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Aujourd'hui la néessitéd'un développement durable de la socié€humaine et les problémes
&ologiques, environnementaux et &onomiques associ€s ont suscitéune inquiéude gen&alisé au
sein de la communautéinternationale. Par conséjuent, une grande attention est accordés ala chimie
verte, aux technologies propres et aux processus respectueux de l'environnement. L'é&onomie
respectueuse de I'environnement devient le principal moteur de I'innovation technologique, qui pose
de nouveaux défis ala chimie, en particulier la chimie de synthese.

Des r&jlementations plus strictes ont &e introduites pour protéer I'environnement par les
gouvernements du monde entier, incitant I'industrie chimique ase concentrer sur I'@imination ou la
réluction de la production de déhets ala source. Cela entramera in€vitablement de nouvelles
exigences pour la science et la technologie des produits chimiques et leurs processus de production.

L'un des moyens les plus importants d'atteindre ces objectifs est la catalyse, sous ces diverses
formes allant de la catalyse chimique ala biocatalyse. Un processus catalytique est un processus qui
augmente la vitesse d'une réction chimique en ajoutant une substance appelé catalyseur, qui peut
effectuer une réction de fa@n répé&é sans &re consomme dans le processus.! Par conséjuent, la
catalyse est considérée comme un processus a forte économie d’atomes et est donc considérée

comme verte.

La catalyse joue un r@e important dans la sociéemoderne. Un bon exemple est I'éolution du
processus de production de la lazabemide (un mé&licament contre la maladie de Parkinson) déseloppé
par F. Hoffmann-La Roche AG. Le processus de synthése initial comprenait 8 &apes avec un
rendement de 8%, le schéma de synthése a &€ramenéaune éape en faisant appel aun catalyseur
au palladium avec un rendement global de 65%.2

Jusqu'apréent, un grand nombre de types de catalyseurs sont utilisé& dans le commerce,
notamment des catalyseurs hé&é&ogenes (solides poreux), des catalyseurs homogenes (dissous dans
le m&ange réactionnel liquide), des catalyseurs biologiques (sous forme d'enzymes).® Respectueux
de I'environnement, des exemples de catalyse combinant ala fois une catalyse hé&&ogéne ou
homogene et enzymatique sont apparus ré&eemment. Les processus catalytiques verts impliguent que
les processus chimiques soient rendus respectueux de I'environnement en tirant parti des rendements
deves et de la séectivitépossibles pour les produits cibles, avec peu ou pas de produits secondaires
indésirables et aussi souvent une efficacitééergéique devée.*

Vu la demande croissante de catalyse respectueuse de I'environnement, la biocatalyse est un
éément incontournable. Le catalyseur (une enzyme) lui-méne est fabriqguéapartir de ressources
renouvelables facilement disponibles, est biodégradable et non toxique. ® L'enzyme fonctionne dans
des conditions douces (dans I'eau, atempé&ature ambiante et apression atmosphé&ique), et ne génée
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que peu de sous-produits. ® Ce modde de déreloppement durable, illustrépar un processus catalysé
par des enzymes, est exactement ce que recherche ce si€le.

Parmi toutes les enzymes possélant la capacitéde fonctionner comme biocatalyseur dans
I'industrie, la laccase est une enzyme particuliéement robuste qui a &e largement utilisé& dans
diverses applications. Elle a fait I'objet d'une attention considé&able de la part des chercheurs depuis
1883, et sa premié&e description par un scientifique japonais dans la sé&réion laiteuse d'un arbre tres
commun au Japon appel€Rhus vernicifera.” En fait, la laccase est un biocatalyseur utile pour une
variééd'organismes en raison de sa grande capacitéaoxyder de mani€e non speeifique de nombreux
substrats et & utiliser l'oxygene mole&ulaire facilement disponible comme accepteur final
d'dectrons.® Cependant, l'utilisation industrielle des laccases est limit& par divers facteurs. Par
exemple, le processus de purification pour la production de laccase nésessite un temps relativement
long et un investissement &onomique substantiel. De plus, la difficultéde séparation du méange
réctionnel apres catalyse limite leur recyclabilit€ entramant une augmentation supplénentaire des
cols d'application. Par ailleurs, le potentiel redox des laccases ne leur permet pas de catalyser
directement la dé&gradation de la plupart des substrats non phéoliques.® Enfin, la réction d'auto-
couplage de l'intermédiaire radicalaire produit lors de l'oxydation par la laccase conduit ala
formation de dimées ou de polyméres,'® ce qui indique un manque de séectivité et affecte
négativement le potentiel applicatif de cette enzyme.

De nombreux travaux ont dga&éreliseés pour am@iorer les performances de la laccase en tant
que biocatalyseurs. Diverses techniques de culture ont &éé&développées pour produire efficacement
de la laccase &l'é&helle industrielle.!! Les rendements accrus et le processus de purification simplifié
dans la production de laccase sont maintenant disponibles gr&e au développement de systames
d'expression hé&e&ologues robustes, réluisant ainsi les cotts.*? L'ingénierie des proténes offre le
potentiel d’adapter les besoins spécifiques pour une conception efficace des biocatalyseurs.'® Par
exemple, les systames laccase + médiateur redox (LMS) sont explorés pour aider I'action des laccases
sur une gamme éendue de substrats allant des composé& phéoliques aux composé non
phéoliques.!* L'immobilisation de laccases sur des varié& de maté&iaux pour difféentes
applications permet la séaration et le recyclage, etc.”® Confé&ant des propriéé& améiorés aux
laccases, ces mé&hodes facilitent grandement I'application géné&alisée des laccases dans le domaine
de la biochimie.

En raison de leur performance éeves pour des transformations chimiques allant de I'oxydation
des groupes fonctionnels au couplage hé&&omoléeulaire pour la production de nouveaux dé&ives
d'antibiotiques, ou comme éape clédans la synthése de moléules complexes,® les laccases ont
trouveédes applications importantes en synthese organique. Cependant, comme dgamentionné& les

réctions d'auto-couplage des interméliaires radicalaires géné&é& par les laccases forment
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géné&alement un mdange de produits allant de dimées aux oligoméres sup€ieurs, mettant en
&idence le manque de séectivitéde I'enzyme. En fait, il s'agit d'un schéma dans lequel sans contrde
supplénentaire et/ou environnement physiologique speial, des produits racémiques seront produits.
Cette situation est clairement déavorable, notamment dans le domaine de la synthése
pharmaceutique ouiseule la forme physiologiquement active d'un produit ou mélicament naturel est
souhaitée, car les autres formes peuvent &re inactives voire toxiques (un exemple malheureusement
c@ébre est celui de la thalidomide).!” L'obtention de substances sous forme optiquement pure est trés
importante pour la synthese de mé&licaments pour &viter des procélures de séaration chirale ou
I'utilisation d'un catalyseur chiral coGeux. De ce point de vue, la laccase est toujours confronté& au
déi d'effectuer des réctions en plusieurs éapes avec une séectivité deve afin de réliser des
&onomies d'énergie et I'@imination des sous-produits indésirables.

Peu de travaux ont &éconsacré al'introduction d'une certaine séectivitédans les réctions
catalysees par la laccase. Le systame méliépar la laccase-TEMPO est connu pour &re capable de
catalyser l'oxydation réioséective des groupes hydroxyles primaires des dé&ivé de sucres,
permettant la fonctionnalisation de polyméres.’® De plus, il a &&rapporté qu’un changement de
solvants peut avoir une grande influence sur la sé@ectivitéde la ré&ction catalysee par la laccase
(affinité€du substrat, sé@ectivitéee, regio et chimio).*® Danieli et ses colléjues ont déerit pour la
premiere fois une influence significative et inattendue des solvants sur le rapport relatif de deux
dimeres obtenus lors du couplage oxydant des phénols catalysés par les laccases, qui donne de
nouveaux indices pour l'application synthéique des laccases en biocatalyse.?° Par ailleurs, depuis la
fin du sieele dernier, une proténe veégéale (proténe dirigente, DIR) est connue pour avoir la capacité
de diriger la synthése st&éosdective de produits optiquement purs & partir de radicaux de
monolignols dans une ré&ction qui sans facteur externe conduit & un méange de produits
racémique.?* D'un point de vue méanistique, il semble que la DIR lie sp&ifiquement deux radicaux
et les maintient en place (dans la cavitéd'un 3 barrel) pour faciliter la formation séective de liaisons
C-C.

L'action des proté@nes dirigentes est une source d’inspiration pour le développement de réactions
séectives catalysees par des laccases. En effet, il serait inté&essant de pouvoir contrder la sp&ificité
d'une réction en introduisant un effecteur (par exemple une autre enzyme ou des moléules non
biologiques) dans le systéme catalytique abase de laccase. Les cyclodextrines par exemple, sont de
petites cages organiques qui sont de simples imitations DIR affectant le sort des réctions mé&liées
par la laccase.?? Bien au-delades molé&ules, des mat&iaux amenés prés de la surface de I'enzyme,
comme cela se produit lors de I'immobilisation de la laccase, pourraient en quelque sorte &re
assimilé &de telles effecteurs, les mat&iaux &ant ici considéé comme des effecteurs externes. En

effet ’immobilisation sur des matériaux au-deladu rde communénent admis dans I'amd&ioration
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des performances enzymatiques telles que la stabilitéopé&ationnelle, la résistance aux tempé&atures
devess, etc., pourrait &re envisagépour introduire de la séectivitédans les processus chimiques
catalysés par des laccases.

Le concept d'utilisation de techniques d'immobilisation pour moduler la s&ectivitédes enzymes
se renforce du fait que le processus d’immobilisation influence de maniére significative les proprié¢és
des enzymes en: i) réluisant la mobilitédes groupes prot&ques; ii) provoquant des changements de
conformation des prot@nes, dans certains cas, d&ormant mé&ne le site actif; iii) affectant le contact
avec le substrat et I'enzyme en raison d'un obstacle st&ique, iv) gén&ant éventuellement diffé&ents
environnements physicochimiques entourant I'enzyme. Par consé&juent, selon la nature du support et
le mode d'interaction entre le support et I'enzyme, I'exposition de la méne ré&gion protéque a
diffé&ents mat&iaux ou l'exposition du mé&ne mat&iau aune re&gion diffé&ente de la proté@ne peut
entramer diffé&ents changements conformationnels ou distorsions enzymatiques. Les illustrations sur
un contrde par le maté&iau sont diffuses dans la litt&ature dé&liée al'immobilisation enzymatique. Il
existe cependant quelques exemples comme celui d'un rapport sur I'immobilisation d'une lipase sur
diffé&ents supports conduisant &une éantioséectivitédifféente méne dans les ménes conditions
exp&imentales selon la nature du support.?® Nous croyons fermement que la prise en compte de ces
diffé&ences dans la conception de la modification de surface repré&ente un potentiel d'introduire (et
de contrder) de la sé@ectivitédans les ré&ctions catalysees par des enzymes.

Parmi toutes les sortes de supports utilisés jusqu'a présent pour I'immobilisation d’enzymes, les
particules super paramagnéiques (MNP) sont I'un des maté&iaux les plus populaires. En effet leurs
structures cceur-coquille speiales, la grande variéédes groupements fonctionnels disponibles pour
I'immobilisation des prot&nes en fait un matéiau de choix. De plus en raison de leurs propriéés
super paramagnétiques, une séparation et un recyclage faciles peuvent ére ré&lisé& de maniée
pratique en utilisant un simple aimant, ce qui augmente considé&ablement leur int&& pour le
développement de processus catalytique. Jusqu'apréesent, le potentiel des MNP pour moduler les
propriéé enzymatiques vers la séectivitén'a pas encore éééudi€émais mé&ite d'@re exploré En
combinant I'immobilisation des enzymes d'une manié&re spe&eifique et une variation de la nature de la
couche de fonctionnalisation, un contrde de la séectivitédans les réctions aplusieurs &apes peut
@re attendu. Ainsi, les besoins éergéiques seront minimisés et les sous-produits indésirables seront
aiminé.

En conclusion, la laccase est un catalyseur robuste avec des applications réandues dans les
domaines biochimiques. Mais le couplage des radicaux catalysés par la laccase manque de séectivité
et a tendance aformer un méange de produits allant des diméres aux oligomeéres sup&ieurs, ce qui
n'est pas respectueux de I'environnement car il entrame la formation de produits indésirables. Par

ailleurs, les proténes dirigeantes végéales dirigent le couplage st&és@ectif des phénols offrant un
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site pour contrder le devenir des produits d'oxydation. En nous inspirant d'un site exogéne DP
contrdant la réctivitéde la laccase, nous proposons de greffer la surface de la laccase avec des
maté&iaux afin d'induire de la séectivitédans les ré&ctions de couplage non séectives. Les particules
magné&iques semblent avoir un grand potentiel pour stimuler la séectivité dans les réctions
catalyséss par la laccase.

L'objectif principal de ce travail de recherche é&ait d'é@udier les possibilités de moduler les
propriéés catalytiques de la laccase par l'ajout de facteurs externes modifiant le (micro)
environnement de la laccase. Ainsi, nous avons brievement éudi€la prot@ne dirigeante vé&yéale
AtDIRG6 en tant que modéle naturel d'effecteur de laccase et conqi un systame bio-inspiréconsistant
en des MNP fonctionnalisé par laccase dans lesquels ala fois la nature chimique et l'orientation de
I'enzyme peuvent &re modulés au niveau de la nano- surface des particules.

Concernant la partie AtDIR6, prolongeant le travail pré&é&lemment effectué dans notre
laboratoire,?* nous avons confirméque: i) AtDIR6 augmente la duré de vie des radicaux issus de
I’oxydation de 1’alcool coniferylique comme vu pour la premicre fois par RPE; ii) les tyrosines dans
la cavitéd'AtDIR6 sont marquéss avec une sonde radicalaire (ABTS); iii) I'unit&allylique de I'alcool
conifé&ylique peut &re modifiée comme en ténoigne la formation séective de dimées issus de
I’oxydation de I’acétate de coniferyl en présence de DP. Nous avons ensuite développé des stratégies :
iv) pour identifier les acides aminé dans la cavitéd'AtDIR6 qui sont impliqués dans le contrde
st&éosdectif en utilisant des radicaux d'alcool coniféylique comme sonde, et v) pour explorer la
réctivitéd'AtDIR6 en utilisant des analogues synthé&iques de I'alcool conifé&ylique.

En ce qui concerne la partie MNP fonctionnalisé par laccase, nous avons exploréle couplage
de laccases ades MNP ayant diffé&entes fonctions chimiques aleur surface: -NHz, -CHO, -Ns3, et
pour certaines comparees diffé&entes densités de fonctions chimiques: lin&ire vs dendritique (coll.
Hongtao Ji et Karine Heuz€& UniversitéBordeaux). Nous avons utilis€deux types de laccases: a)
LAC3 possédant deux lysine situées a 1I’opposé du site actif de I’enzyme qui apres greffage aux MNP
expose son site actif au solvant, et b) son variant UniKe possélant une seule lysine localisée a
proximitédu site actif qui aprés greffage aux MNPs expose le site actif ala surface du MNP.
L'activitédes laccases immobilisés a &étesté avec diffé&ents substrats : ABTS (synthé&ique),
syringaldazine (phéol) et alcool conifé&ylique (monolignol). Ensemble, ces modulations nous ont
permis d'é@udier le systéne en plusieurs dimensions : orientation du biocatalyseur, nature de
I'environnement chimique & l'interface, densité des fonctions chimiques, chimio, ré&gio et
st&ésdectivité Nous apportons ici des preuves que l'activitéd'une enzyme non séective peut &re
modulé& par la conception du micro-environnement autour de son site actif.

Ainsi, ce manuscrit est organisé€en trois chapitres:
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Dans le premier chapitre, une éude bibliographique dérit brievement la laccase, les MNP et
les proténes dirigeantes. Egalement, la structure, le mé&anisme de fonctionnement et I'application

de ces trois objets ont éyalement &€&passes en revue.

Le deuxiéne chapitre se concentre sur I'é@ude de AtDIRG6, l'une des premiees proté@nes
dirigeantes caract&isees, dirigeant le couplage des radicaux phéioxyls pour former un lignan
optiquement pur : le (-) - pinorésinol. Tout d'abord, AtDIR6 a &épurifiéet son activitéa ééévaluee
sur l'oxydation de l'alcool conifé&ylique. Ensuite, des analogues d'alcool conifé&ylique ont &é&
synthé&isés et ont ééutilisés pour explorer la plasticitéd'AtDIR6 vers de nouveaux substrats. De plus,
la stabilisation des radicaux analogues de I'alcool conifé&ylique par AtDIR6 a é&écontrdée par RPE.
Enfin, les radicaux alcool conifé&ylique ont &éutilisé&s comme sonde pour identifier les acides aminés

d'AtDIR6 qui sont impliqués dans le contrde st&éoséectif.

Le troisi@ne chapitre est consacré al'immobilisation orienté& de deux variants de laccase
(LAC3 et UniK161) sur diffé&entes MNP. Trois particules ont é&é& éudiees, des particules
fonctionnalisées avec un aldéwyde (& la fois commerciales et autoproduites), des particules
fonctionnalisées avec un azide et les particules fonctionnalisées avec une amine, qui sont deerites
dans des sous-sections de maniée indéendante. Dans chaque sous-section, la caract&isation des
particules, I'exploration des conditions d'immobilisation, les problénes rencontré& lors de ces
explorations ainsi que les réultats finaux d'immobilisation sont pré&senté&s en déail. De plus, I'activité
spe&ifique de ces deux variants de laccase aprés immobilisation a é&é& comparé ala fois sur

I'oxydation de I’ABTS et sur la biotransformation de 1'alcool coniférylique.
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General Introduction

Nowadays, the need for a sustainable development of human society and the ecological,
environmental, economic issues involved in are causing extensive concern in the international
community. Therefore, green chemistry, clean technology, and environmentally friendly processes
have been highly emphasized. Environmentally friendly economy is becoming a major driver of
technological innovation, which poses to chemistry, especially synthetic chemistry new challenges.

More stringent regulations have been introduced to protect the environment by governments
around the world, prompting the chemical industry to focus on eliminating or reducing the generation
of waste from the source. This will inevitably put forward new requirements to the science and
technology of chemicals and their production processes.

One of the most important pathways to achieve the above-mentioned targets is catalysis,
including various forms of chemical catalysis and biocatalysis. Catalytic processes is the process of
increasing the rate of chemical reactions by adding substances known as catalysts which can act
repeatedly without being consumed during the process.! Thus, catalysis has been regarded as a
process of high atom economies and therefore seen as green.

As it is defined, catalysis accelerates chemical reactions, thus playing an important role in
modern society. An excellent example to illustrate that is the evolution of the production processes
for lazabemide—an anti-Parkinson medicine developed by F. Hoffmann-La Roche AG company. The
original synthesis process contains 8-steps with 8% yields, which had been shortened to only one-
step by a Pd-catalyzed amidocarbonylation protocol with a yield of 65%.?

