length (A) 0.008
Rms bond angles (°) 1.48

3 Rym=211i=<I>|/X1i, where I is the intensity of i"" observation and <I> is the mean
intensity of the reflection.

b \/alues in parentheses are for reflections in the highest resolution shell.

¢ The asymmetric unit contains three protein chains. The final model comprises residues 10-
382 and 391-488 of subunit A, 5-382 and 391-488 of subunit B, 3-382, and 391-488 of
subunit C.

9 Reryst= 23 | Fops-Feaic | /33 | Fons| Where Fops and Feaic are the observed and calculated structure
factor amplitudes, respectively. Reryst and Rsree Were calculated using the working and test
sets, respectively.
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Table S3.3. Binding energy (AG) and dihedral energy (AE) values in kcal/mol found for
isoeugenol and resveratrol at the binding site of wild-type and S283F NOV1 variant in the

ensemble docking experiments used in Chapter 3, section 3.4.5.

Isoeugenol Resveratrol
AGbinding AEdinedra  AAEdinedral AGhbinding AEdinedra  AAEdinedral

variant| WT  S283F | WT  S283F |(S283F-WT)| WT  S283F WT  S283F | (S283F-WT)
mean | -5.97 596 | 9.24 10.25 1.01 -6.80 -6.98 1455  18.87 4.32

std | 062 050 | 369 4.16 0.48 1.34  0.38 521 554 0.33

min | -710 -6.84 | 092 227 1.35 -864  -7.52 392 877 4.85

25% | -6.37 634 | 684  7.30 0.46 764 -7.30 11.39 1553 4.14

50% | -6.07 -593 [ 943 997 0.54 720  -7.03 1410  19.69 5.59

75% | -5.64 -5.67 | 11.48 13.22 1.74 630 -6.81 16.94  22.65 5.71

max | -277 -4.89 | 1838 18.42 0.04 0.80 -6.24 3135 2845 -2.90
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Fig. S3.1. Rosetta Ligand Score, Rosetta Total Score, and VINA Autodock binding energy
values for the in silico variants selected for experimental work in chapter 3, section 3.4.1.
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System
- WT
- S283F

Interaction type

Figure S3.2. Inter-residue interaction analysis was performed with PIC (Protein Interaction
Calculator) using the X-ray structures of wild-type NOV1 (PDB: 55j5) and S283F variant
(7QR6) in Chapter 3, section 3.4. 5. Overall counting of interactions depicted by PIC in both
wild-type NOV1 and variant. It includes sidechain-sidechain, backbone-backbone, and
sidechain-backbone interactions.

Figure S3.3. Inter-residue interaction analysis was performed with PIC (Protein Interaction
Calculator) using the X-ray structures of wild-type NOV1 (PDB: 55j5) and S283F variant in
Chapter 3, section 3.4.5. The sidechain-sidechain hydrophobic interactions that appear in
wild-type but not in the variant (left) or the variant but not in the wild-type (right) are
displayed in blue and orange balls. The S283F mutation is highlighted in green balls. The
grey balls and sticks comprise interactions shared by both systems.
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Figure S3.4. (A) Empty volumes of the active site of the wild-type NOV1 (blue) and S283F
variant (orange) were calculated with MDpocket over 800 ns of MD simulation. The vanillin
ligand found in the X-ray 5J55 is superposed. (B) Water counting inside the active site (left)
and Radial Distribution Function (RDF) (right) of water molecules concerning the molecular
oxygen during 800 ns of MD simulation. (Chapter 3, section 3.4.5)
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Figure S3.5. Conversions of 50 mM solutions of a) 4PG by P cells at ODsgo 15; and b)
conversions of isoeugenol by N cells at ODggo 5 in 50 mM KPi buffer, pH 7, at 25 °C, 30 °C,
and 37 °C. Conversions of 50 mM solutions of ¢) 4PG by P cells at ODsgo 15; and d)
conversions of isoeugenol by N cells at ODsgo 5 at 25 °C, in four buffer systems at 50 mM
concentration: KPi pH 7, Tris-HCI, pH 7, 8 and 9. Reactions were performed in 10% (v/v)