Until now, a large number of catalysts and catalyst types are utilized commercially, including
heterogeneous catalysts (porous solids), homogeneous catalysts (dissolved in liquid reaction
mixture), biological catalysts (as enzymes).> Environmentally friendly, examples of catalysis
combining both heterogeneous or homogeneous and enzymatic catalysis together have appeared
recently. Green catalytic processes implies that chemical processes are made environmentally benign
by taking advantage of the possible high yields and selectivity for the target products, with little or
no unwanted side products and also often high energy efficiency.*

Referring to the increasing demand for environmentally friendly catalysis, biocatalysis is a part
that cannot be ignored. The catalyst (an enzyme) itself is produced from readily available renewable
resources, is biodegradable and essentially nonhazardous and nontoxic;®> enzymes do their work
under mild conditions (in water, at room temperature and atmospheric pressure), and generate little
waste products.® Such sustainable development model displayed by enzyme-catalyzed process is
exactly what is pursued in the present century.
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Among all the enzymes possessing the ability to work as biocatalysts in the industry, laccase
is a particular robust one which has been widely used in a variety of biocatalytic applications, it has
received considerable attention from researchers since 1883, its first description by a Japanese
scientist in the milky secretion of a very common tree in Japan named Rhus vernicifera.” Indeed,
owing to their high non-specific-substrate oxidation capacity, and the use of readily available
molecular oxygen as final electron acceptor, laccases are useful biocatalysts for diverse
biotechnological applications.® However, the utilization of laccase in industry is limited by various
factors. For instance, the purification process of laccase production requires relatively long time and
large amount of economic investment. In addition, separation difficulties from the reaction mixture
after catalysis restrict their recyclability, resulting in a further increased application cost. Also, the
redox potential of laccase is relatively low, impairing their capacity to directly catalyze the
degradation of most non-phenol substrates.® What's more, the self-coupling reaction of radical
intermediates generated by laccases oxidation tends to form a mixture of products from dimers to
higher oligomers,° underlining to a lack of selectivity, which is detrimental to the efficiency.

Much works have been done to improve the performance of laccase as biocatalysts. Various
cultivation techniques that have been developed to efficiently produce laccase at the industrial
scale.!! Boosted yields and simplified purification process in laccase production are now available
due to the development of robust heterologous expression systems, thus reducing costs.*? Protein
engineering offers the potential to tailor specific needs for efficient biocatalysts design.'® Besides,
efforts have also been put into looking for the outside effectors to overcome limitations of laccase
when working alone. For example, Laccase mediator systems (LMS) are explored to assist the action
of laccases with extended substrate range from phenolic compounds to non-phenolic compounds.*4
Immobilization of laccase on varieties of materials for different applications allows separation and
recycling, etc.® By imparting improved properties to laccases, these methods greatly facilitate the
widespread application of laccases in biochemical fields.

Due to their exquisite performance towards transformation ranging from the oxidation of
functional groups to the heteromolecular coupling for production of new antibiotics derivatives, or
as a key steps in the synthesis of complex molecules,® laccase have found significant applications
in organic synthesis. However, as already mentioned, self-coupling reactions of radical intermediates
generated by laccases generally form a mixture of products from dimers to higher oligomers,
highlighting the lack of selectivity of the enzyme. In fact, this is a pattern in which radical
polymerization universally occurs as a result of adapting the thermodynamical trends: without
additional control and/or special physiological environment, racemic products will be produced. This
situation is clearly unfavorable in some cases of synthesis area, especially in the field of

pharmaceutical synthesis where the physiologically active form of a natural product or drug are
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desired, because the other forms can be inactive or even toxic (a sadly famous example of such drugs
is Thalidomide, the instructive history and detailed information on which can be found in a review'?).
Obtaining directly optically pure substances is very beneficial for the synthesis of pharmaceutical
drugs to avoid chiral separation procedures or the use of expensive chiral catalyst. From this point of
view, laccase is still facing the challenge of carrying out multistep reactions with high selectivity in
order to achieve energy economy and elimination of undesirable by-products.

Few works have been dedicated to the introduction of some selectivity in laccase catalyzed
reactions. Laccase-TEMPO mediated system is known to be capable of catalyzing the regioselective
oxidation of the primary hydroxyl groups of sugar derivatives, allowing polymer functionalization.!®
Also, it has been reported that by switching from one solvent to another can have a great influence
on the selectivity of laccase catalyzed reaction (substrate affinity, ee, regio and chemo selectivity).*°
Danieli and coworkers described for the first time a significant and unexpected solvent influence on
the relative ratio of two dimers obtained upon oxidative coupling of phenols catalyzed by laccases,
which gives new clues for the synthetic application of laccases in biocatalysis.?® Besides, since the
end of last century, a plant protein (dirigent protein, DIR) is known to have the ability to direct the
stereoselective biosynthesis of optically pure products from monolignol-derived radicals in a reaction
that otherwise would result in a mixture of racemic reaction products as mentioned above.?!
Mechanistically speaking it seems that DIR binds specifically two radicals and holds them in place
(in the cavity of a 3 barrel) to mediate selective C-C bond formation.

The action of dirigent proteins is inspiriting for the development of selective laccases catalyzed
reactions. Indeed, it would be of interest to be able to control the specificity of a reaction by
introducing an effector (e.g. another enzyme or non-biological molecules) in the laccase based
catalytic system. Cyclodextrins for example, are small organic cages that are simple DIR mimics
affecting the fate of laccase mediated reactions.?? Far beyond molecules, exogenous materials
brought close to the surface of the enzyme, like this happens during immobilization of laccase could
be somehow assimilated to such a process, materials being here thought as external effectors. Indeed,
beyond the commonly accepted role in the improvement of enzyme performance such as operational
stability, resistance to high temperatures, etc., why not considering the possibility of support
materials introducing selectivity into the laccase catalytic process?

The concept of utilizing immobilization techniques to modulate selectivity of enzymes is getting
strength on the fact that the process significantly influences enzymes properties as: i) it reduces the
mobility of protein groups; ii) it causes protein conformation changes, in some cases even distort the
active site; iii) it affects substrate and enzyme contact due to steric hindrance, iv) it possibly generates
different physicochemical environments surrounding the enzyme. Therefore, depending on the

nature of the support and the mode of the interaction between support and enzyme, exposing the
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same protein region to different materials or exposing the same material to different region of the
protein different conformational changes or enzyme distortion may be expected to occur. Illustrations
on a control by the material are diffuse in the literature dedicated to enzyme immobilization. For
example, from a report on the immobilization of a lipase on different supports leading to different
enantioselectivity even in the same experimental conditions depending on the nature of support.?
We strongly believe that taking these differences into account in the design of surface modification
represents a potential to introduce (and control) further selectivity in enzyme catalyzed reactions.

Among all kinds of supports used so far for enzyme immobilization, superparamagnetic
particles are one of the most popular materials. Due to their special core-shell structures, a variety of
binding methods are available for the immobilization of proteins in different orientation. Besides, as
a result of their superparamagnetic properties, an easy separation and recycling can be realized
conveniently by using a simple magnet, a fact that greatly increase their interest in processes. So far,
the potential of MNPs surface to modulate the enzyme properties towards selectivity has not yet been
studied but is worth exploring. Combining the immobilization of enzymes in a specific manner and
a variation of the nature of the functionalization layer, a control of selectivity in multistep reactions
can be expected. Thus, the energy requirement will be minimized and undesirable by-products will
be eliminated.

In conclusion, laccase is a robust catalyst with widespread applications in the biochemical fields.
But laccase catalyzed radicals coupling lacks selectivity and tends to form a mixture of products from
dimers to higher oligomers, which is not environmentally friendly as it carries undesired products
formation. However, plant dirigent proteins direct the stereoselective coupling of phenols offering a
site to control the fate of oxidation products. Taking inspiration from a DP exogenous site controlling
laccase reactivity, we propose to graft laccase surface with materials as a way to induce selectivity
in non-selective coupling reactions. Magnetic particles appear to have a great potential to drive
selectivity in laccase catalyzed reactions.

Thus, this manuscript is organized into three chapters.

In the first chapter, a bibliography survey described the brief introduction of laccase, MNPs and
dirigent proteins. Meanwhile, the structure, mechanism of function and application of these three
objects were also reviewed.

The second chapter is focused on the study of AtDIR6, one of the first characterized dirigent
protein, directing the coupling of phenoxy radicals to form an optically pure lignan: the (-)-
pinoresinol. In this chapter, a continued research of AtDIR6 on the mechanism of its function was
investigated. First, AtDIR6 was purified and its activity was assessed during coniferyl alcohol
oxidation. Then analogues of coniferyl alcohol were synthesized and were used to explore the
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plasticity of AtDIR6 towards new substrates. Moreover, the stabilization of coniferyl alcohol
analogues radicals by AtDIR6 was monitored by EPR. Finally, coniferyl alcohol radicals was used
as a probe to identify amino acids within the cavity of AtDIR6 which are involved in the

stereoselective control.

The third chapter is dedicated to the orientational immobilization of two variants of laccase
(LAC3 and UniK161, representing different immobilization directions) onto different MNPs. Three
particles were investigated, including Aldehyde particles (both commercial and self-produced one),
Azide particles and Amino particles, which were described in subsections independently. In each
subsection, the characterization of particles, exploration of the immobilization conditions, issues
encountered during the exploration, as well as the final immobilization results were shown in details.
In addition, the specific activity of these two variants of laccase after immobilization has been

compared both towards ABTS oxidation and coniferyl alcohol biotransformation.
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1 Laccase

1.1 Introduction to Laccase

Laccases (EC 1.10.3.2, p-diphenol: dioxygen oxidoreductase) belong to a group of polyphenol
oxidases containing copper ions in their catalytic center and for that reason usually called
multicopper oxidases (MCOs).! Due to the presence of the copper ions in their catalytic center,
laccases have a distinctive ability to catalyze the oxidation of a wide range of aromatic and non-
aromatic compounds including substituted phenols, some inorganic ions, and variety of non-phenolic

compounds (eg. 1), 2 concomitantly with the reduction of molecular oxygen to water (eq. 2).°

(eq. 1) 4 Sub » 4 Sub’+ 4H* + 4e-

(ed.2) O, + 4H* + 4e- » 2H,0

Even though laccases were first found in plants, they were also discovered in insects, fungi as
well as in bacteria, displaying various functions depending on their organism source, physiological
and pathological conditions.* Plant laccase are identified to be related to wound responses and lignin
polymerization, while fungal laccases bring about the opposite process, participating in lignin
degradation, morphogenesis, pathogenesis, and stress defense. Bacterial laccases participate in
pigmentation, morphogenesis, toxin oxidation and protection against oxidizing agents and UV light;
laccases from insects are mainly associated with cuticle sclerotization.®

Laccases are widely used in various industrial and biotechnological fields, such as bio bleaching
in textile industry and lignin degradation in paper industry, they are eco-friendly enzymes also work
in bioremediation process, organic synthesis'? and in the cathodic compartment of biofuel cells.’

1.2 Laccase structure and active site

Laccase contains four copper ions located in two active centers, a schematic representation of
which is shown in Fig. 1-1-1 (a) and (b). These ions are classified in three groups based on their
coordination and spectroscopy properties. A large amount of literature is available providing detailed
descriptions on the three types of copper.>4#11 Briefly, they are described as follows:

Type 1 copper ion: present in a mononuclear site (oxidation center), the paramagnetic type 1

copper shows an intense electronic absorption band at the wavelength near 600 nm (¢ = 5000 M-
1 em™) which is responsible for the deep blue color of the enzyme in the oxidized state, and also
exhibits a weak parallel superfine splitting in the EPR spectrum. The T1 copper site is coordinated
to two histidine and one cysteine. In some cases, one methionine is found as additional axial ligand.
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Type 2 copper ion: present in a trinuclear cluster forming the dioxygen reduction center, the

T2 copper ion is not visible in the electron absorption spectra and displays ultrafine splitting in EPR
spectra typical for copper ions in tetragonal complexes. The Type 2 copper has two histidine and

water as ligands.

Type 3 copper pair: The Type-3 copper is a binuclear site coordinated to three histidines and
a bridging hydroxyl ligand (bis-pehydroxo). This site can be identified by the presence of a shoulder
at 330 nm in the UV region of the spectrum. As the result of the anti-ferromagnetic coupling of the

copper pair there is no EPR signal.

The T1 copper site is the primary electron acceptor in a laccase catalyzed reaction, where four
single-electron oxidations of a reducing substrate occur. The type 2 and type 3 copper ions form
together a trinuclear cluster (TNC), where the reduction of molecular oxygen and release of water

takes place.
(a) Type 1 Copper ( )
Mononuclear
%
2 @)
327 %08 NN
> 206

8™ 22 &%

- ] A

i
12278 ‘.": ..".. 1242
N/\ 3 _::.T‘\'pe 3 (‘opper-.".' :
w) LV GR)

Trinuclear Cluster

Type 2 Copper

Fig. 1-1-1 Structure of copper center/active site of laccases (a) the three types of copper coordination, including
interatomic distances among all relevant ligands “ (b) structure of the laccase active sites with arrows marking the
flow of substrates, electrons (e”) and O 1°

Laccases have pronounced structural homology despite their different sources. The overall
structure of laccase consist of three consecutively connected cupredoxin-like domains designated as
D1 (N-terminal), D2, and D3 twisted in a tight globule,*? as exemplified by a fungal laccase in Fig.
I-1-2.12 Usually, the structure is stabilized by one or two disulfide bridges between D1 and D2. The
TNC is placed between D1 and D3, while the type 1 copper ion is found in D3 (C-terminal). Domain
2 does not participate directly in the formation of the active sites; it most likely contributes to the

stability of the protein assembly as a functional unit.!
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Fig. 1-1-2 Three-dimensional representation of a fungal laccase based on the coordinates of the PDB entry 2HRG.
Cupredoxine domains are colored from blue (D1) to green (D2) to red (D3). Light-orange spheres depict copper
ions, an isolated Cu (I1) T1 close to the surface of the enzyme in D3 and a Cu (1) T2-T3 trinuclear cluster embedded
in the enzyme at the D1-D3 boundaries.

1.3 Catalytic mechanism of laccase

H,0 Laccase(m Substrate(m”
(a)
0, Laccase 4 Substrate,,
H,0 Laccase,,,, Mediator, ., Substrate
(b)
0, Laccase(red) Mediator(ox) Substrate(red)

Fig. 1-1-3 Schematic representation of laccase-catalyzed redox cycles for substrates oxidation in the (a) direct
or (b) in-direct (with present of chemical mediators) way.*

As mentioned above, due to the copper ions present in their active sites and their specific
structure, laccase is able to drive electrons from a reducing substrate through the type 1 copper site
to the TNC where molecular oxygen is reduced. Reactions catalyzed by laccase can be divided into
two types: direct oxidation (Fig. I-1-3 (a)) and indirect (mediated) oxidation (Fig. 1-1-3 (b)).

Direct oxidation, i.e. the oxidation of substrate to the corresponding radical as a result of direct
interaction, happens only in compounds the ionization potential of which does not exceed the redox
potential of the T1 copper ion.'® The mediated oxidation is a two-step process: first the enzyme
catalyzes the oxidation of a molecule acting as a redox mediator, then the oxidized mediator oxidizes
the substrate.6:7
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1.4 Laccase mediator system (LMYS)

As described above, the redox potential difference between T1 copper ion and substrate plays a
crucial role in laccase catalytic efficiencies.’® Laccase is able to directly oxidize structure unit of
phenol, because phenolic substrates have a potential of 0.5~0.9V vs. NHE (Normal Hydrogen
Electrode), which is well matched with the redox potential at which laccase operates (0.5~0.8V vs.
NHE depending on the fungal source).!® But substrates like aliphatic alcohols and ether groups in
native lignin with a high redox potential (above 1.2V vs. NHE) cannot be directly oxidized by
laccases.?’ Additionally, the chemical structure of the substrate is also an important factor influencing
its oxidation by laccase.?! Bulky compounds are unable to access the active site of due to steric
hindrance?? and therefore are not directly oxidized by laccase. Thus, a redox mediator that can act as

an intermediate substrate is required.

A mediator is a small molecule acting as “electron shuttle”?® between the laccase and the
substrate; it is continuously oxidized by the laccase and subsequently reduced by the substrate during
the catalytic process.?? The combination of laccase and a redox mediator constitutes the so-called

“laccase-mediator system” or LMS .24 2

SOH @:N\‘N HaC CHg
oSt e v Yo
SucHs  EnoHs bh o
22 h i 6-sulfonic acid) 1-hydroxybenzotriazole (c) TEMPO
(a) ABTS (b) HBT 2,2,6,6-tetramethylpiperidine-1-yloxy

|

CH,OH CH,OH CHOH

=z Medox 7 Z
— [l =~
N “Medria Y~ -HEY N

OMe OMe OMe

U

|

laccase . -Ht
Med-OH —> Med-OH"* —— Med-O-

CH,OH CHOH
\kd O-
MLd OH

|

rrrrrrrrrrr

o=
Nl l‘ A~
¢ OMe OMe OMe g ML

N

OMe

(e) The radical HAT (hydrogen

(d) The ET (electron transfer) route
atom transfer) route

(f) The ionic oxidation mechanism

I-1-4 Structure of three typical artificial mediators using in LMS: (a) ABTS (2,2'-Azino-bis (3
acid)); (b) HBT () TEMPO (2,2,6,6
tetramethylpiperidine-1-oxyl) and their corresponding mechanisms proposed: (d) Electron transfer (ET) route of
laccase-ABTS system; (e) Radical H-atom transfer (HAT) pathway of laccase-HBT system; (f) lonic oxidation

Fig.

ethylbenzothiazoline-6-sulfonic (1-hydroxybenzotriazole);

mechanism of laccase-TEMPO system.

2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1-hydroxybenzotriazole
(HBT), and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOQO) are three typical artificial mediators

using in laccase mediator system for oxidation of non-phenolic lignin compounds, each of them
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possess distinct reaction mechanism depending on their chemical structure (see Fig. 1-1-4 for their

formulas and proposed mechanisms). 26 %7

Although Synthetic mediators like ABTS and HBT are widely used for laccase in numerous
applications, such as dye decolorization, lignin degradation and biotransformation of
pharmaceuticals (see (Continued) Table 1-1-2 for some of recent reports on LMS applications), the
applications of artificial mediators in industrial processes are still restricted by their high costs and
safety concerns regarding, for example, explosiveness and toxicity.?® Therefore, natural mediators as
more economically feasible and environmentally friendly mediators to overcome this hurdles are
coming up.?® The most common examples of natural mediators include lignin derived phenol

compounds, such as acetosyringone, syringaldehyde and vanillin.*’

1.5 Biochemical applications of laccase

In nature, laccases play a key role in the formation or degradation of lignin. Moreover, assisted
by LMS, the range of laccase applications has been extended to other fields like bio bleaching for
dyes decolorization, modification of pulp, treatment of wastewater, and more recently, degradation

of pharmaceuticals.

Besides, using laccases in organic synthesis has drawn considerable attentions recently, since
laccase or LMS have broad substrate range and demonstrate many advantages over conventional
chemical catalysts for example relatively inexpensive, highly selective, and are active in aqueous
solvents and under mild conditions.>® Indeed, laccases enable to abstract hydrogen from phenolic
hydroxyl groups using molecular oxygen as electron acceptor, which forms phenoxy radicals; these
radicals undergo self-coupling reactions to form different C-O and C-C dimers before
oligomerization and polymerization reactions. Based on this mechanism, laccase was exploited for
the mild polymerization of natural compound derivatives, for example, to produce polycatechol from
catechol monomers (Fig. 1-1-5 (1)).>!

o " — ot IS
I> 0, ﬁi Q" e T ﬁ eg

Fig. 1-1-5 Examples of polymerization of laccase-generated radicals. (1) production of polycatechol from catechol
monomers. (2) the coupling of p-hydroquinones and aromatic amines.
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Another example of polymerization related to laccase-generated radicals includes laccase-
catalyzed cross-coupling reaction, where the reactive intermediates are trapped and do not form the
usual family of derivatives, for example: the coupling of p-hydroquinones and aromatic amines (Fig.
I-1-5 (2)).32%

Laccase catalyzed peptide synthesis are also reported, one example is that laccases were used
for the selective removal of phenylhydrazide-protecting groups in a mild process that causes neither
oxidative modification nor destruction of methionine or tryptophan side chains.®* Furthermore,
Laccase is also used to oxidatively transform organic compounds to produce pharmaceutical
importance products such as penicillin X derivatives.

In brief, because of their variety biochemical properties, high stability, broad substrate range,
and widespread applications, laccases are very impressive and valuable biocatalysts in biotechnology.
More applications of laccase, including application of LMS, reported in the recent years are
summarized in Table I-1-1.

Although laccases are good biocatalysts for a wide range of applications, their main drawback
is a lack of selectivity and the generation of radical species that evolve independently of the enzyme.
If suitable methods to direct regio- and chemoselective polymerizations were to be found, functional
and useful polymers which normally are difficult to synthesize by classical methodologies could be
yielded. From this point of view, laccase-catalyzed chemical synthesis would have great potentials.
In the next subsection, dirigent protein as a natural effector to bring stereoselectivity to laccase
catalyzed coupling of monolignols will be introduced.

Table 1-1-1 Several recent reports on laccase applications (without mediators)

Source of laccase Application
Pleurotus ostreatus Synthesis of gold nanoparticles %
Moniliophthora roreri Micropollutant degradation %
Myrothecium verrucaria Dye Decolorization ¥
Trametes villosa Synthesis of 2,3-ethylenedithio-1,4-quinones %
Saccharomyces cerevisiae Synthesis of C—N heteropolymeric dye 3
Suberase® Synthesis of coumestan derivatives 3
Yarrowia lipolytica Decolorization of environmental pollutant dyes “°
Trichoderma harzianum Decolorize fungal pigments on aging paper and parchment 4*
Trametes versicolor Synthesis of arylsulfonyl triazolidinediones 42
Trametes versicolor Biofuel Cells 43
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(Continued) Table 1-1-2 Several recent reports on laccase applications (with mediators)

Mediators

Source of laccase

Application

Syringaldehyde (SA), acetosyringone (AS) and p-coumaric acid (PCA)
VLA, violuric acid
Vanillin
1-hydroxybenzotriazole (HBT) syringaldehyde (SA)
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)
p-coumaric acid,syringaldehyde, acetosyringone

HBT, ABTS, syringaldehyde, acetosyringone, p-coumaric acid,
methyl syringate (Novozymes®)

ABTS
Acetosyringone, methyl syringate
acetosyringone
soybean meal extract (SBE)
HBT
Syringaldehyde
HBT
HBT

1-hydroxybenzotriazole (HBT), syringaldehyde (SA),

Pycnoporus cinnabarinus

Trametes villosa
Trametes species
Peroneutypa scoparia
Galerina sp.

Trametes versicolor

Trametes villosa etc.

Trametes versicolor
Streptomyces ipomoeae
T. trogii

Trametes versicolor
Trametes versicolor
Pycnoporus sanguineus
Trametes versicolor
Ganoderma lucidum

Trametes versicolor

Biobleaching of flax pulp #

Degradation of lignin in wood pulp of paper industry #°
Crosslinking of milk proteins 46
Degradation of leather dyes #

Azo dye decolorization 4

Biocatalytic degradation of carbamazepine 4

Biodeinking of flexographic inks

Biotransformation of carbamazepine 5!
Decolorization and detoxification of textile dyes %2
Decolourization and detoxification of textile industry wastewater 5
Degradation of antibiotics metabolites (sulfadimethoxine) 54
Degradation of the herbicide isoproturon %°
Pharmaceuticals degradation 5¢
degradation of antiepileptic drug (Carbamazepine) 7
transformation of antimicrobial agent (TCS) %

Race organic contaminant degradation 5%6°
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2 Dirigent protein

Although the oxidative coupling of phenols only produces racemic products in vitro, the
coupling reaction takes place in a deterministic way in nature. In vivo, regio- and stereoselective
phenol coupling can be observed both in plant secondary metabolism and in bacteria, lichen, and
fungi.®! It seems that these organisms clearly control the coupling reaction; how they do it, what can
we learn from them is therefore stimulating and worth exploring. The discovery of dirigent protein
(DP) is the first step toward the understanding on how nature control the coupling of phenols in
plants. Here in this section, the currently available information about DP will be described, including
their discovery, the resolution of DP 3D structures, and hypotheses on their mechanism of action.

2.1 From lignan biosynthesis to dirigent protein

OH OH OH
OCH; H;CO OCH,4
OH OH OH
p-coumaryl alcohol coniferyl alcohol sinapyl alcohol

Fig. I-2-1 Chemical structure of the three commonly occurring monolignols

Lignans are natural products that occur widely in the plant kingdom. They are generated via
monolignol (Fig. 1-2-1) coupling in terrestrial vascular plants, typically forming dimers and/or higher
oligomers.%? The recognized physiological role of lignan in planta involves plant defense,
particularly in leaf, (heart)-wood, knot, and seed coat tissues by acting as phytoestrogens and
antioxidants. The term lignan is structurally identified as a class of dimeric phenylpropanoid (CsCs)
metabolites linked by an interunit linkage 8-8' bond (Fig. 1-2-2).%® Other types of coupling (e.g. 8-5")

are designed as neo-lignan.

7 8
1
6 2
5 3
4
CgC unit 8,8"lignan

Fig. 1-2-2 Lignan core structures
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The lignan pinoresinol, a central precursor of many 8-8’ linked plant lignans, is obtained by
stereoselective coupling of two entities derived from E-coniferyl alcohol.®* The dimerization of E-
coniferyl alcohol to form lignans generally involves two steps. In the first step, a single-electron
oxidation of E-coniferyl alcohol catalyzed by an oxidase/oxidant (such as peroxidases, laccase or
ammonium peroxydisulfate) occurs, forming the corresponding phenoxy radical species. In the
second step, radicals dimerize to yield in vivo optically pure pinoresinol under strict regio- and
stereospecific control (Fig. 1-2-3 (a)) whereas in vitro the oxidative coupling of E-coniferyl alcohol
by peroxidases or laccases lacking regio- and stereoselectivity, results in a mixture of (+/-) 8,8', (+/-)
8,5', and 8-O-4' linkages (Fig. 1-2-3 (b)).%

b) Racemic coupling in vitro

/\?(jﬁ;ﬁ)
HO
ol
- OH

OCH;y

a) Stereoselective coupling in vivo (#)-Dehydrodiconiferyl alcohols
OCH;,

$eHs g .OH OH oH
9. oH re B aH @,on
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re HO' OH

)
o " . (and other OCH3 . .
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Fig. 1-2-3 Bimolecular phenoxy radical coupling products from E-coniferyl alcohol. (a) Stereoselective coupling
generating (+)-pinoresinol. (b) Dimeric lignans formed via “random” coupling.

The aforementioned ability of vascular plants to control the regio- and stereoselectivity in
products like 8,8"-coupled (+)-pinoresinol has been shown to involve a dedicated protein working as
a template. This ability has been first recognized by Lewis et al. in the crude cell wall extracts of
Forsythia intermedia.®® The protein they purified has no detectable catalytic activity but is mandatory
to orient the coniferyl alcohol-derived free radicals for a stereoselective coupling, and therefore has
been designated as dirigent protein (Latin: dirigere, to align or guide).®® Dirigent proteins or DIRs
form a new class of proteins, originally annotated as wound healing proteins, able to direct selective

radical coupling reactions.

In addition to the Forsythia dirigent protein (FiDIRS), (+)-pinoresinol-forming dirigent proteins
(DIRs) have been also found in other plants. For example: TpDIR5 and TpDIR8 have been identified

in Thuja plicata, ®” ScDIR1 in Schisandra chinensis. &
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Additionally, lignans derived from (—)-pinoresinol isolated from a variety of plants like (-)-
secoisolariciresinol from Wikstroemia sikokiana ®° and (—)-lariciresinol from Arabidopsis thaliana,”
indirectly indicate the existence of an enantio-complementary DIR. (—)-pinoresinol forming DIR
such as AtDIR6 and AtDIR5 have been characterized from Arabidopsis thaliana. They have a high
sequence similarity with the known (+)-pinoresinol-forming DIRs’* and are able to generate (—)-

pinoresinol both in vivo and in vitro."

E-conifery alcohol is not the only substrate for which the coupling is guided by a dirigent protein.
A (+)-gossypol-forming dirigent protein that mediates a peroxidase catalyzed reaction in steering the
stereoselective coupling of a terpenoid pathway substrate, hemigossypol, to (+)-gossypol has been
also identified (Fig. 1-2-4).

OH H%D

L ant®
O H H W
o (t)-Gossypol
=]

HO

Hemigossypol

Fig. 1-2-4 Biosynthesis of gossypol by free radical coupling of hemigossypol generated by peroxidase in the
presence or absence of a cotton dirigent protein.”

At present, numerous DIRs having the ability to guide stereoselective coupling of radicals have
been identified. Most of them direct the polymerization of monolignols into the (+)-pinoresinol or
(—)-pinoresinol. Some of the functionally identified dirigent protein are summarized in Table 1-2-1.
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Table 1-2-1 Identified Dirigent proteins with a stereoselective coupling activity

Plant Dirigent protein Enantioselective product Reference

Forsythia intermedia FiDIR1 (+)-pinoresinol 65
Thuja plicata TpDIRS5, TpDIR8 (+)-pinoresinol 67
Arabidopsis thaliana AtDIR6 (—)-pinoresinol n

AtDIR5 (—)-pinoresinol 68
Schisandra chinensis ScDIR1 (+)-pinoresinol 68
Linum usitatissimum LuDIR1-4 (+)-pinoresinol 4

LuDIR5 and 6 (—)-pinoresinol 4
Pisum sativum PSDRR206 (+)-pinoresinol I8
Pyrus bretschneideri PbDIR4 (+)-pinoresinol 76
Triticum aestivum TaDIR13 (+)-pinoresinol mn
Gossypium barbadense GbDIR1 and 2 (+)-gossypol 8
Gossypium hirsutum GhDIR3 (+)-gossypol &

GhDIR4 (+)-gossypol 80

2.2 Structure and proposed Mechanism of dirigent protein

2.2.1 Structure of DIRs

The first structural model of DIRs was proposed for AtDIR6, using the structural and functional
similarities with allene oxide cyclase (AOC) and lipocalins.®! The homology-based AtDIR6 model
reveals the DIR monomer as an eight-stranded antiparallel B-barrel (the strands were labelled B1 to
B8, Fig. 1-2-5 (a)), with a hydrophilic protein surface facing the solvent and a hydrophobic cavity. This
eight-stranded antiparallel B-barrels structure has been later confirmed by the resolution of the
structure of AtDIR6% and that of the enantiocomplementary (+)-pinoresinol-forming DIRs
PsDRR206.2 As depicted in cartoon of the structure of PSDRR206 (Fig. 1-2-5 (b)), the B-barrel can
be viewed as two highly curved anti-parallel sheets formed by strands B2, B3, p4, and B5 (B-sheet 1)
and by strands B6, B7, B8, and B1 (B-sheet 2), respectively. The superimposition of the barrels the At
and Ps monomers reveals a similar arrangement of the B-sheets indicating the same barrel diameter
in both proteins (Fig. 1-2-5 (c)). In crystals, both PSDRR206 and AtDIR6 form tightly packed
homotrimers (Fig. 1-2-6).5% 82
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Fig. 1-2-5 Structure of the DIRs monomer. (a) Monomer of (—)-pinoresinol forming DIR AtDIR6, showing strands

(a) AtDIR6 (b) PsDRR206 (¢) Comparison of AtDIR6 with PsDRR206

1 to 8.22 (b) Monomer of (+)-pinoresinol forming DIR PsDRR206. Left, ribbon representation of the eight-stranded
B-barrel rainbow-colored from the N terminus (blue) to the C terminus (red), showing the secondary structure
labeling; right, the PsDRR206 monomer rotated 90 “about a vertical axis and colored to show the two component
B-sheets in blue (B-sheet 1) and red (B-sheet 2). 62 (c) Comparison of AtDIR6 with PSDRR206. Overlay of monomer
of AtDIR6 (gray) with monomer of DRR206 (cyan; PDB accession code 4REV).8?

Fig. 1-2-6 Structure of DIR trimers. (a) PSDRR206 trimer viewed down the 3-fold c-axis of the H32 space group,

PsDRR206

AtDIR6

the a- and b-axes are indicated. (b) same structure as in (a) rotated 90<about the a-axis. One of the extended 2
strands (blue) traverses the trimer interface into neighboring monomer (green), and this region is highlighted by
the black oval. (c) structure of AtDIR6 trimer at top view. (d) structure of AtDIR6 trimer at side view. Each
monomer is shown in a different color. The location of the active site is highlighted by a black circle in one of the
monomers.
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PsDRR206 and AtDIRG are representative of enantiocomplementary pinoresinol-forming DIRs.
Globally, they share similar structures as shown in Fig. 1-2-5 and Fig. 1-2-6, but several differences
can be highlighted: i) in AtDIR6, all the loops at the open end of the barrel are well resolved. In
PsDRR206, on the other hand, the loops surrounding the cavity are more flexible and therefore not
well resolved. ii) the strands leading to these loops are bent inward in AtDIR6, which in contrast,
point more toward the solvent in PSDRR206. As a result, the cavity of PSDRR206 appears flatter
and more open (Fig. 1-2-5 (c)). iii) in PSDRR206, the loop connecting the first two strands traverses
the interface into the neighboring monomers (Fig. 1-2-6 (a) (b)) thus adding a sixth strand to B-sheet
1, but no such domain connection is seen in AtDIR6.

2.2.2 Active site of DIRs

The putative active site in the DIRs would consist of two pockets, pocket A and B, divided by
conserved residues, each pocket lined with a set of hydrophilic and potentially functional residues
(Fig. 1-2-7 (a) and (c)).%282 Some of these residues are conserved between (+)-and (-)-pinoresinol
forming DIRs, indicating a significant responsibility to the DIR activity.

Q loop
(85-93)

PsDRR206 AtDIR6

Fig. I-2-7 Active site with the interior lined residues in (a) PsDRR206 and (b) AtDIR6. Potential binding mode of
DIRs supported by energy minimization of the manually placed ligands in (c) PsSDRR206 and (d) AtDIR®.

Site-directed mutagenesis has been used to study the interior of each pocket and the results have
highlighted some amino acid residues essential to the specific activity of each of the enantio-
complementary DIRs (Table 1-2-2).
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Table 1-2-2 Amino acid essential to the respective activity of AtDIR6 and PsDRR206 as found in each pocket
(reproduced from ref 6282)

AtDIR6 PsDRR206
Pockets A D137, R144, T166 D134, R141
Pockets B D49, K75, K78 H39, T84, S91
The boundary between A and B Y104, Y106 E169, R173

2.2.3 Proposed mechanism of DIRs

Based on the 3D structure of DIRS it has been deduced that the inner hydrophobic surface of
DIRs cavities forms a binding site for coniferyl alcohol radicals. The product formation is directed
by the binding and positioning of the substrate and by steric restrictions imposed by the protein
environment to the enzyme-bound substrate.®! The DIRs promoted regio and stereoselective coupling
of laccase catalyzed coniferyl alcohol radicals can be divided into the following steps:

I Laccase catalyze coniferyl alcohol oxidation into radicals

Free-radical species from E-coniferyl alcohol, rather than the E-coniferyl alcohol itself, is
supposed to be the true substrates that bind to the dirigent protein prior to coupling.®® In vitro, the
radicals can be produced by single-electron oxidation of E-coniferyl alcohol catalyzed by laccase, or
other oxidase/oxidant such as peroxidases, laccase or ammonium peroxydisulfate.

Il Dirigent protein accommodate CA radicals in an orientation that favors 8-8' coupling

Due to the overall organization of the trimer structures and the size of the monomer cavity of
DIRs, it has been proposed that each subunit of the DIRs homotrimer can capture and bind two
phenoxy radicals in its cavity. The accommodation of the two CA" inside the cavity places the
propionyl side chains in a precisely positioned orientation to enable 8-8' coupling: in PSDRR206,
the binding pocket binds two CA"in an orientation which allows the si-si coupling to form the R,R-
configured bis-quinone methide (bisQM) as precursor of (+)-pinoresinol (Fig. 1-2-7 (c)); in the
homologue AtDIRG6, pockets A and B accommodate both radicals in an orientation that enable
coupling through the re—re faces yielding the S,S-bisQM intermediate as the precursor of (-)-
pinoresinol (Fig. 1-2-7 (d)). In addition, the trimeric DIRs structure guarantees each active site is kept
isolated from each other, thus avoiding the interaction of two substrates bounded at two different
active sites.
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111 Cyclization of the bis-QM reaction intermediate via hydrogen bond (HB) formation or
acid catalysis

The oriented radical-radical coupling leads to the

1 Bis-QM
formation of a bis-quinone methide (bis-QM) intermediate (Fig.
0—CH,
= ") I-2-8 1) that is electron deficient at C7 and, thus, susceptible to
o< )= a nucleophilic attack.® During the formation of pinoresinol, the
HO

terminal OH groups of the propionyl side chains can act as
nucleophile. 1,4-Addition to the p-quinone methides allows the
cyclization of the furan rings and re-aromatization of the
cyclohexadienones. (Fig. 1-2-8 2)8284

DIRs not only provides the cavity structure for the proper
orientation of the radicals, but is also probably directly
involved in the cyclization of the bis-QM intermediate. The
latter could be triggered by donation of a proton to the
hexadienone ring carbonyl of the bis-QM via either acid
catalysis or hydrogen bond formation. Strictly conserved amino
acid residues inside the cavity of (-)-DIRs, such as D49, D137
and R144, are supposed to be available as potential HB donors.

Fig. 1-2-8 84 Schematic representation of the bisQM intermediate cyclization catalyzed by AtDIR6. The cartoon
combines the side view on the active site as shown in Fig. 1-2-7 (d) with the key functional residues highlighted
(sticks). The mechanism of bisQM cyclization proposed by Gasper et al.#2 via acid catalysis (left) or hydrogen bond
formation (right) is schematically shown. Both mechanisms seem to result in a partial or full positive charge on C7
that facilitates the nucleophilic attack during bisQM cyclization

2.2.4 Biotechnological application of the DIRs

Although the function mechanism of DIRs has not been fully understood, DIRs has shown great
potential acting as tools for stereospecific radical coupling in organic synthesis.