DMSO for 24 h. (Chapter 3, section 3.4.8).
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Figure S3.6 Effect of 4PG on the conversions of 50 mM isoeugenol by N cells: conversions
of 50 mM isoeugenol in the presence and absence of 4PG were performed by N cells (ODswo
10) in 50 mM KPi buffer, pH 7, 10% (v/v) DMSO, at 25 °C for 24 h. (Chapter 3, section
3.4.9).
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Figure S3.7. One-pot conversions of 50, 100, and 260 mM 4PG in 50 mM KPi buffer, pH
7, 10% (v/v) DMSO using a whole-cell, multi-enzyme cascade in a step-wise fashion. To
catalyze the first step of the process, P cells (ODggo 50) were employed, and N cells (ODgoo
10) were used in the second step. The reaction was shaken at 150 rpm at 37 °C for 24 h,
then changed to 25 °C for 24 h. (Chapter 3, section 3.4.9).
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Table S4.1. Primers used to construct the forty-one variants and for DNA shuffling in

chapter 4.
Primers Sequence
pET21Fwd CTAGCATAACCTAAC
pET21Rev CCAAGGGGTTATGCTAGTTATTGCTCAG
nov1GApET28a Fw GTGGTGGATCCATGGCTCAGTTTCCAAACAC
nov1GApET28a Rv GGTGCTCGAGTTACGCTGCCAATACCTTCTC

pET28aGAnov1 Fw
pET28aGAnovl Rv
T299S Fwd
T299S Rev
L372A Fwd
L372A Rev
L286V Fwd
L286V Rev
M324K Fwd
M324K Rev
L286W Fwd
L286W Rev
M374A Fwd
M374A Rev
1222V Fwd
1222V Rev
N478S Fwd
N478S Rev
L2861 Fwd
L2861 Rev
T299V Fwd

T299V Rev

GGCAGCGTAACTCGAGCACCACCACCACCA
CTGAGCCATGGATCCACCACCAATCTGTTCTCTGTG
GGCAGGAGGGAACAAAGATCCACTTTGTTTCGTGTGAGGCCAAAAAC
GTTCCCTCCTGCCATGCGTTCAAAACGTGAGACGCAAAACAATTG
CACGTCATGGCTGGTTCGCGGAGATGGATATGAAAC
GTTTCATATCCATCTCCGCGAACCAGCCATGACGTG
TCATGGCTGGTTCGTGGAGATGGATATG
CATATCCATCTCCACGAACCAGCCATGA
CAACGGCATGGAGGCAAAATCGCACCCTACCGATTG
CAATCGGTAGGGTGCGATTTTGCCTCCATGCCGTTG
TGCGTCTCACGTTTGGAACGCATGGCAG
CTGCCATGCGTTCCAAACGTGAGACGCA
GCTGGTTCCTGGAGGCGGATATGAAACGTCC
GGACGTTTCATATCCGCCTCCAGGAACCAGC
GATGCACGATTTTGGAGTGACAGAGGATTATCTTG
CAAGATAATCCTCTGTCACTCCAAAATCGTGCATC
GGACTTCACGGGAGCTGGGCAAATGC
GCATTTGCCCAGCTCCCGTGAAGTCC
GTTTTGCGTCTCACGTTATTAACGCATGGCAGGAGG
CCTCCTGCCATGCGTTAATAACGTGAGACGCAAAAC
AAAGATCCACTTTGTTGTGTGTGAGGCCAAAAACA