From an economic and ecological point of view, the use of phenoxy radical coupling agents in
organic synthesis is often hindered because of its limited specificity and sometimes the need for high
concentrations of toxic oxidants.”? The use of DIRs in combination with a suitable oxidizing agent
(such as laccase) provides an attractive solution to these problems. For instance, the most widely
identified substrate for DIRs is coniferyl alcohol. DIRs direct the coupling of coniferyl alcohol
radicals to generate optical purity (+)-pinoresinol or (-)-pinoresinol depending on the DIRs used.
(+)-Pinoresinol, a biologically active lignan which has antifungal, anti-inflammatory, antioxidation,
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and hypoglycemic activities for many dietary plants, was recently reported to exhibited significant
inhibition of human hepatocellular carcinoma proliferation and revealed a pro-apoptotic effect of
HepG2 cells in vitro.® Currently, (+)-pinoresinol is mainly isolated from seeds, fruits, and vegetables
with low efficiency, but, with DIRs, the chemical and enzymatic approaches for the synthesis of (+)-
pinoresinol will become available. Therefore, the development of DIRs can provide a
biotechnological solution for the regio and stereospecific control of phenoxy radical coupling
reactions, thereby providing a highly efficient green synthetic route to obtain a large number of
pharmaceutically interesting compounds.

Nevertheless, challenges still exist. First, the discovery of new DIRs with activity on different
substrates is limited. Although various DIRs have been described for the formation of pinoresinol or
gossypol, there still no evidence for DIRs involving in other radical coupling processes. In addition,
the limited availability restricted the utilization of DIRs in organic synthesis, as the general way to
obtain DIRs is extraction from nature source (plant species). Therefore, it is meaningful to understand
the mechanism of action of DIRs, which not only provides valuable information for the development
of DIRs having new substrate, but also provide important references for the engineering of artificial
DIRs, in specific, for the preparation of non-biological molecules with similar characteristics,
structures, and function with DIRs. The research results on DIRs would be very important especially
in industrial or health biotechnology.
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3 Magnetic Nanoparticles (MNPs)

3.1 Immobilization of Laccase for industrial application

As mentioned in the previous subsection, the natural plant protein-DIRs as an external effector,
have effects on the enantioselective polymerization of laccase-catalyzed lignin monomer, which
improves the performance of laccase catalyzed reaction systems in a great degree. However, issues
associated to the use of laccase as biocatalysts at industrial scales still exist. Two main issues concern
the activity of laccase that can be damaged by the system environment during the long-term operation
and the costly and complex separation procedures leading to a low reusability. So far, one of the
most effective solutions to improve enzymes stability and reusability is to use them in their
immobilized forms.*°

Plenty of researches have focused on the immobilization of laccase onto diverse materials by
various methods for applications such as degradation of aromatic pollutants. These aromatic
pollutants mainly come from textiles production, explosives, pulp, paper and dye industries or
agrochemicals, pharmaceuticals. Improved operational stability and tolerance to high temperature or
pH has been achieved by immobilizing laccase on to solid materials. Amongst materials,
immobilization of enzymes onto superparamagnetic particles is enormously facilitating the
separation and reusability of the catalysts. Therefore, eco-friendly enzymatic catalysis can be
combined with a convenient recycling and reuse process through immobilization, making enzymes
even more favorable alternatives in industrial applications.

3.1.1 Immobilization methods

Immobilization of enzymes is defined as the coupling of enzymes to an insoluble support matrix
(carrier) so that the resulting material holds enzymes in a proper geometry allowing both to retain
their activity and an easy and cheap recovery from the reaction mixture.® Depending on the nature
of the solid materials and the purposes of application, the mode of association of enzymes and
supports can vary. Like any other enzyme, laccases can be immobilized by physical adsorption,
covalent binding, encapsulation and entrapment and as cross-linked enzyme aggregates (CLEAS).
See Fig. 1-3-1 for the schematic diagram of laccase immobilization methods.®’
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Adsorption

Physical adsorption is a simple and straightforward way for immobilization of laccases.® The
interactions between the carrier and the enzyme in physical adsorption include van der Waals forces,
ionic interactions and hydrogen bonding,®® which are rather weak so it typically does not change the
native structure of the enzyme thus generally allowing the enzyme to retain its activity.*® But weak
interactions leave the possibility of enzyme leaching.®® Therefore, certain conditions must be
considered in order to realize successful adsorption: i) the support should have high surface area and
chemical stability to overcome the limited adsorption capacity;® ii) the presence of specific active
groups on the carrier should enable the generation of the enzyme-carrier interactions and assure the
enzyme-carrier affinity. For the latter case, introducing intermediate agents (carrier modifiers) has

proved to be an effective way.°

“ __ Reactive group

|_—

Nucleophile group

E 23E I N N S a2

(d) Encapsulation (e) Cross-linked enzyme aggregates (CLEASs)

Fig. 1-3-1 Schematic diagram of laccase immobilization methods: (a) Adsorption of enzymes onto a support by
ionic forces. (b) Covalent binding between the nucleophilic groups of the enzyme and the support. (c) Entrapment
of enzymes into a porous solid matrix. (d) Encapsulation of enzymes (e) Self-immobilization: model of cross-linked
enzyme aggregates (CLEAS).%7

Entrapment

Entrapment refers to a process of physical retention of enzymes in a porous solid matrix. The
enzyme is first suspended in a monomer solution then trapped through the subsequent polymerization
of the monomer.8” Suitable supports such as gelatin, sodium alginate, starch, chitosan, polyvinyl
alcohol, nylon membrane, cellulose acetate, etc., are used to trap the enzyme molecules or enzymatic
preparations within a matrix.®! Because of the formation of a polymer network,*? enzymes are
protected by preventing direct contact with the environment, thereby minimizing the effects of gas
bubbles, mechanical stress and hydrophobic solvents.*® The process of entrapment is mild and
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induces relatively little damage to the enzyme native structure,® but limited by mass transfer
limitations and low enzyme loading.®®

Encapsulation

Encapsulation is similar to entrapment but with slight difference. Entrapment is a process based
on the positioning of the enzyme within the lattice of the polymer matrix or membrane, while
encapsulation involves entrapment of the enzyme in a semipermeable membrane (e.g., nitrocellulose
membrane and nylon-based membrane). So it fully embed the enzyme molecules within the supports
and prevent contact with the external interface.%® When the enzyme is encapsulated in the core of the
supporter materials its structure will potentially remain unaltered ° helping in the retention of the
activity. But the special location of the enzyme makes the transfer of the reaction mixture more
difficult.®

An alternative method for encapsulation is microencapsulation, in which encapsulated laccases
are surrounded by semipermeable membranes, such as polymers (e.g., polyethyleneimine) or
inorganic materials (e.g., Si02),%" the core of the capsules provides an aqueous environment for

enzymatic activity, and the capsule (wall) serves as a container for the substrates to diffuse.®
Covalent binding

The method of covalent bonding refers to the formation of a covalent bond between the protein
and reactive groups on the support surface.®® Covalent binding contains two situations: direct grafting
onto the solid supports or the use of a bifunctional reagent to work as bridge that connect the enzyme
at one side and link the matrix on other side. The resulting heterogeneous biocatalyst can be much
more stable than those prepared by adsorption or entrapment, with a minimal protein leaching and a
better storage ability/shelf-life. Thus, covalent immobilization of enzymes is usually preferred for
long-lasting, real-scale and continuous applications,’® where the protein value is high, minimal
protein leaching from the support is required or rational control of the biocatalyst properties is
desired.®

For most enzymes, the reactive group chosen is an amino group ( N-terminus, Lysine side chain),
because these groups are often present on the protein surface and have high reactivity.®® Other
functional groups such as hydroxyl groups (serine, threonine and tyrosine), thiol (cysteine) and
carboxylate groups (aspartic acid and glutamic acid) are also used for covalent bonding. Table 1-3-1
summarized the commonly used surface functional groups both at the protein and at the solid
supports surface as well as the corresponding chemical reactions between them based on an article

of Marco Frasconi et al.1%!
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Table 1-3-1 Summary of the commonly used chemical reaction for immobilization of laccase

Functional groups at the  Functional groups at the protein side

Reaction
support side
Maleimide groups Thiols (cysteine residue) Michael addition of thiol or amino
Amino (Lysine residue) groups to the maleimide double bound

Amino groups Carboxyl (Aspartic acid, Glutamic acid  In situ formation of NHS ester on

or the C-terminals) protein carboxyl sites via carbodiimide
chemistry, followed by amide bond

formation
Aldehyde groups Amino (Lysine residue) Reductive amination
N-hydroxysuccinimide Amino (Lysine residue) Amide bond formation

(NHS) Ester

Epoxide Thiol (Cysteine residue) Nucleophilic ring-opening of epoxide by
Amino (Lysine residue) . .
amino or thiol groups

Although covalent binding has become the most interesting method of laccase immobilization
for industrial applications, the efficiency of immobilized laccase by covalent bond is restricted by
the possible conformational change and limited mass transfer. Also, this method needs modifications
of functional groups at the surface of the carrier, which often means complications and extra expenses.

Cross-linked enzyme aggregates (CLEAS)

The general procedure of CLEAS consists in an enzyme precipitation step and a subsequent
cross-linking with a bifunctional agent.!® This approach offers clear advantages, for instance,
easyness of th preparation, a highly concentrated enzyme activity in the solid catalyst, high stability
and low cost production due to the exclusion of additional carriers.1%

3.1.2 Materials used for enzyme immobilization

The characteristics of an ideal support for enzyme immobilization include low cost production;
ability to stabilize a significant amount of enzyme per weight unit; low hydrophobicity; inertness
after immobilization; microbial resistance; pH, thermal and mechanical resistance.

Since the first immobilization experiment in 1916,% numerous materials have been applied to
immobilize enzymes, such as agarose, silica, TiO, organic gel, chitosan, kaolinite, multiwalled
carbon nanotubes and graphene oxide. Materials commonly used in literatures to immobilize laccase
are summarized in Table I-3-2.
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Table 1-3-2 Materials for immobilization of laccase in some recently reported literatures

Materials

Advantages

Biding methods

Application

Effect

Reference

Biochars

Micro-biochar

Agarose
Monoaminoethyl-N-
aminoethyl

gel

agarose

Alginate beads
Ca alginate beads

Bentonite

Bentonite-derived
mesoporous materials

Titania (TiO2)

Functionalized TiO2

nanoparticles

Cost-effectiveness,
Strong physicochemical
resistance; waste valorization,

porous structure and moderate

surface area

Easy immobilization,
eco-friendly, low-cost

Eco-friendly, inexpensive, and

accessible, highly improved
cation exchange capacity and

surface area after etching

Low price, good stability, and
biocompatibility;

Coordination ability with amine
and carboxyl groups

Adsorption, electrostatic
interactions

Covalent binding

lonic adsorption

Entrapment + crosslinking

laccase enzymes

Physical adsorption
contact

Covalent bonding

Bioremediation of micro-

pollutants such as

carbamazepine and diclofenac

Degradation of plastics, epoxy

resins and  textile  dyes

decolorization

Biodegradation of textile dyes
Bisphenol A (BPA)

Removal of tetracycline

Micro-pollutant in wastewater

Higher pH, temperature and storage stability
compared to free laccase.

70% of initial activity maintained after 3
cycles

excellent removal of diclofenac.

More efficient in the degradation of
bisphenol A, >90% of original laccase
activity retained after 15 cycles.

efficient BPA removal in 10 successive
batches with a removal percentage > 70% at

the end of the last batch

Increased operating temperature
Promising potential for practical continuous
applications.

Performances comparable to that of the

purified commercial enzymes.

88,100,105-107

108

109,110

111

112
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(Continued) Table 1-3-2 Materials for immobilization of laccase in some recently reported literatures

Materials

Advantages

Biding methods

Application

Effect

Reference

Carbon-based nanomaterials

Graphene oxide

nanosheets

Functionalized
graphene oxide
(fGO)

Multi-walled carbon
nanotubes (MWNTS)

Hollow mesoporous
carbon
(HMCs)

nanospheres

Chitosan
Chitosan beads

Chitosan
microspheres

Chitosan beads

Incredible physical and

mechanical properties, large
surface area, extremely high
high

superior

electrical ~ conductivity,
adsorption capacity,
enzyme loading capacity,
tubular

unique geometrical

structure

Large hollow volume and inner
surface, superior conductivity,
biocompatibility and corrosion
resistance

Cheap, eco-friendly and

efficient, easy chemical

modification, high adsorption

capacity, inert, biocompatible

and hydrophilic material

Covalent immobilization

Physical  adsorption  and
covalent bonding

Multipoint covalent
Non-covalent bonding

(including van der Waals, n—=n
stacking, electrostatic,
hydrophobic interactions)

Physical adsorption or

covalent bonding.

Covalent bonds
(Glutaraldehyde-crosslinked)
Crosslinking

(GLU as a crosslinking agent)

Entrapment

Biodegradation of azo dyes

Treatment of effluents

Decolorization of industrial dye

Antibiotic contaminants removal

Removal of sulfur dyes from

water

Decolorize textile dyes

Degrade synthetic dyes

Operational stability and good reusability
Increased stability of the enzyme against
severe changes of pH and temperature,
retention of operational activity

Enhanced thermal stability, higher activity
than the free enzyme, increased operational
stability

Long-term storage stability and reusability
a decrease in the thermal stability of laccase
was observed after immobilization.

Excellent thermo-stability, pH stability,

storage stability and reusability

Rather high catalytic ability even at low
concentrations.
Improved thermal and storage stability,
increased affinity toward substrate

Enhanced pH adaptability and resistance to

thermal denaturation

113

114

115

116

117

118

119

120,121
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Table 1-3-2 (Continued) Materials for immobilization of laccase in some recently reported literatures

Materials

Advantages

Biding methods

Application

Effect

Reference

Magnetic nanoparticles (MNPs)

Amino-
functionalized MNPs

Silica

Porous silica beads

epoxy-functionalized
silica particles

Stable
environmentally

structural, low cost,
friendly,
resistant to organic solvents and

microbial attacks

Metal-organic frameworks (MOFs)

Micro-mesoporous
Zr-metal organic
framework (Zr-MOF)

Good Brunauer—-Emmett—Teller
(BET)
excellent

surface areas and

dispersity, can be
synthetically ~ modified to

introduce a desired functionality

Cross-linked enzyme

aggregates

Metal affinity adsorption (PEI
modified FesO4 nanoparticles
(FesO4—NH—PEI MNPs)
chelated with Cu?*

Covalent binding

Covalent binding
(nucleophilic attack of amino
groups of laccases to epoxy
groups of the support)

Physical adsorption

Degradation  of  antibiotics

(tetracycline)

Elimination and detoxification

of sulfathiazole and
sulfamethoxazole
Biodegradation of  phenolic

compounds

Biotechnological

applications

Improve mechanical properties of CLEAS,
easy separation and recycling, significantly
activity of TC

reduced antimicrobial

(tetracycline)

Higher specific activity than free enzymes,
increased stability against severe changes of
pH and temperature

Improvement of thermal and operational
stabilities

a higher affinity of immobilized laccase
towards sulfathiazole

Improved stability, good enzyme loading and
reusability, broader temperature profiles and
organic solvent tolerance than the free
laccase

Broader pH and temperature profiles, better
stability and repeatability

123

124

125

126
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3.2 Introduction to magnetic nanoparticles

Among all the material used for laccase immobilization, magnetic nanoparticles (MNPs) are the
most eye-catching ones. Their specificities are mainly linked to their core shell structure and their
unique superparamagnetic performance, which allow MNPs immobilized enzymes to be manipulated
easily under control of external magnetic fields, so that the catalysts can be separated and recovered
without time consuming, expensive or complicated process.

3.2.1 Structure of MNPs

The MNPs used for enzyme immobilization generally have a core-shell structure (Fig. 1-3-2).
This special structure benefits the enzyme immobilization, the functional shell is available for
enzymes binding, and the magnetic core makes the catalysts move easily under control of a simple

external magnetic field.

The core of MNPs are usually made of magnetic elements such as magnetite (Fez0a),
maghemite(y-Fe203), cobalt ferrite (Fe2CoO4) and chromium dioxide (Cr02).'?” In the field of
biotechnology, the most commonly used core materials are FesO4 or y-Fe2Oz, because the iron oxide
is non-toxic and stable compared to pure metals or cobalt and nickel oxides. y-Fe.Os3 is an oxidation
product of Fe3O4, with only slightly reduced magnetic properties (about 10%) compared with Fe3Oa,
and unchanged crystal structure and surface properties.

Magnetic core:
metals Co, N1, Mn, Fe,
ther alloys and oxides

q 8 B %o
dy 40 40 %o

]
°o\o a6 8%

dendrimeric
shell

I
' .\ silane shell
Fig. 1-3-2 Structure of magnetic particles (Figure from https://www.cd-bioparticles.com/s/Magnetic-Beads-
Modification_34.html)

polymeric shell

The shell is made through coating the core by polymer or inorganic layers such as silica or
carbon. The shell itself is often functionalized with various functional groups for binding target
molecules depending on the desired application. Nowadays, different kinds of commercial MNPs are
available for use. Most of the commercial MNPs are modified with amino or carboxylic acid groups.
Some other functional groups like aldehyde, epoxy, NHS ester, etc. are also found, providing
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multiple possibilities for choice. Usually, the manufacturer gives a detailed selection guide and
manipulation protocol for their particles, which makes them convenient to use.

3.2.2 Magnetic features of MNPs

The easy manipulation of magnetic particles under the control of magnetic fields is linked to
their superparamagnetic characters. The term “superparamagnetism” refers to an analogy between
the behavior of the small magnetic moment of a single paramagnetic atom and that of the much larger
magnetic moment of a nanosized magnetic particle which arises from the coupling of many atomic
spins.'?8 Phenomenally speaking, on application of an external magnetic field, MNPs become
magnetized and can work as a small magnets, but on removal of the magnetic field, they no longer

exhibit any residual magnetic interaction.!®

@“
@

L
€«

Superparamagnetic Particles External magnetic fields

-«

Fig. 1-3-3 lllustration of superparamagnetic MNP response to applied magnetic fields.**°

Superparamagnetism is a size-dependent property. It generally appears when the size of the
particles is small enough so that MNPs can be regarded as a single magnetic domain and exhibits
random spinning of magnetic moments upon thermal fluxes. The average magnetization of these
moments reaches zero by its random orientation in the absence of the applied magnetic field. In
contrast, on application of a magnetic field, these nanoparticles re-orientate by crystals rotating to
align with the direction of the external magnetic field, thus being magnetized up to their saturation
magnetization (Fig. 1-3-3).1%° The critical size required to achieve superparamagnetism varies between
core materials, but is typically <30 nm for iron oxide crystals.'®* Considering this threshold, MNPs
with a core larger than 30 nm typically consist of clusters of multiple smaller iron-oxide domains
rather than a single large crystal.3

3.3 MNPs in laccase immobilization

In theory, all the methods mentioned in section 3.1.1 can be used to immobilize laccase onto
the surface of magnetic particles. The selection of the method depends on the purpose of the
immobilization. However, for laccases immobilized on magnetic particles, the methods reported in

literature mainly focus on a few of them. Several representative examples are summarized below.
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These methods, all as expected, were reported to improve the operational stability, thermal and pH
resistance as well as storability of laccase, whereas in the meantime undoubtedly impart simple and
quick separation and recovery properties to laccase. But, their influence on laccase activity is
different, as it will be discussed for each of the methods.