TGTTTTTGGCCTCACACACAACAAAGTGGATCTTT

S13



1222L Fwd
1222L Rev
L372V Fwd
L372V Rev
F124V Fwd
F124V Rev
T299L Fwd
T299L Rev
T299A Fwd
T299A Rev
M177L Fwd
M177L Rev
W330F Fwd
W330F Rev
M195G Fwd
M195G Rev
T362V Fwd
T362V Rev
W330Y Fwd
W330Y Rev
F13Y Fwd
F13Y Rev
K86G Fwd
K86G Rev
K86R Fwd
K86R Rev
R116K Fwd
R116K Rev
N122A Fwd
N122A Rev
N122S Fwd

N122S Rev

S14

GCATGATGCACGATTTTGGACTGACAGAGGATTATCTTGTTC
GAACAAGATAATCCTCTGTCAGTCCAAAATCGTGCATCATGC
TCATGGCTGGTTCGTGGAGATGGATATG
CATATCCATCTCCACGAACCAGCCATGA
CTGCAAACACAAATGCGGTGGTTTTCGGAGGTAAGTTG
CAACTTACCTCCGAAAACCACCGCATTTGTGTTTGCAG
AAAGATCCACTTTGTTCTGTGTGAGGCCAAAAACA
TGTTTTTGGCCTCACACAGAACAAAGTGGATCTTT
AAAGATCCACTTTGTTGCGTGTGAGGCCAAAAACA
TGTTTTTGGCCTCACACGCAACAAAGTGGATCTTT
CCTAAAACCGGAAATCTGGTCGCAATCGGC
GCCGATTGCGACCAGATTTCCGGTTTTAGG
CGCACCCTACCGATTTTGTGGTAGATATGGCG
CGCCATATCTACCACAAAATCGGTAGGGTGCG
ATGATGTCACGTACGGCGAAGTTAGTCCTGAA
TTCAGGACTAACTTCGCCGTACGTGACATCAT
GCTGCGGAATTTCCTGTGATCGACGACCGTTTT
AAAACGGTCGTCGATCACAGGAAATTCCGCAGC
CGCACCCTACCGATTATGTGGTAGATATGGCG
CGCCATATCTACCACATAATCGGTAGGGTGCG
CTCCTTCATTCACAGGATATAATACACCTTCTCGCATTG
CAATGCGAGAAGGTGTATTATATCCTGTGAATGAAGGAG
CGTTTTTCTAATTTCCAGCCATCTGTCTTGGCCCAACG
GCATTTTCTAATTTCCAGCCATCTGTCTTGGCCCAACG
CGTTGGGCCAAGACAGATCGTTGGAAATTAGAAAATGCCG

CGGCATTTTCTAATTTCCAACGATCTGTCTTGGCCCAACG

GCATTTGTTAAAGGAGAGATCAAATCGACTGCAAACACAAATGC

GCATTTGTGTTTGCAGTCGATTTGATCTCTCCTTTAACAGCTTC
GTTCGACTGCAAACACAGCGGCGTTTGTTTTCGGAGG
CCTCCGAAAACAAACGCCGCTGTGTTTGCAGTCGAAC
CGACTGCAAACACAAGCGCGTTTGTTTTCGG

CCGAAAACAAACGCGCTTGTGTTTGCAGTCG
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F1241 Fwd
F1241 Rev
F124L Fwd
F124L Rev
F164M Fwd
F164M Rev
M195F Fwd
M195F Rev
M195Y Fwd
M195Y Rev
L286A Fwd
L286A Rev
T299G Fwd
T299G Rev
E301R Fwd
E301R Rev
W3301 Fwd
W330I Rev
R356M Fwd
R356M Rev
R356V Fwd
R356V Rev
T362L Fwd
T362L Rev
Q417G Fwd
Q417G Rev
Q417S Fwd
Q417S Rev
N478T Fwd

N478T Rev

CTGCAAACACAAATGCGATTGTTTTCGGAGGTAAG
CTTACCTCCGAAAACAATCGCATTTGTGTTTGCAG
CAAACACAAATGCGCTGGTTTTCGGAGGTAAG
CTTACCTCCGAAAACCAGCGCATTTGTGTTTG
GAAAATGACTGGCCAGACAATGACAGCTCATCCCAAGGTTG
CAACCTTGGGATGAGCTGTCATTGTCTGGCCAGTCATTTTC
CACCGATGATGTCACGTACTTTGAAGTTAGTCCTGAAGGTG
CACCTTCAGGACTAACTTCAAAGTACGTGACATCATCGGTG
CACCGATGATGTCACGTACTATGAAGTTAGTCCTGAAGGTG
CACCTTCAGGACTAACTTCATAGTACGTGACATCATCGGTG
GTTTTGCGTCTCACGTTGCGAACGCATGGCAGGAG
GTTTTGCGTCTCACGTTGCGAACGCATGGCAGGAG
GGAACAAAGATCCACTTTGTTGGCTGTGAGGCCAAAAACAATATG
CATATTGTTTTTGGCCTCACAGCCAACAAAGTGGATCTTTGTTCC
GATCCACTTTGTTACTTGTCGTGCCAAAAACAATATGTTCCC
GGGAACATATTGTTTTTGGCACGACAAGTAACAAAGTGGATC
GTCGCACCCTACCGATATTGTGGTAGATATGGCG
CGCCATATCTACCACAATATCGGTAGGGTGCGAC
CCGCTGCGGAATTTCCTATGATCGACGACCGTTTTAC
GTAAAACGGTCGTCGATCATAGGAAATTCCGCAGCGG
CGCTGCGGAATTTCCTGTGATCGACGACCGTTTTAC
GTAAAACGGTCGTCGATCACAGGAAATTCCGCAGCG
GCATCGACGACCGTTTTCTGGGGCAAAAAACACGTC
GACGTGTTTTTTGCCCCAGAAAACGGTCGTCGATGC
CCCCGTTTCCTCATTGGGCGAGCCTTGCTTTGTG
CACAAAGCAAGGCTCGCCCAATGAGGAAACGGGG
CCCCGTTTCCTCATTGAGCGAGCCTTGCTTTGTGC
GCACAAAGCAAGGCTCGCTCAATGAGGAAACGGGG
TCGGACTTCACGGGACCTGGGCAAATGCCGA

TCGGCATTTGCCCAGGTCCCGTGAAGTCCGA
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Table S4.2 — Distances (A) of each mutation selected for DNA-shuffling (Chapter 4,
section 4.4.3.) to the Fe?* cofactor and the four iron-coordinating histidines.

Mutation | Region Fe?* H167 H217 H284 H476
A) A) A) A) A)

1222V core 14.8 9.8 14 12.8 155
L286W core 10.9 9 13.1 6.4 10.2
T299S core 10.6 10.5 9.6 4.6 11.4
M324K surface 16.3 17.7 16.1 12.6 16.5
L372A core 10.9 11.8 12.5 9 8.8
N478S core 10.1 8.1 11.6 11.2 5.3
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Annex 11

Table S5.1. Primers used to construct the His-tagged variants M14-20 by substitution or
addition in chapter 5.

Primers Sequence

M14 Fwd CACCACCACGAAGCGGCGGATTCTG

M14 Rev ATGATGATGCAGGCTACCCGGTTC

M15 Fwd CACCACCACGAAGAAGGACCAGAACGTGATGC
M15 Rev ATGATGATGCGGCAGGCGCGCAAG

M16 Fwd CACCACCACGAAGCGGCGGATTCTG

M16 Rev ATGATGATGCAGGCTACCCGGTTC

M17 Fwd CATCACGCGGCGGATTCTGGATC

M17 Rev ATGATGCGGTTCTGGCAGGGTTAAC

M18 Fwd CATCACGATAGCAGCGATCGTCTGTACTGGTTTC
M18 Rev ATGATGGCGTTCCGCGGGGCC

M19 Fwd CATCACGGACCAGAACGTGATGCAGC

M19 Rev ATGATGGCGCGCAAGCTCGCG

M20 Fwd CATCACTCTCGTGATGTTGTTG

M20 Rev ATGATGACGAAGGGTCAGAAAG
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