Methods 1: Covalent bond with glutaraldehyde as bifunctional linker

The conventional immobilization methods are based on covalent bond formation with a
bifunctional linker. Often, as showed in Fig. 1-3-4, the surface of the particles is coated with
amorphous silica then subsequently modified with -NH2 groups by using (3-aminopropyl)
trimethoxysilane. Glutaraldehyde is widely used as a bifunctional linker. The functionalization of the
protein surface is random if more than one amino group is available for grafting.

SI SN—0
’TEOS ‘ ON _apws ‘o_s./\/\m-«,—> . 0>SI/\/\N/\/\/\O
Si ysi

b) d)

\
SN—0-_ L
@ i O7Si/\/\NMN/
Si/—0

e)

Fig. 1-3-4 Scheme of the chemical strategy for immobilization of laccase to the silica coated amino particles a) the
synthesis of the magnetic core, b) the silica coating, c) the surface functionalization with amine groups, d) the
activation with glutaraldehyde (GLU) and e) the immobilization of laccase (L).1%?

It has been reported that after laccase immobilization by this method, the operational and
thermal stability of laccase increased but the activity (the total activity of the immobilized laccase
divided by the total activity of the equal amount of free laccase) and substrate affinity decreased. '
Several published works contain the same results using similar methods.'31% Mass transfer
limitations or conformational changes of the protein during covalent binding are considered
responsible for the decreased activity and lowered affinity of immobilized enzymes.'® Here, the
covalent bond formation may hinder the activity of laccase not only because of mass transfer
limitations or conformational changes induced during the process but also because the random cross-
linking between proteins and supports may involve amino acid residues of the active center. An
orientated immobilization strategy based on a single specific interaction could overcome this issue.
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Methods 2: Bioaffinity-based strategy

In the method reported (Fig. 1-3-5) **7, the lectin concanavalin A (Con A) is used to interact with
the glycosyls decorating the surface of a (fungal)laccase via lectin—sugar interactions to immobilize
the enzyme at the surface of silica coated particles. The author of this study reported only a 6.2 %
loss in the activity of the MNPs-Con A-L (Fig. 1-3-5 route B) as compared to the activity of the free
laccase, which is lower (17.6% decline) than the covalent immobilization studied in parallel (Fig. I-
3-5 route A). A plausible explanation given by the authors is that the affinity adsorption mediated by
Con A minimize conformational changes in laccase during immobilization. Also, the glycosyl groups
of laccases (from E. taxodii) could be far from the active center preventing any steric hindrance.

OH 3 AprEs o
: 3-APTE . Glutaraldehyde /.~ NH® PN O
@0”4@ oSGl iRy @FO Si-(CHa)sN-CH (CH)sOHO -, - (-0 Si-(CHa) N-CH-(CHo)5CHN- @ (A)
Laccase e
OH o’ O
Con A }NH;—CgD

- O
(@:ofsr(cmymm (CHy)3CH-N-3
- e~

O
e
Laccase| @

Ye
N
@ —8i-(CHy)s-N=CH-(CH)3CH= ng:

Fig. 1-3-5 Scheme for conjugating laccase onto the surface of the nanoparticles via two different strategies. (A)
Random immobilization via covalent binding. (B) oriented immobilization via interaction between Con A and
glycosyl of laccase.

Besides, MNPs-Con A-L exhibit a higher affinity for the synthetic substrate ABTS than either
the free laccase or MNPs-L. This phenomenon has been also observed in the immobilization of
inulinase on Con A-attached super microporous cryogel and explained by a non-specific affinity of
inulin for the cryogel support.3®

Methods 3: Metal affinity adsorption

Another affinity adsorption method related to enzyme immobilization is metal chelate affinity,
which are derived from metal affinity (IMA) separation. The principle of IMA is based on the
interaction between chelated metal ions (Co?*, Zn?*, Ni?* or Cu?*) and the thiol group of cysteine,
the indoyl group of tryptophan or the imidazole group of histidine of proteins.*® A typical route to
illustrate this method is shown at Fig. 1-3-6.14° Amine-functionalized FesO4 nanoparticles are first
functionalized with polyethylenimine (PEI) using glutaraldehyde (GA) as a linker, then the resultant
modified Fes0s—PEI MNPs are derivatized with iminodiacetic acid (IDA)—Cu?* groups allowing an
adsorption of laccase via surface available ligands (Fig. 1-3-6).

Following this strategy, it has been reported that laccase immobilization resulted in an increase
of activity post immobilization, which is contrasting with results reported when using the previous

two methods.***14 The reason for this discrepancy has been explained as follows: on one side, PEI
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is a flexible spacer-arm and, to some extent, it can move laccase molecules away from the surface of
MNPs which is beneficial to reduce steric hindrance and thus minimize the dispersion limitation; it
also prevent particle agglomeration by electrostatic repulsive force and steric hindrance, thus
increasing enzymatic catalytic efficiency. On the other hand, Cu®* can stimulate the activity of
laccase.'?® Moreover, the coordination bonds formed between transition metal ions and laccase are
strong; this is not only minimizing conformational changes of laccase, but could also overcome
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Fig. 1-3-6 Metal affinity adsorption of laccase onto PEI modified Fe3Os nanoparticles (FesOs—NH2—PEI NPs)
chelated with Cu?*

Methods 4: Covalent bond on activated hydroxyl groups of chitosan coated MNPs

Laccase has been recently immobilized onto chitosan (CS) coated MNPs via covalent binding
by activating the hydroxyl groups of the particles with carbodiimide (EDAC) or cyanuric chloride
(CC) (Fig. 1-3-7).

a) HoNe— ‘)&
! - .
I ex=20 Laocase (L) &
o § Z25 @owy = e ]
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!( rlm St
OH | |
Fey0:.CS " R Immobilzed laccase
30¢ (Fe0:CS-EDACL)
nanoparticies EDAC Acyliscurea
R4S

Laccase (L)

) i,
o = @) — @R
@* o o \?N o 0

Fex04-CS cc - Immobiized laccase
pancperfices Fey0,-CS-CC (Fe304-CS-CCL)

Fig. 1-3-7 Scheme of laccase immobilization onto Fe3O4-CS nanoparticles (a) by EDAC and (b) by CC.
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In this case, a significant substrate affinity decrease has been observed for the immobilized
enzyme as reflected by an increase in Km values. These variations have been attributed to
conformational changes, steric hindrance, and partitioning effects of protein.’* It has been also
reported that, with the same kind of immobilization methods, the specific activity of the immobilized
laccase decreased dramatically compared with the free laccase.'*® In fact, the decrease of activity of
the immobilized form is a common phenomenon. Immobilization imposes restriction of mobility of
the enzyme, which can in turn affect mobility of the substrates. This phenomenon, referred as mass
transfer effects, could lead to a reduced reaction rate, in other words to a reduced efficiency as

compared to the free enzyme.*#

Methods 5: Potential method by click chemistry

The alkyne—azide click chemistry has been recently developed for the synthesis and surface
modification of MNPs (see Fig. 1-3-8 (a)'*® for an example of alkyne functionalized MNPs and (b)4°
for an example of azide functionalized silica particle). The main advantage of this reaction is its
specificity and the absence of byproducts.*>® However, in practice, azide functionalized particles are
not as common as their amine (—NH.), carboxyl (COOH), aldehyde (CHO) counterparts and
especially for the application of laccase immobilization no report has been found so far. Their
potential is however testified by several other representative MNPs-biomolecules constructs such as
that with the Maltose binding protein (MBP) shown in Fig. 1-3-8 (c),*** biotin and estradiol etc.' The
remarkable properties of the Cu(l)-catalyzed cycloaddition makes it potentially an alternative method
for laccase immobilization.
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Fig. 1-3-8 Alkyne-azide click chemistry using in surface modification of MNPs and immobilization of
biomolecules. (a) an example of alkyne functionalized MNPs and (b) an example of azide functionalized silica
particle. (c) covalently immobilization of alkyne-functionalized MBP onto azide MNPs via the Cu(l)-catalyzed
cycloaddition
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4 Scope of this research work

The main objective of this research work was to study possibilities to modulate laccase catalytic
properties through the addition of external factors modifying the (micro)-environment of laccase.
Thus, we briefly studied the plant dirigent protein AtDIR6 as a natural model of laccase effector and
designed a bio-inspired system consisting in laccase functionalized MNPs in which both the chemical
nature and the orientation of the enzyme can be modulated at the of the nano-particle surface.

On the AtDIRG part, prolonging the work previously done in our lab,*>® we confirmed that: i)
AtDIRG increases the life time of coniferyl alcohol radicals as seen for the first time by EPR; ii)
tyrosines in the cavity of AtDIRG6 are labeled with a radical probe (ABTS); iii) the propenyl unit of
the coniferyl alcohol can be modified as evidenced by the formation of DP-dependent formation of
selective products of coniferyl acetate. We then developed strategies: iv) to identify amino acids
within the cavity of AtDIRG6 that are involved in the stereoselective control using coniferyl alcohol
radicals as a probe, and v) to explore the reactivity of AtDIR6 using synthetic analogues of coniferyl
alcohol.

On the laccase-functionalized MNPs part, we explored the coupling of laccases to MNPs
harboring different chemical function at their surface: -NHz, -CHO, -Ngs, and for some compared
different densities of chemical functions: linear vs dendritic (coll. with Hongtao Ji and Karine Heuzé&
Univ. Bordeaux). We used two kinds of laccases: a) LAC3 harboring two lysine residues so located
that grafting the enzyme to MNPs expose its active site to the solvent, and b) its variant UniKie1
harboring a single lysine residue so located that grafting the enzyme to MNPs expose its active site
to the MNP surface. The activity of the immobilized laccases was tested with different substrates:
ABTS (synthetic), syringaldazine (phenol) and coniferyl alcohol (monolignol). All together, these
modulations allowed us to study the system in multiple dimensions: orientation of the biocatalyst,
nature of the chemical environment at the interface, density of chemical functions, chemo- regio-
and stereo-selectivity. We bring here evidences that the activity a non-selective enzyme can be
modulated by design of the micro-environment of its active site.
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1 Introduction

Looking for factors changing the fate of laccase catalyzed reactions, studies on dirigent proteins
have recently started at our lab.1? AtDIR6, one of the first characterized proteins, is directing the
coupling of laccase produced phenoxy radicals to form an optically pure lignan: the (-)-pinoresinol.
Achievements made with AtDIR6 prompted us to prospects for its use for the controlled formation

of new enatiopure products.

Beyond the results of our previous research on AtDIR6, new experiments and results are
collected in this chapter. First, AtDIR6 was purified and its activity was assessed during coniferyl
alcohol oxidation. Then analogues of coniferyl alcohol were synthesized and were used to explore
the plasticity of AtDIR6 towards new substrates. Next, the stabilization of coniferyl alcohol
analogues radicals by AtDIR6 was monitored by EPR. Last, we tried to use coniferyl alcohol radicals
as a probe to identify amino acids within the cavity of AtDIR6 that are involved in the stereoselective

control.

2 Production of AtDIRG6

To study the mechanism of dirigent protein, obtaining pure AtDIRG is the first necessary step.
The production of the recombinant protein (C-terminally His tagged) in Pichia Pastoris is well
established in our lab. AtDIR6 was purified from culture supernatants of Pichia Pastoris.

2.1 Purification of AtDIRG6

Removing pigment Elutior

Fig. 11-2-1 Elution profile of the His-Trap column. The red line displays the absorbance at 415 nm, and the blue
line indicates the absorbance at 280 nm, the green line displays the imidazole concentration gradient.
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AtDIR6 was first purified directly from culture supernatants by Immobilized Metal Affinity
Chromatography (IMAC). Part of the chromatogram (elution profile) is seen in Fig. 11-2-1.Two peaks
corresponding to the elution of separated protein materials were observed: the first one (marked as
1) contains an unknown contaminant protein (see the SDS-PAGE gel in Fig. 11-2-3) washed out at
low imidazole concentration (23 mM); the second one (numbered as 2) contains the dirigent protein
AtDIR6 which was eluted at about 180 mM imidazole. Fractions corresponding to the AtDIR6 peak
were pooled and concentrated, then stored in 0.1 M pH=5 acetate buffer at 4°C prior further use.

AtDIR6 purified from affinity Chromatography still displayed a significant absorbance at
415nm (as shown in the Chromatogram in Fig. 11-2-1) reminiscent of a pigment making the protein
solution slightly yellow. Since the effect of this yellow substance on the protein was not known, a
further purification step by Size Exclusion Chromatography (SEC) was applied to try to remove the
color.

Elution profile from the SEC Chromatogram is shown Fig. 11-2-2. Two protein peak, potentially
corresponding to different oligomerization states of AtDIR6, were separated. The material absorbing
at 415nm co-eluted with the major protein peak (smaller elution volume) whereas it was found absent
from a peak of proteins eluting at higher volume of buffer. The two different “states” of the AtDIR6
protein after SEC were called DP1 and DP2 respectively.

mAU — UV 1_280
e Conc B

120 — UV 2_415
100

80

60

40

20

i/
O ¢
6 7 s 9 10 " 12 13 14 15 ™
DP1 (the left part): DP2 (the right part) : AtDIR6 only
AtDIR6 with=10% absorbance at 415nm have absorbance at 280nm

Fig. 11-2-2 Elution profile on Size Exclusion Chromatography
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Fig. 11-2-3 SDS-PAGE analysis of samples from the purification of AtDIR6. 5ug of protein loaded per lane.
Lane M: molecular weight makers; lanel: IMAC elution peak 1; lane 2: IMAC elution peak 2; lane 3: SEC elution
peak 1 (from IMAC elution peak 2); lane4; SEC elution peak 2 (from IMAC elution peak 2).

Protein fractions collected from the purification steps were analyzed on SDS-PAGE (Fig. I1-2-3).
A main band at ~40KDa was observed in the unknown protein fraction. In lanes 2, 3 and 4 a band
around 25kDa is distinctly visible as well as smears between 35 and 40 kDa. These features are
consistent with that of DP as for example described in the article of Kazenwadel et al.,® in which
they have conducted MALDI-TOF-MS analysis and determined the molecular mass of glycosylated
AtDIRG6 derived from P. pastoris as 24.6 kDa. Smears are attributed to post translational modification
of the recombinant protein in the P. pastoris expression system. High molecular weight material
present in DP1sample and absent in DP and DP2 ones may be the main responsible of the absorbing
material in the collected fraction (Fig. 11-2-3 red dotted square).

2.2 AtDIRG activity on Coniferyl Alcohol oxidation

2.2.1 Activity measurement principle

The recombinant AtDIR6 was employed in laccase-catalyzed bioconversion of coniferyl alcohol
to monitor its control on the activity. Coniferyl alcohol belongs to the monolignols family which are
building blocks in the biosynthesis of natural product such as lignans and neo-lignans.*

The dimerization of coniferyl alcohol generally involves two steps. In the first step: a single-
electron oxidation of coniferyl alcohol occurs catalyzed by an oxidase/oxidant (such as peroxidases,

laccase or ammonium peroxydisulfate), forming the corresponding phenoxy radical species (Fig. 11-
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2-4 A). In a second step, radicals dimerize to yield a mixture of (-dehydrodiconiferyl alcohols, (-
pinoresinols, and ()-guaiacylglycerol 8-O-4'-coniferyl alcohol ethers (Fig. 11-2-4 B) prior further
polymerization. In presence of DIRs optically pure pinoresinol is obtained as major product under a
strict regio- and stereospecific control.® Based on this mechanism, the dirigent activity of a DP can
be monitored by the quantification of the products formed during the DP-mediated coupling of
oxidized CA.

g OH OH OH OH OH
A 778 Laccase, O, 7 7 # ¢
6 A2 —> <> - $ - I
3 5
53 o 0 * (0] 0 0
| : W o | o | o |

OH
HO N OH
HO o
OMe
MeO
OH

(*)-Pinoresinols (*)-Dehydrodiconiferyl Alcohols erythrol/threo-(( = )-Guaiacylglycerol-8-0O-4'-
(PINO) (DCA) Conifery Alcohol Ethers (Guai)

OMe OMe

Fig. 11-2-4 Oxidation and coupling of coniferyl alcohol. A: Resonance forms of the coniferyl radical produced
upon oxidation. B: chemical structure of the dimers obtained from coniferyl alcohol oxidation.

2.2.2 HPLC chromatogram

HPLC analyses were carried out following the detailed procedure described in Appendix:
Materials and Methods Chapter I1. One typical chromatogram containing basic information about
products obtained during CA oxidation in the presence or in the absence of DP is shown in Fig. 11-
2-5. The retention time for each compound are listed as follows: RT(CA)=10.23 min; RT (GUA) =
13.67 min; RT (DCA)=16.99 min; RT (PINO) = 18.57 min; RT (Benzo, reference) = 25.29 min.

A simple inspection of chromatograms of samples incubated with or without DP reveals
changes in the composition of products mix. In the absence of AtDIR6, the main product is
DCA>PINO>GUA, while in the presence of AtDIR6 (500uM) the relative content of products
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changes: radicals dimerization in the presence of DP forms more PINO and less of the other two

dimers.

450000 1

—— CAonly
4000007  —— CA+ LAC3
CA+ LAC3 +DP

OH

200000

Intensity

A i : L

Benzo
CA Guai DCA PINO Reference

— e R A R I I R e e e
6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0
Retention Time [min]

Fig. 11-2-5 HPLC chromatogram of the oxidized Coniferyl Alcohol coupling. The chromatograms reflect the
disappearance of the CA and the appearance of the products. In the absence of DP, the main product is DCA while
in the present of DP it is PINO. Experimental conditions:1.6mM CA and 1U/L LAC3 with or without 500uM DP
in a final volume of 100uL, 0.1M acetate buffer pH 5.0. Thermomixer 1000rpm at 30°C, T=20 hours.

2.2.3 Effect of AtDIRG6 on oxidation kinetics of CA and formation of dimers

CA oxidation kinetics were separately followed in the presence or absence of AtDIR6. To
minimize over polymerization of the neo formed dimers (i.e. they laccase substrate as well), the
reaction time was set to 25 hours with a controlled amount of laccase (1U/L). The relative contents

of CA and dimers are represented by the ratio of the peak area of each substance to the peak area of

the reference Benzo from the HPLC chromatogram.

In the absence of DP, CA oxidation catalyzed by laccase formed DCA as a major (Fig. 11-2-6).
In the presence of AtDIR6, the GUA formation is diminished, the rate of DCA formation decreases
while that of PINO increases (Fig. 11-2-6 right part).
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Base on our previous experience with AtDIRG, the ratio DCA/PINO is positively correlated with
the enantiomeric excess (ee) of PINO, so this ratio is considered as a criterion for determining DP
activity.! In the following discussion, we will focus on this ratio. The smaller the ratio is, the greater

the dirigent effect of AtDIRG6 on the reaction is.
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Fig. 11-2-6 CA consumption and dimers generation over time. Left: absence of AtDIR6; Right: presence of AtDIR6.
Experimental conditions:1.6mM CA and 1U/L LAC3 with no DP or 100uM DP in a final volume of 1mL, 0.1M
acetate buffer pH 5.0. Thermomixer 1000rpm at 30°C, for a maximum 25 hours. Samples were taken for testing
over time progress. Y axis is the ratio of the peak area corresponding to each substance to the peak area of the
reference in HPLC chromatogram.

2.2.4 Effects of varying AtDIR6 concentration
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Fig. 11-2-7 Effect of varying DP concentration on coniferyl alcohol derived coupling products

AtDIR6 concentration was varied to further characterize the produced recombinant protein.
From Fig. 11-2-7 it can be seen that higher concentration of AtDIR6 caused greater impact. When the
DP concentration reached 300 uM, the ratio of DCA and PINO was 0.9, which is much smaller than

-84 -



Chapter Il Stereoselectivity Radical Coupling Mediated by the Dirigent Protein AtDIR6

the ratio (8.8) in the absence of AtDIR6. And it is almost three times the ratio at concentration 100uM
(2.7), this corresponds to the triple relationship between DP concentrations.

However, the difference between the ratio at 300 uM and 500 uM (ratio= 0.5, in which PINO
has exceeded DCA as the main product) is not significant, indicating that when the DP concentration
is increased to a certain value, the extra addition of the DP had limited effect on the dimerization.
This trend is consistent with the results reported in the literature ® and the previous studies in our
laboratory.

2.2.5 Activities of DP1 and DP2 samples

As mentioned above (Chapter Il section 2.1), after SEC purification two samples of DP with
different purities (DP1 and DP2) were obtained. In these DP fractions there is a substance bearing
an absorbance at 415 nm, accounting for about 10% of the intensity of the 280nm absorbance (see
the chromatogram Fig. 11-2-1; not mentioned in the literature ). Whether the existence of this

substance has an effect on the activity of AtDIR6 or not was investigated on several batches of

purification.
8
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0 . . .
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Fig. 11-2-8 Comparison of activity between AtDIR6 samples. S6DP and S7DP were purified using successively
Ni-NTA Agarose and Sephacryl S-200 columns; S8DP and SncDP were purified using successively His Trap™
HP and Superdex® 75 10/300 GL columns. Experimental condition: 1.6mM CA and 1U/L LAC3 with 100uM
DP in a final volume of 100uL, 0.1M acetate buffer pH 5.0. Thermomixer 1000rpm at 30°C, T=20 hours. DP:
sample prior SEC; DP1: SEC peak 1; DP2: SEC peak 2.

From Fig. 11-2-8 it can be seen that after SEC purification, the sample of protein devoid of yellow
pigment (DP2) is the most active (low DCA/PINO ratio) in the tested batches. However, the
difference in activity of the DP sample prior SEC and DP2 is small. So, although the SEC does

-85 -



Chapter Il Stereoselectivity Radical Coupling Mediated by the Dirigent Protein AtDIR6

separate contaminants or less active proteins from the active AtDIRG, the relationship to the yellow
pigment is not that clear.

DADI A, Sig=205,4 Ref=off

S6DP

mAU

s (+)- PINO
2.2

S6DP2
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Fig. 11-2-9 Analysis of PINO by chiral chromatography. Experimental condition: 1.6mM CA and 1U/L LAC3 with
100uM S6DP or S6DP2 in a final volume of 100uL, 0.1M acetate buffer pH 5.0. Thermomixer 1000rpm at 30°C,
T=15 hours.

For further verification, the enantiomeric excess (ee) of PINO obtained from DP or DP2 was
analyzed using S6DP or S6DP2 as samples (Fig. 11-2-9). PINO was separated and collected from
HPLC and analyzed by chiral chromatography on a Chiralpak AZ-H column. The retention time is
about 7.4 min for (—)-pinoresinol and about 8.6 min for (+)-pinoresinol. Enantiomeric excesses (e€)
of PINO derived from S6DP and S6DP2 were 84% and 92% respectively. Obviously, the most
purified fraction (DP2) has a higher “activity”, but the difference between the two is not huge, which
is in agreement with the results determined by the ADC/PINO ratio.

In summary, the AtDIR6 we produced (both DP and DP2 fractions) has the desired dirigent
activity and can be used in CA bioconversion investigations. From the above observations, since the
difference in activity between DP and DP2 preparations is not large, considering the low yield of the
SEC purification (less than 2mg/L) and the large amount of protein consumption in analysis, we
decided to use routinely DP preparations right after IMAC (i.e. with no SEC step), DP2 being used
only if necessary.

Since the absorbance at 415 nm in the samples interfere with the determination of DP
concentration by UV-Vis spectrophotometry at 280 nm (overestimation of the actual concentration)
Bradford protein assay instead of spectrophotometry was used, unless specified for DP2.
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3 Exploration of AtDIRG6 activity with synthetic CA analogues

3.1 Introduction

When Lewis et.al. first discovered that dirigent protein could guide the coupling of phenoxy
radical dimerization, they reported in the meantime that the process was substrate specific.*® From
the three monolignols, p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol (Fig. 11-3-1) they have
tested as potential DP substrates, only coniferyl alcohol undergoes stereoselective coupling in the
presence of the dirigent protein. This indicates that 2-methoxy-phenol and the absence of substituent
in the symmetric position (red dotted circle in Fig. 11-3-1) are essential for the recognition of the
molecule by DP. However, whether the allylic hydroxyl group of the molecule (green dotted circle
in Fig. 11-3-1) can be modified or not has not yet been investigated so far.

OH OH
P =
MeO OMe
OH OH
p-coumaryl alcohol coniferyl alcohol sinapy! alcohol

Fig. 11-3-1 The three potential substrates of dirigent protein tested by Lewis et.al. From the comparison, the red
dotted circle indicates the part that is mandatory for DP activity, the green dotted circle indicates the part studied
in this manuscript.

Therefore, CA analogues (Fig. 11-3-2), including Ferulic Acid (FA); Coniferyl Acetate (CAC);
Coniferyl Azide (CAZ); Coniferyl Amino (CAM) and Isoeugenol (ISO) were considered. Except for
Ferulic Acid and Isoeugenol, which are commercial reagents, the other three analogues used in this
study were all synthesized by Nino MODESTO (master 2) during his internship in our laboratory.
These analogues, which differ from coniferyl alcohol only by the substituent on the allylic chain,
once tested as potential substrates of DP, represent potential probes for a deeper insight into the
enantioselective coupling mechanism regarding both the substrate recognition and its binding to the
protein active site. Moreover, they also provide possibilities to synthesize new optically pure

compounds.
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Fig. 11-3-2 Coniferyl alcohol analogues

3.2 AtDIRG6 Activity on CA analogues

It has been proposed that the real substrate of DP is the CA radical instead of CA itself.* Thus,
it was necessary first to set conditions of CA oxidation by laccase. The general experimental
conditions established in the lab on CA ensures that the oxidation reaction is maintained at a low
speed (ca. 20 hours for complete reaction) to avoid over polymerization. Due to the chemical
differences of substrates, adjustment was made when necessary prior DP was introduced to the
reaction system. The oxidation of substrate analogues by laccase in the absence or present of DP was
monitored by HPLC following the method described in the Appendix. Results are shown below.

3.2.1 Ferulic Acid (FA)

From Fig. 11-3-3 (up) it can be seen that, FA oxidation by laccase leads to at least to six different
products as detected on the chromatogram. The retention time (RT) for each products are listed as
follows: RT (FA)= 12.97 min; RT (Peak 1) = 16.84 min; RT (Peak 2)= 17.94 min; RT (Peak 3) =
18.70 min; RT (Peak 4) = 20.49 min; RT (Peak 5)=23.36 min; RT (Peak 6) = 23.92 min; RT (Benzo,
reference) = 25.29 min. The separated products were collected and analyzed by ESI-MS and NMR.

AtDIRG6 was then added to the reaction system to check whether it has a dirigent activity on this
new substrate. The chromatogram is shown in Fig. 11-3-3 (down). Compared to the results in Fig. I1-
3-3 (up), peaks 4 and 5 almost disappeared and a slight change in the relative contents of Peak 1 and
3 was observable.
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Fig. 11-3-3 HPLC chromatogram of Ferulic Acid oxidation products +AtDIR®.

The ratio of the area (FA-Peak 3/FA-Peak 1) varies from 1.0 without AtDIR6 to 1.5 with AtDIR6.
It can be provisionally deduced that the addition of the DP, is potentially favoring the generation of

the product corresponding to Peak3 at the expense of the other products. This behavior is very similar
to that of AtDIRG6 in the presence of CA suggesting that the DP could have the ability to direct the
coupling of FA radicals in an oriented manner.

Analysis of the results of mass spectrometry electrospray ionization in positive mode did not
allow to find the diagnostic ions of the expected compounds for the FA-peaks 2, 4 and 6. A possible
explanation for this absence is the low content (below the limit of detection) of material present in
these samples. LC-MS analysis of the oxidation products peaks 1, 3 and 5 in negative mode showed
dominant signals at m/z 385.1, suggesting that these oxidation products could be dimers of ferulic
acid (exact mass [M] 386.1); when the mass spectrometer was set to run in positive mode [M+H]*
ion signals were observed at m/z 387.1, thus confirming that the molecules are indeed dimers.
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However, the main difficulty encountered comes from the similarity between the products forms.
Indeed, the dimers forms all have the same molecular mass and the same formula. Mass spectrometry
experiments and the NMR analysis were therefore relatively difficult to exploit since they only very
rarely allowed to identify precisely (until now) the different products formed during oxidation.

(o]
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O._ _OH MeO |
L
1 (o]
6 2 __OH
3 o
5 Y “OMme
OH OMe
OH
Ferulic Acid (FA) FA-dimer1 (8-5) FA-dimer2 (8-8) FA-dimer3 (0-8)

Fig. 11-3-4 Structure of FA and its proposed dimers

Though the complete identification of the products being still in progress, the main dimers of
FA can be speculated (Fig. 11-3-4) by analogy with products obtained with CA. On the other hand,
laccase-catalyzed dimerization of ferulic acid has been studied by several researcher. Oluyemisi E.
Adelakun et. al. have elucidated the structures of two isolated dimers (8-5 and 8-8) formed during
laccase-catalyzed oxidation of FA in organic media.” FA dimers covalently bound through 8-5
linkage and 8-8 linkage could be considered as analogues of DCA and PINO obtained during CA
oxidation. According to the assumption of Federica Carunchio et. al. six coupling modes are possible
(8-8, 8-5, 8-0, 5-5, 5-0 and O-0) from three intermediate radicals, although the O-O coupling is
not likely in view of the instability of diaryl peroxides.® The six peaks observed in the HPLC
chromatogram above could therefore correspond to these six proposed coupling dimers, a speculation
awaiting for the full identification of each of the compounds.

Indeed, through the results of NMR analysis although not very certain, combined with the
contents of the literature, we can generally predict that: peakl (FA-Peak 1) is probably a dimer of
two ferulic acid monomers covalently bound through 8-5 linkage (Fig. 11-3-4, dimer 1) while the result
for peak 3 (FA-Peak 3) possible suggest dimerization through 8-8 linkage (Fig. 11-3-4, dimer 2) and
Peak 5 (FA-Peak 5) were speculated as dimerized through O-8 (Fig. 11-3-4, dimer 3), which
corresponds to the products of DCA, PINO and Guai from CA oxidation respectively.
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3.2.2 Coniferyl Acetate (CAC)

HPLC separation of the products of Coniferyl Acetate (RT=19.57) oxidized by laccase is shown
in Fig. 11-3-5 Three main products: CAC-Peak 1 (RT=8.34), CAC-Peak 2 (RT=10.61) and CAC-Peak
3 (RT=17.25) are observable on the chromatogram.
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Fig. 11-3-5 HPLC chromatogram of Coniferyl Acetate oxidation products £=AtDIRS6..

Laccase mediated oxidation of CAC in the presence of DP was carried out under the same
conditions. A significant difference is observable between the relative contents of the main products
(Peak 1 and Peak 2) in the presence and absence of AtDIR6 Fig. 11-3-5 down). The ratio of the
normalized area CAC-Peak 2/CAC-Peak 1 moved from 1.5 in the absence of AtDIR6 to 45.5 in the
presence of AtDIR6. Obviously, the product under Peak 2 is becoming the major product when
AtDIRG is present. Therefore, it seems that as demonstrated for CA and postulated for FA, AtDIR6
has the ability to direct the regioselective coupling of Coniferyl Acetate radicals. Note that the
evolution of minor peaks (growth) is coincident to the almost complete disappearance of the CAC
peak and therefore are considered as over oxidation products.
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The experiment (without AtDIR6) was scaled up ina 1 L flask to produce a large quantity of
products for identification. Three products were separated on a silica column and were collected for
NMR analysis. (Work of Nino MODESTO), but the same issues are encountered with FA. Mass
spectrometry experiments and the NMR analysis (1D experiments only) were not enough to identify
the products since all the dimers hold the same molecular mass and the same formula.

But we can still roughly speculate from the results of NMR analysis that: CAC-Peak 1 is
probably a dimer of two coniferyl acetate monomers covalently bound through O-8 linkage (Fig. 11-
3-6 dimer 1) while the result for CAC-Peak 2 can be speculated as a dimerization through 8-5 linkage
(Fig. 11-3-6 dimer 2) and CAC-Peak 3 were dimerized through 5-O linkage.
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OMe =
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OH Ko
Coniferyl Acetate (CAC) CAC-dimer1(0-8) CAC-dimer2 (8-5) CAC-dimer3 (5-0)

Fig. 11-3-6 Structure of CAC and its proposed dimers

Here, we did not observe the analog of PINO (dimerization through 8-8 linkage) because the
alcohol function of the aliphatic chain is protected by an acetate function, which should have the
consequence of blocking the intramolecular cyclization reaction after the formation of the first
carbon-carbon bond in the coupling mechanism (Fig. 11-3-7). !

_ on]
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/ -e - L] . e " "
—| — § \ — \ —63 Cyclisation
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oH | | o ] o \[ © 6 V7 0|
Coniferyl Acetate Intermediary reaction

Fig. 11-3-7 Mechanism of action envisaged with coniferyl acetate.
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3.2.3 Coniferyl Azide (CAZ)

500000

| 1e6mM Coniferyl Azide + 1U/L Free LAC3 in total
100pL Volume, 0.1M Acetate buffer pH5.0, 30°C,

s0000-  thermomixer 1000 rpm, 16H
£ 200000
Coniferyl Azide
2 / ‘
1 ) 3 v |
;\\ ] ) A ’ | Benzo
0 _ —— . AN _'\ NS U Y ) N—
500000
1.6mM Coniferyl Azide + 1U/L Free LAC3 +
100puM DP in total 100pL Volume, 0.1M Acetate
w004 buffer pH5.0, 30°C, thermomixer 1000 rpm, 16H
g 2
é 200000
i
j \‘ Coniferyl Azide
|
| |
|
H ‘| \
1 /o 3 a | || Benzo
J o AN ) B 7

18.0 20.0 22.0 24.0 26.0 27.5

Fig. 11-3-8 HPLC chromatogram of Coniferyl Azide oxidation products +=AtDIR6

The oxidation profile of Coniferyl Azide in the presence or absence of AtDIRG6 is presented (Fig.
11-3-8). Four main products of oxidation of CAZ (RT=21.87): CAZ-Peak 1 (RT=7.94), CAZ -Peak 2
(RT=10.25), CAZ-Peak 3 (RT=17.08) and CAZ-Peak 4 (RT=19.37) are observable on the
chromatogram. As previously seen for the oxidation of CAC there is a remarkable difference in the
relative contents of the main products (Peak 1 and Peak 2) obtained in the absence (Fig. 11-3-8 top) or
presence (Fig. 11-3-8 bottom) of AtDIRG6. Indeed, this ratio moves from 1.7 to 29.6. This indicates that
like for CAC, AtDIRG is strongly influencing the selectivity of the coupling of Coniferyl Azide

radicals.

The experiment (without AtDIR6) was scaled up ina 1 L flask to produce a large quantity of
products for products identification like the previous substrate. Only Two products were separated
on asilica column and were collected for NMR analysis. Similar issues are encountered with FA and
CAC. Mass spectrometry experiments and the NMR analysis obtained until now were not enough to
identify the products since all the dimers hold the same molecular mass and the same formula.
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Coniferyl Azide (CAZ) CAZ-dimer 1 (0-8) CAZ-dimer2 (8-5)
Fig. 11-3-9 Structure of CAZ and its proposed dimers

But we can still roughly speculate from the results of NMR analysis that Coniferyl Azide shared
a similar dimerization way to Coniferyl acetate. CAZ-Peak 1 probably is a dimer of two coniferyl
acetate monomers covalently bound through O-8 linkage (Fig. 11-3-9 dimer 1) while the result for
CAC-Peak 2 can be speculated as a dimerization through 8-5 linkage (Fig. 11-3-9 dimer 2).

These results underline the importance of the hydrogen bonds that could be established between
the terminal function of the allylic chain and the protein within the active sites, in particular for
example with the aspartic acids present. The fact that a selectivity is observed when there is no H-
link donor on the allylic chain is more complex to explain but it may be thought that this time it is
the alcohol of the phenol which becomes the donor of connection H.

3.3 Conclusion and prospect

In this subsection, CA analogues including Ferulic Acid (FA); Coniferyl Acetate; Coniferyl
Azide were studied. All the three substrates seem to be taken in charge by AtDIRG, indicating that
AtDIR6 may not be limited to CA as substrate. However, until now, products of each substrate have
not been fully identified, limiting insights into the mechanism of DP. In order to look into the action
of AtDIRG6 with these analogues, further and continue analysis is required to determine which of these
products would be the counterparts of the CA products. In addition, the main reaction products would
have to be isolated for ee measurement after product structure confirmation.

-94 -



Chapter Il Stereoselectivity Radical Coupling Mediated by the Dirigent Protein AtDIR6

4 Direct evidence of radical stabilization by AtDIR6

4.1 Introduction

CA radical, rather than CA, has been proposed to be the real substrate of dirigent proteins.*®
According to the authors, this assumption is based on two observations: i) equilibrium binding assays
have revealed that coniferyl alcohol is only weakly bound to the DP FiDIR1, with a Kp of 370 £65
MM, which tends to discount CA as being the true substrate. ii) examination of DP-mediated (+)-
pinoresinol production as a function of estimated CA’ concentration has led to the conclusion that
FiDIR1 has a strong binding constant for CA" (K¢ = 10 nM).

So far, a direct interaction of DP and CA" has been proposed but never directly evidenced.
Recently, our lab obtained a substantial evidence of such an interaction. In a previous work, the
influence of AtDIR6 on the evolution of the elusive coniferyl alcohol radical has been studied by
Electron Paramagnetic Resonance spectroscopy (EPR). EPR is clearly the technique of choice for
the direct observation of a radical. A signal of CA" obtained from UV irradiation (310nm) of the
coniferyl alcohol has been observed by low-temperature EPR in the mid-seventies.® From this study,
it comes that the unpaired electron is delocalized over the entire molecule and that the half-life of the
radical is approximately 10 s at 223K. Therefore, one can easily predict that the life time of CA" is
not long enough to allow its observation at room temperature. This unless it can be stabilized enough
by an external factor such as AtDIR6. UV light irradiation of CA coupled to room temperature EPR
were used to decipher whether or not AtDIRG is able to stabilize CA". From this study, the evidence
that AtDIRG stabilizes coniferyl alcohol radicals prior to direct their coupling towards the formation
of (—)-pinoresinol has been clearly shown.!

In the last section (Chapter 11 section 3), the influence of AtDIR6 on the radical coupling of CA
analogues (FA, CAC and CAZ) was evidenced. Whether AtDIR6 has the ability to stabilize radicals
of theses analogues or not needed to be investigated, with an expectation of getting further evidences
on the mechanism of DP-mediated coupling.

In this section, radicals of ferulic acid (FA) and coniferyl acetate (CA) were generated by photo-
irradiation in the presence of AtDIR6 and compared to the reference experiment performed with CA.
The photogeneration system was chosen to avoid the presence of any unpaired electron in the reaction
medium.

-05-



Chapter Il Stereoselectivity Radical Coupling Mediated by the Dirigent Protein AtDIR6

4.2 Analysis of EPR signals

EPR spectra recorded under continuous white light irradiation (xenon lamp 200W, 200< A<800
nm) are shown in Fig. 11-4-1.Control experiments were performed first. No signal was observed for
the irradiation of CA into the cavity of the EPR spectrometer (Fig. 11-4-1 blue line). This is because
the half-life of the radical is too short to allow its observation at room temperature (t1/2 ~ 10s at
223K)°. No signal as well was observed for the irradiation of AtDIRG alone under the same irradiation
conditions (Fig. 11-4-1 yellow line). In other words, the protein does not appear to be photoactivatable
in these conditions.
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Fig. 11-4-1 EPR spectra of substrates (CA, FA and CAC) and AtDIR6 under continuous photo-irradiation.
Deoxygenated acetate buffered (100 mM pH 5) 1.6 mM substrate solutions in the presence of 100uM
AtDIRG. Controls: 1.6 mM of CA (blue line); 350 uM AtDIR6 (yellow line). Irradiation conditions: white
light (200<4<800 nm) lamp 200 W. Left: the EPR spectra of the individual samples; Right: comparison of
all the samples.

When CA and AtDIR6 were mixed and photo irradiated together, a typical signal arising from
an organic radical was observed (Fig. 11-4-1 green line). This situation contrasts sharply with the
control experiment carried out in the absence of AtDIRG6, in which no signal of the radical from the
CA is observed (Fig. 11-4-1 blue line). Furthermore, similar signals were observed for samples of CAC
(Fig. 11-4-1 pink line) and FA (Fig. 11-4-1 red line), though the signal intensity of these two samples
were relatively weaker compared to CA. Such a weaker intensity is perhaps due to a weaker
interaction of the radical and the amino acids within the protein pocket (Fig. 11-4-2).
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pocket A

Fig. 11-4-2 View of the AtDIR®6 active site showing (left): important residues in pocket A in green, pocket B
in blue, and Tyr-106 and Phe-175 separating the two pockets in red.(right) Potential binding mode of two CA
substrate radicals supported by energy minimization of the manually placed ligands.*°

From these observations it is reasonable to think that AtDIR6 serves as matrix for the radicals
of CA and its analogues, and by this way stabilize them. The life time of those radicals is too short
to be observed in solution and without any external factor. An AtDIRG stabilizing the radicals of CA
analogues is consistent with what was observed from the biocatalyst experiments.

4.3 Analysis of non-laccase substrate (NOS)

In order to verify that DP is not active in the absence of free radicals, a molecule that is not a
laccase substrate (Fig. 11-4-3) was investigated by HPLC following the same methodology than for
CA and its analogues. The molecule is the (4- 3-methoxyphenyl)-2-propen-1-ol in which a methoxy
replaces the -OH group in position 4 on the phenyl ring of CA.

OH

OMe

OMe

Fig. 11-4-3 Structure of the non-laccase substrate (NOS) molecule.

-97 -



Chapter Il Stereoselectivity Radical Coupling Mediated by the Dirigent Protein AtDIR6

Chromatograms can be seen in the Appendix section. Except a deviation of the sample/reference
ratio equally observed after 16h incubation time for each of the sample (from =1.1 to = 2.5 (Table 11-
4-1)), no changes were found to occur for all the samples (NOS alone, NOS+LAC3, NOS+DP,
NOS+LAC3+DP) confirming our expectation that DP can act only on radicals.

Table 11-4-1 Ratio of (NOS samples/Benzo) in the HPLC chromatogram

T=0 T=16H
NOS Benzo Ratio (NOS/Benzo) NOS Benzo Ratio (NOS/Benzo)
NOS 1413694 1381186 1.02 1906056 743440 2.56
NOS+LAC3 982957 876286 112 3579258 1327837 2.70
NOS+S7DP 998253 883657 1.13 4004013 1510782 2.65
NOS+LAC3+S7DP 1082114 958643 1.13 2988037 1088105 2.75

4.4 Conclusion

EPR was used to observe the radicals of CA and analogues generated by photo-irradiation.
Results allowed us to confirm experimentally that AtDIRG6 stabilizes the radical of CA and analogues
whereas free radicals in solution are too fleeting to be observed. Moreover, using a non-laccase
substrate, no difference was observed between the four samples (NOS alone, NOS+LAC3, NOS+DP,
NOS+LAC3+DP) indicated that DP would lack activity without free radicals.
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5 Attempts to identify amino acids involved in the

stereoselective control within the cavity of DIRs

5.1 Introduction

To understand the stereo coupling mechanism controlled precisely by AtDIR6, one of the
strategies used in our lab has been to study the inactivation of AtDIR6 by the covalent grafting of a
radical probe to the surface of the protein. The idea of inactivation is based on published data of a
low-molecular-weight (26kDa) glycoprotein structurally related to dirigent protein.*!2 In particular,
this protein has been studied for its ability to trap organic radicals. The demonstration of trapping
was obtained using the radical cation of ABTS which forms a covalent adduct with an intense purple
color onto the protein. The authors proposed a mechanism via an electron relay in which the thiolate
function of a cysteine reduces the radical ABTS +°; the thyil radical formed would then oxidize a
tyrosine that would react in turn with the radical ABTS +° to form a stable purple adduct. Thus, the
reaction of AtDIR6 and ABTS +°should allow the labeling of tyrosines which are accessible.

From our previous work,! such an ABTS* radical labeling method revealed that four tyrosines
(Y63, Y75, Y77, Y155 or Y158) are always labeled, and that the AtDIR6-ABTS sample retained
approximately 40% of the initial activity of AtDIR6. These results are generally consistent with what
has been published concerning the role of the Ys in the mechanism of DP action, that is orienting the

propylenic side chain during the coupling to form an 8-8 'bond.°

Since ABTS is not a substrate of AtDIR6, how is the real radical substrate (e.g. CA") reacting
with AtDIR6, whether or not it can also form adducts like ABTS radical still need to be figured out.
To answer the questions, MALDI TOF (Matrix Assisted Laser Desorption lonization-Time of Flight)
experiment was performed to analyze the state of AtDIRG after reaction with CA and laccase.

-99 -



Chapter Il Stereoselectivity Radical Coupling Mediated by the Dirigent Protein AtDIR6

5.2 Results and discussion
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Fig. 11-5-1 Comparison of mass spectra of deglycosylated proteins.

A sample of AtDIR6 of the highest purity (SncDP2) was used to avoid any interference of
impurities. After reaction with CA", the potentially labeled protein (JAtDIR6-CA']) was
deglycosylated by chemical means using the GlycoProfile™ IV Chemical Deglycosylation Kit of
Sigma Aldrich following the manufacturer protocol, allowing the total elimination of all N and O

glycans while preserving the primary structure of the protein.

A mass difference of approximately 300 Da distinguish the deglycosylated [AtDIR6-CA"] from
the deglycosylated AtDIRG6 protein itself. In first analysis, this which could approximately correspond
to two CA (C10H1203, 180g/mol) radicals (Fig. 11-5-1). This preliminary result indicates that as ABTS’
did, CA radicals could potentially also form AtDIR6-CA" adducts on the protein. Mass experiments
are in progress to confirm this preliminary result and identify AtDIR6-CA" adducts. Progress in this

direction would help to understand the role of amino acids in the selective coupling of CA radicals.
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6 Conclusion

In this chapter, AtDIR6 was isolated and purified from the culture broth of Pichia Pastoris by
IMAC purification first. The produced AtDIR6 was employed in laccase-catalyzed bioconversion of
coniferyl alcohol and proved to have significant influences on the dimerization of CA radicals, as
displayed by the changed ratio of DCA/PINO. Further SEC purification of the AtDIRG6 resulted in a
purer protein fraction DP2 in limited yields but with better performance.

Used in bioconversion experiments (laccase mediated) of ferulic acid, coniferyl acetate,
coniferyl azide, the produced AtDIRG6 is active on CA analogues. Indeed, all three molecules seem
to interact with AtDIRG, as revealed by the analysis of the bioconversion products. Therefore, we
have here the first evidence that molecules influenced by AtDIRG6 are not limited to CA. Confirmation
of the structure of the obtained products is under progress in order to get information about the
mechanism of action of AtDIR6 with these analogues. In future studies, performing the determination
of the ee for the main product will help to ascertain the enantioselective character of the AtDIR6
mediated radical coupling of CA analogs.

Using EPR, we provided the first direct observation of the radicals of CA and analogues
generated by photo-irradiation. Although the intensity of the EPR signal derived from each substrate
is different, the results allow us to confirm experimentally that AtDIR6 stabilizes the radical of CA
and analogues whereas these radicals are too fleeting free in solution to be observed. Meanwhile, we
confirmed that AtDIR6 is not converting non-oxidizable substrates indicating that the is lacking
activity in the absence of free radicals.

At last, MALDI TOF mass spectrometry experiment was performed to analyze the state of
AtDIRG6 after reaction with CA and laccase. The protein was proved to form AtDIR6-CA® adducts.
Revealing the nature of this adduct (under investigation) will help in understanding the
enantioselective radical coupling mechanism of dirigent proteins.
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Appendix: Materials and Methods Chapter 11

1 General

1.1 His-Tag affinity Chromatography

The clear culture broth was applied to the AKTA FPLC (Fast Protein Liquid Chromatography,
GE Healthcare, Japan) system for His-Tag purification. A His Trap™ HP 5ml column (GE
Healthcare, UK) charged with Ni?* was equilibrated with 10 column volumes of 50mM sodium

phosphates buffer pH 7.4 containing 150mM NaCl (buffer A); samples of 800mL were loaded onto

the column at a flow rate of 5 mL min~!. Afterwards, the column was washed with 30 column
volumes of buffer A. Followed by is washing with 95.4% buffer A plus 4.8% buffer B (50mM
sodium phosphates buffer pH 7.4 containing 150mM NaCl and 500mM imidazole) for removing

pigment. Both the previous two steps are performed at flow rate of 5 mL min~!. AtDIR6 was eluted
from the column with a gradient step (from 4.6% buffer B to 100% buffer B) using 20 column
volumes at a flow rate of 5 mL min~!. Protein-containing fractions were detected by absorption
measurements at 280 nm automatically.

1.2 Size Exclusion Chromatography

The above desalted and concentrated AtDIR6 was further purified by Size Exclusion
Chromatography on a Superdex® 75 10/300 GL column (GE Healthcare, UK) at an AKTA FPLC
system (GE Healthcare, Japan). The column (25 mL column volume (CV)) was equilibrated with 2
CV buffer A (50mM sodium phosphates buffer pH 7.4 containing 150mM NaCl) at a flow rate of
1.0 mL mint. No more than 250uL AtDIR6 samples were applied to the column from a 500uL loop

at flow rate of 0.5 mL min~t. Then the samples were eluted from the column with 1.5 CV of buffer
A at flow rate of 0.5 mLmin~'. Protein-containing fractions were detected by absorption
measurements at 280 nm automatically.

1.3 SDS-PAGE

In the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) experiments, a
stacking gel of 4% acrylamide and a running gel of 12% acrylamide were used. Samples of AtDIR6
proteins were mixed with 4x<LDS sample buffer (contains lithium dodecyl sulfate (LDS) at pH 8.4,
(life technologies, CA) in a 1 to 4 ratio. The solution mixtures were heated at 95 <C for 5 min. A
Prestained Protein Ladder Plus #06P-0211 (EUROMEDEX, France) were used as molecular weight
markers. Electrophoretic migration was carried out at room temperature with a constant voltage 180
Volts. Subsequent staining was performed with a Coomassie based staining solution InstantBlue
Stain (Expedeon, UK).
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1.4 AtDIRG6 concentration measurement

The concentration of the purified AtDIR6 was determined using Bio-Rad Bradford Protein
Assays (Bio-Rad Laboratories, USA) according to manufacturer’s instructions®® in 1mL
spectrophotometer SEMI-MICRO cuvette (Biosigma S.r.l., Italy). The absorbance at 595nm was
measured using Agilent Cary 60 UV-Vis Spectrophotometer (Agilent Technologies, USA). Each
sample was measured in triplicates from individual dilutions. BSA (Bovine serum albumin) was used
to establish a standard curve.

1.5 Laccase

Laccase used in this study (CA or CA analogues oxidation) is LAC3 from Trametes sp C30,
which is produced in Aspergillus niger and purified in our lab.**

1.5.1 Concentration determination

Laccase concentration was estimated by UV-visible spectroscopy (Cary 60, Agilent
Technologies, USA) using an gs10nm = 5600 M ™! €m™! for the T1 copper site.

1.5.2  Activity measurement

Laccase activity was assayed using 2,2'-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS) as substrate. Oxidation of ABTS was detected by following the absorbance at 420 nm (g420
nm=36000 M~ em™!) during 2 min with a spectrophotometer (Cary 60, Agilent Technologies, USA).
The reaction mixture (1 mL) contained 10 pL of appropriately diluted enzyme sample, 890 pL of
acetate buffer (100 mM pH 5.7) and 100 pi of 50mM ABTS in Milli Q® Water at 30<C. The ABTS
was added to initiate the reaction. One unit (U) of laccase was defined as one micromole of substrate
oxidized per minute in these described conditions.

1.6 Bioconversion of coniferyl alcohol and analogues by AtDIR6

The standard reaction condition consisted of 1.6 mM coniferyl alcohol (or CA analogues), 1U/L
LAC3, 100uM AtDIRG6 (in further experimental setups, concentration of AtDIR6 was varied in a
range from 100uM to 500uM) in 100 mM Acetate buffer at pH 5. The final volume is 100uL for
single measurement at ~20 hours (for kinetics is 1mL). All the materials were added into a 2mL
centrifuge tube (with holes in the cover to receive oxygen r from the atmosphere). The reaction was
incubated on thermomixer (Eppendorf, Germany) at 30 <C and 850~1000 rpm.
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1.7 HPLC analysis

HPLC analysis was carried out by JASCO LC-4000 series HPLC (JASCO, Japan) on a reversed
phase Nucleosil 100-5 C18 column (Macherey-Nagel, Germany). The mobile phase was composed
of a mixture of water - acetic acid 3% (solvent A) and acetonitrile (solvent B) with the following
gradient (Table 11-A-1). The absorbance at 280nm was monitored.

Table 11-A-1 Gradient analysis HPLC 30 min

Time(mins) A% B%
0 90 10
5 90 10
25 50 50
27 50 50
28 90 10
30 90 10

1.8 Chiral HPLC

The pinoresinol of the bioconversion products was collected from HPLC analytics and
lyophilized to determine the enantiomeric excess (ee) by Chiral HPLC. The ee determination was
performed by the chiral chromatography platform, Chirosciences, on Chiralpak AZ-H using a
mixture Heptane/Ethanol (volume ratio 1:1) at flow rate of ImL/min as mobile phase or on Chiralpak
IC using the same mobile phase.

1.9 EPR X-band

EPR spectra were obtained using a BRUKER ELEXSYS 500 X-band CW-EPR spectrometer.
A flat quartz EPR cell containing a deoxygenated solution of substrates (CA, FA, Coniferyl Acetate;
1.6mM) in acetate buffer (100 mM pH 5.5) in the presence or absence of 100 M AtDIR6 was
maintained under continuous irradiation in the EPR cavity. Irradiation conditions: white light (200
200<A<800) lamp 200 W, modulation 20%.

1.10 ESI-MS analysis

The tests were performed by Service d'analyse de la fé&é&ation de chimie. The analyzes were
performed with a SYNAPT G2 HDMS (Waters) mass spectrometer equipped with a pneumatically
assisted atmospheric pressure ionization (API) source. The sample was ionized in positive
electrospray mode under the following conditions: electrospray voltage: 2.8 kV; orifice voltage: 20
V; Nebulization gas flow (nitrogen): 100 L / h. The sample was also ionized in negative electrospray
mode under the following conditions: electrospray voltage: - 2.27 kV; orifice voltage: - 20 V;
Nebulization gas flow (nitrogen): 100 L/h. Mass spectra (MS) were obtained with a flight time
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analyzer (TOF). The exact mass measurement was done in triplicate with an external calibration. In
high resolution MS / MS experiments, argon was used as the collision gas.

1.11 NMR spectroscopy

The *H NMR spectra were recorded on a BRUKER Avance |11 nanobay - 300MHz equiped
with a BBFO + probe as well as on a BRUKER Avance |1l nanobay - 400MHz equipped with a
BBFO + probe. The treatment was done with the MestReNova software. The chemical displacements
are reported in part per million (ppm) relative to the residual peak of the solvent.

1.12 MALDI TOF MS

MALDI TOF experiments were perfomed by Maya Belghazi UMR S7286. The samples were
dialysed against H>O (30 min on a membrane) then deposited on target with sinapic acid as matrix.

2 Production of AtDIRG6

AtDIR6 was expressed in Pichia Pastoris and purified from the concentrated culture broth.
Since a polyhistidine-tag (6-His) was added to the protein, so the His-tagged AtDIR6 could be
purified based on His-Tag Affinity Purification.

Before purification, the culture broth was adjusted pH with 5N NaOH to pH 7.4 and equilibrated
for several hours (1-3h), then the equilibrated culture broth was filtered with Nalgene™ Rapid-
Flow™ 0.2um PES filter (ThermoFisher Scientific, France) to remove the precipitate.

Then the filtered supernatant was purified by His-Tag affinity Chromatography and SEC (Size
Exclusion Chromatography) as the method described in general method 1.1 and 1.2.

The targeted proteins (absorbed at 280 nm) after purification were collected, concentrated and
desalted with a nominal molecular mass limit of 10 kDa VIVASPIN 20 (Sartorius Stedim Biotech,
Germany) by centrifuging 5~6 times at 3500rpm 4°C to a.0.1M Acetate buffer pH 5.0.

3 Dirigent activity assay of the produced AtDIR6

The oxidative coupling of coniferyl alcohol catalyzed by laccase with presence of AtDIR6 were
performed following the method 1.6 to determine the dirigent activity of the produced AtDIR6. CA
oxidation samples were taken out at about 20 hours and analyzed by HPLC analytics (HPLC; see
above 1.7) after adding 50 % (v/v) 2 mM benzophenone (Benzo). The Benzo was dissolved in
acetonitrile and was used as an internal reference, the solvent acetonitrile was used to quench the
reaction.
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4 ldentification activity of AtDIR6 to CA analogues

CA analogues were first undergone the biotransformation as described in (above 1.6), then the
sample were taken out at analyzed by HPLC analytics (HPLC; see above 1.7) under similar
conditions with CA (see above section 3).

5 Analysis of CA analogues oxidation products
MS (ESI, m/z):

FA sample were collected form HPLC analytics and lyophilized for MS/MS analysis. The
sample is dissolved in 300ul of methanol and then diluted 1/10 in a solution of methanol at 3 mM
ammonium acetate. The solution is introduced into the infusion ionization source at a flow rate of 10
ul min. Mass Spectrum of FA-peakl is showed in Fig. 11-A-1 and Fig. 11-A-2. FA-Peak 3 and FA-Peak
5 are not listed due to the similarity with FA-peak.
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Fig. 11-A-1 Mass Spectrum (MS) in electrospray negative mode of the FA-peakl sample
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Fig. 11-A-2 Mass Spectrum (MS) in electrospray negative mode of the FA-peakl sample
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FA Peak 1:

'H NMR (MeOD): §=7.56 ppm (s, 1H, COOH), §=7.38 ppm (s, 1H, COOH), 6=7.17 ppm (d, 1H,
Halcene), 6=6.80 ppm (m, 5H, Ar-H), 6=5.71 ppm (d, 1H, CH), 6=3.99 ppm (s, 1H, CH), 6=3.89
ppm (s,3H, OMe), 6=3.87 ppm (d, 1H, Halcene), 6=3.8 ppm (s, 3H, OMe)

13C NMR (MeOD): 6=180.71, 178.76, 175.23, 150.4, 149.21, 147.94, 140.15, 133.5, 127.45, 126.83,
123.14, 119.33, 116.39, 114.57, 110.28, 84.44, 58.13, 56.69, 56.39, 23.23 ppm. m/z=386

FA Peak 3:

'H NMR (MeOD): =8.55 ppm (s, 1H, CH), 6=7.48 ppm ( dd, 1H, CH), 5=7.04 ppm ( m, 6H, Ar-
H), 6=6.37 (q, 1H, CH), 6=5.86 ppm (dd, 1H, CH), 6=3.90 ppm (s, 3H, OMe), 6=3.83 ppm (s, 3H,
OMe),

13C NMR (MeOD): 3=177.83, 175.39, 156.53, 149.17, 140,10, 138.37, 135.55, 133.84, 131.35,
124.9, 119.30, 119.12, 116.36, 114.37, 110.36, 84.87, 58.33, 56.40, 29.94, 18.36 ppm. m/z=386.10

FA Peak 5:

'H NMR (MeOD): (water suppression experiment) : §=7.56 ppm (s, 1H, COOH), 5=7.38 ppm (s,1H,
COOH), 6=7.16 ppm (dd, 2H, Halcene), 6=6.83 ppm (m, 6H, Ar-H), 6=5.69 ppm (s,1H, Halcene),
6=5.48 ppm (s, 1H, OH), 6=3.90 ppm (s,3H, OMe), 6=3.81 ppm (s, 3H, OMe). m/z = 386.10

CAC Peak 1:

'H NMR (CDCls): 6=6.88 ppm (m, 6H, Ar-H), §=6.20 ppm (m, 1H, Halcene), 5=5.68 ppm (d, 1H,
Halcene), 6=5.63 ppm (s, 1H, OH), 6=4.69 ppm (s, 1H, Halcene), =6.38 ppm (s, 6H, OMe), 6=3.71
ppm (d, 2H, CH2), 6==2.04 ppm (s, 6H, CH3), 6=1.25 ppm (s, 2H, CH2).

CAC Peak 2:

'H NMR (CDCls): =6.87 ppm (m, 5H, Ar-H), 6=6.04 ppm (m, 2H, Halcene), 6=5.67 ppm (s,
1H,OH), 6=5.34 ppm (dt, 2H, CH2), 6=5.19 ppm (dt, 1H, CH), 6=5.13 ppm (d, 1H, CH), 6=3.89 ppm
(s, 6H, OMe), 5=2.05 ppm (m,2H, CH2), 6=1.43 ppm (s, 6H, CH3).

CAC Peak 3:

IH NMR (CDCls): =6.87 ppm (m, 5H, Ar-H), §=6.51 ppm (d, 2H, Halcene), 5=6.25 ppm (dt, 2H,
Halcene), 6=5.63 ppm (s, 1H, OH) 6=4.29 ppm (d, 4H, CH>), 6=3.91 ppm (s, 6H, OMe), 6=1.54 ppm
(s, 3H, CH3), 6=1.26 ppm (s,3H, CH3).
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CAZ Peak 1:

'H NMR (CDCls): 6=6.86 ppm (m, 6H, Ar-H), 5=6.52 ppm (d, 1H, Halcene), =6.21 ppm (m, 1H,
Halcene), 6=5.74 ppm (s, 1H, OH), 6=4.28 ppm (s, 1H, Halcene), 6=3.88 ppm (s,6H, OMe), 6= 1.51
ppm (d,2H, CH>), 6=1.49 ppm (s,2H, CH>).

CAZ Peak 2:

'H NMR (CDCls): 5=6.88 ppm (m, 5H, Ar-H), 5=6.33 ppm (m, 1H, Halcene), 8= 5.64 ppm (s, 1H,
OH), 6=6.03 ppm (m, 1H, Halcene), =5.81 ppm (m, 1H, CH), 6=5.64 ppm (s, 1H, OH), 6=5.23 ppm
(dd, 1H, CH), 6=3.91 ppm (s, 3H, OMe), 6=3.89 ppm (s, 3H, OMe), 6=3.56 ppm (d, 2H, CH>),
&=1.55ppm (d, 2H, CH>)

6 Studies of radical stabilization by AtDIR6

360 uL of 278 uM AtDIRG6 solution and 80 uL of 20 mM substrate solution (except Coniferyl
Acetate which is 200 pL of 8 mM substrate solution due to the solubility), along with 560 pL (or 440
uL for Coniferyl Acetate) 0.1 M Acetate buffer pH=5 were prepared in 2 mL centrifuge tubes
separately, then mixed and added to a specific EPR tube (see the picture Fig. 11-A-3) after degassing
2 hours (keep the caps open) in glove box, sealed the tube well under inert atmosphere and remove
out of the glove box for EPR test (see above 1.9).
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Fig. 11-A-3 SUPRASIL Standard TEO2 cavity aqueous cell (http://www.cortecnet.com)
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7 HPLC chromatogram of the NOS samples
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Fig. 11-A-4 HPLC chromatogram of the NOS samples

8 Analysis of the amino acids involving in stereoselective coupling

The sample was collected after bioconversion of coniferyl alcohol by 1.5 U/L grafted LAC3
and AtDIR6under the standard bioconversion of reaction condition in the final volume of 500uL.
The reaction was inhibited by magnetically separated the LAC3 (magnetic separation and discard
the particles). The supernatant left was separated using PD MiniTrap G-25 columns of Sigma Aldrich
following by the manufacture’s protocol *° to eliminate other substances and obtain the [AtDIR6-
CA ] hybrids. The separated AtDIR6 has been deglycosylated with the GlycoProfile™ IV Chemical
Deglycosylation Kit of Sigma Aldrich following by the manufacture’s protocol ¢ before MALDI
TOF Analysis.
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1 Introduction

In the previous chapter, dirigent proteins were discussed as a natural effector introducing
stereoselectivity to the laccase catalyzed reactions. This chapter will cover our use of magnetic
nanoparticles as an artificial effector of the enzyme activity.

Magnetic Particles (MNPs) are a commonly used materials for enzyme immobilization. As
delineated in the introducing chapter a major focus of research on enzyme immobilization on MNPs
is directed towards improving the stability and reusability of the biocatalysts. To the best of our
knowledge, the effects of the oriented immobilization of the enzyme or the effect of the
physicochemical microenvironments on the activity of enzymes are so far largely underestimated or
even ignored. So, the main purpose of the investigations described in this chapter was to study
whether the oriented immobilization of the enzyme and consequently the proximity of the functional
groups present at the surface of MNPs with the surface accessible active site of laccase could have a

direct influence on its activity and beyond on its selectivity.

To achieve the oriented immobilization of the enzyme laccase, we choose to work with variants
of laccase (Fig. 111-1-1) bearing a discrete number of surface accessible lysines as functionnalizable
residues. The natural enzyme LAC3 from the fungus Trametes sp. C30 possesses only two lysines
(reactive free NH2 groups) out of its 501 residues: K40 and K71 are surface located diametrically
opposed to the T1lcopper site with respect to the TNC. Site directed mutagenesis has been used in
the laboratory to create a set of LAC3 variants with a unique surface accessible lysine residue,
amongst which UniKze1 (Ks0->M, K71->H, R161->K), the side-chain of which is located nearby the
T1 copper site.! Unik161 with a single K nearby the T1 site LAC3 with two natural K opposite of
the T1 site.

i
-

< “
~— TNC.
R161v [ g
UniK161 with one -

lysine groups nearby @

& K40
9

[
A

the T1 site > < 0 WS LAC3 with two natural
Ut < lysine groups far away
\NC"? S5 from the T1 site
\ /.

Fig. 111-1-1 3D model illustrating the potential in the orientation of the enzyme upon immobilization. The figure
is modified from reference. * Immobilizing LAC3 onto MNPs, the exposition of the T1 site to the solvent is
achieved; immobilizing UniKze1, the exposition of the T1 site to the MNP surface is obtained.
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On the other hand, commercially available or self-produced MNPs bearing different surface
functional groups (i.e. aldehyde, azido, amino and maleimide) were used to covalently immobilize
the two variants of laccase. Varying the chemical functional groups at the surface of the particles
provides not only different possibilities of immobilization reactions but also different
physicochemical environments around laccase’s T1 active site, the influence of which towards

laccase activity was investigated.

This chapter contains a description of the immobilization strategies developed for LAC3 and
UniKye: onto different MNPs, the characterization of the grafted MNPs and the quantification of the
specific activities of the two differentially oriented laccase-MNPs towards ABTS and coniferyl
alcohol oxidation.
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2 Commercial Aldehyde Particles (C21)

2.1 Information of the commercial Aldehyde particles

Aldehyde particles can be considered as ideal immobilization materials under the circumstances
of this study. Indeed, a method convenient for the reductive alkylation of proteins under mild
conditions? has been recently adapted to laccase variants in our laboratory.t? In this reaction, surface
located lysine residues of laccase provide amino groups and the surface of magnetic particles
aldehyde groups. Enzymes can be grafted on the MNP surface via a reductive alkylation promoted
by an iridium catalyst in mild conditions (at room temperature and neutral pH) with formiate (HCOO")
as hydride donnor. This subsection will focus on the determination of the experimental conditions
based both on the experience from our lab and based on the distributor's protocol.? A schematic

diagram of the reaction is shown in Fig. 111-2-1.

o X\
so, lr
(10.0 equiv.)
HN

‘.
J” b'{ Phosphate buffer (50 mM pH = 7. 4)
N HCOO" (100 mM), 25°C, 18 h

© = CHO © =— CHO

T E
-g},j;‘.?g = Laccases V{}_j’.‘-[, = Laccases

Fig. 111-2-1 Schematic diagram of the Reductive alkylation reaction used in aldehyde particles immobilization.

The commercial Aldehyde particles (Bioclone BcMag™ Aldehyde-activated Magnetic
Beads) were purchased from Bioclone company. The average size of the particle is about 1um. The
outer layer of the particles is coated with silica. Long-arm linkers (21-C atom) serve as spacer
between the silica shell and the terminal aldehyde groups to reduce steric hindrance (see the scheme
of the particles in Fig. 111-2-2) . Based on the manufacturer’s datasheet a high density of aldehyde
functional groups (~210 pmole/g of beads) are grafted on the surface of the superparamagnetic beads,
making them suitable to covalently conjugate primary amine-containing ligands or proteins.*
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The following subsection will describe the oriented immobilization of laccase on the
commercial aldehyde particles (simply described as C21). Preliminary immobilization results,
pretreatment (dispersion) and characterization of the particles, exploration of the immobilization
conditions, issues encountered during the exploration, as well as the final results will be all described
in details.

Silica shell

R21—CHO

Fig. 111-2-2 Schematic diagram of commercial aldehyde particles C21

2.2 Results and discussion

2.2.1 Preliminary results on immobilization

In a first instance, 1 mg of particles (which should correspond to 0.21 umol surface aldehyde
groups based on instructions from the manufacturer) was used in a total volume of 1 ml, and the
initial ratio of laccase and aldehyde groups was set to 1:10 (0.021 umol laccase). Concentration of
laccase is determined spectroscopically (UV/vis) and is based on the evaluation of the Cull T1
absorbance at 610 nm (¢=5600 L mol* e¢m™). Amount of enzyme immobilized on the magnetic
particles (enzyme loading) corresponds to the difference between the initial amount of enzyme
engaged in the reaction and the amount of enzyme remaining in the supernatant after reaction

(enzyme loading = (enzyme added)- (enzyme left in the supernatant after reaction).

One point that must be mentioned is that: since laccase is reduced in the reaction system by the
iridium/hydride catalyst, it is not accurate to measure absorbance at 610nm directly after reaction.
Separation of the enzyme from other reactants by desalting column (Sephadex G-25 in PD-10
Desalting Columns) and concentration are necessary steps (i.e. allowing a re-oxidation of the enzyme)
before testing the concentration.
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Table I11-2-1 Preliminary results of immobilization (1 mg particles, 0.021pumol laccase, total volume 1mL)

LAC3 UniKie1

Before reaction After reaction  Before reaction  After reaction
Sample Volume (uL) 21 550 24 670
Concentration (10 M) 1000 19 898 27
Amount (10 mol) 0.020 0.0105 0.022 0.018
Enzyme loading (108 mol/mg particles) 0.0105 0.0034
Activity (U/mL for free laccase; U/10 mg

4027 2.79 2489 1.30

particles for grafted laccase)
STDEV of Activity 328 (8%) 0.52 (18%) 185 (7%) 0.25 (19%)
Specific Activity (U/mg free or grafted

50 0.33 35 0.48
laccase)
Ratio of Specific Activity Before Reaction 1.43
(LAC3:UniK161) After Reaction 0.69

A first set of quantification results is shown in Table 111-2-1, It can be seen from the table that:
after immobilization, (1) the grafting ratio (ratio of initial laccase amount on amount of laccase
grafted onto the particles) is 50% for LAC3 and 15% for UniKze1; (2) the specific activity is
apparently decreased about 125 and 70 times compared to the free laccase for LAC3 and UniKye:
respectively; (3) the ratio of specific activity (LAC3:UniK361) changed from about 1.43 to 0.69, it
means that after immobilization, UniKze: show relatively better activity to LAC3, which is the
opposite situation of what happened before immobilization.

The enzyme loading evaluated in this initial experiment is particularly low. This evaluation is
probably not reliable because, as mentioned above, the strong reducing environment of the coupling
reaction imposing a number of post treatments (such as gel filtration, concentration, and pipetting to
measure the final small volume) there is a cumulation of experimental errors that cannot be neglected
on a low enzyme loading. Contrary to UV-Vis measurement of the T1 copper center, Bradford test
is not affected by the redox state of the enzyme thus avoiding the need of introducing operational
steps leading to errors. So, evaluation of enzyme loading was repeated in the same reaction conditions,
except that Bradford protein assay was applied to determine enzyme concentration.

Unfortunately, it was not possible to evaluate differences between supernatants before and after
reaction from the results of repeated experiments using Bradford as the enzyme loading detection
method (data not shown). Even though the initial laccase concentration was increased 10 times to
0.21 umol/mL (1:1 ratio of initial laccase and aldehyde groups), with an expectation that the enzyme
loading would be enlarged, differences between supernatants before and after reaction still did not
appeared. Moreover, dilutions required for attaining linearity could cause cumulated errors.
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Fig. 111-2-3 Activity of (Laccase-MNP) system after immobilization (A) qualitatively observed by the color change
upon Syringaldazine (SGZ) oxidation catalyzed by laccase. (B) quantitatively measured by using SGZ as substrate.

After immobilization, particles grafted either with LAC3 or UNIK1s1 showed activity first
qualitatively as observed by a color change (Fig. 111-2-3 A) then quantitatively as measured following
the kinetics of syringaldazine (SGZ) oxidation by laccase (Fig. 111-2-3 B). Catalytically active hybrids
of magnetic particles (MNP)/enzymes means that there is laccase grafted onto the surface of the
particles and that even if we were not able to evaluate a difference in protein concentration in
supernatants before and after reaction (i.e. enzyme loading). It is probably because that the amount
of immobilized enzyme is too low to be correctly evaluated by the techniques used (UV/VIS,
Bradford).

Using the same amount of particle for each hybrid, the examination of activity values (not the
specific activities, SA) in Fig. 111-2-3 B seems to indicate: (1) the activity of the (laccase-MNP)
systems appears to be affected by the grafting process; (2) in hybrids, activity increases modestly
with the increase of the initial enzyme concentration for both LAC3 and UniKze:1 suggesting that the
particles are may be saturated; (2) LAC3 always displays a higher activity than UniKie1 (NB: in
homogeneous conditions the specific activity of both enzymes is similar) suggesting an effect of the
orientation as suspected. However, all these comparisons being based only on activity rather than
specific activity of the (laccase-MNP) hybrid since the enzyme loading is unknown, they may

represent at the most a tendency.

From this first study on aldehyde particles grafting, we can further state that, although for
different reasons, evaluation of the protein concentration based either on Bradford and UV-Vis
spectroscopy measurements is not accurate and therefore do not allow to compare specific activities
of LAC3 and UniKze1. As SA is mandatory for normalization more efforts have to be put into the
accurate measurement of enzyme loading. Solutions and next plan include adjusting the reaction
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parameters in order to potentially increase the amount of immobilized enzyme (enzyme loading)

and/or to turn to more sensitive enzyme measurement methods (e.g. immunologic detection).

2.2.2 Study on the dispersion of magnetic particles

As mentioned above, one way to make the evaluation of the enzyme loading more accurate is
to try to increase the amount of grafted enzymes. Going that direction, the way particles were handled
before reaction and their dispersion state during the reaction were considered. Particles have a
tendency to aggregate in the suspension medium (water or buffer) that is depending on particle size,
surface charge, temperature, the nature and concentration of ions and magnetic forces. Aggregation
will decrease the reaction (grafting) efficiency by decreasing the specific surface area. As any
hindrance to the surface functional groups should be avoided as much as possible, here, several
methods were used to prevent and/or reverse the aggregation before grafting.

2.2.2.1 Physical methods to prevent aggregation

The outer layer of the commercial aldehyde particles used in this section is silica and is therefore
hydrophilic (at least more than polymeric particles) thus reducing the likelihood for hydrophobic
interactions as a potential cause for aggregation. Moreover, the mean size of these particles (1um)
although making their surface specific area lower than real nano-scale particles is decreasing the
likelihood of aggregation due to a relatively low specific surface energy. So, in theory, physical
means of dispersion e.g., sonication, vortexing or pipetting should be sufficient to prevent and/or
reverse the aggregation of this kind of particles in the medium.

Aggregation conditions were observed under an optical microscope. Before the observation,
1mg of the aldehyde particles (commercial beads) were transferred to a centrifuge tubes and
dispersed in ImL MQ water by different means. The pictures of magnetic particles after processing
by pipetting, vortexing and bath sonication are shown in Fig. 111-2-4 A B C respectively. These pictures
are typical from no less than 3 fields.
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Pipetting

Generally, the shear forces created by rapid pipetting of a suspension of magnetic particles
through a fine pipet tip are often enough to reduce or eliminate aggregation caused by hydrophobic
interactions. From Fig. 111-2-4 A it can be seen that although a small amount of single dispersed
particles can be observed, large pieces of particle aggregations are still ubiquitous in the suspension
after distributing the particles with extended pipetting for 1~2 mins. This is indicating that pipetting,
even if intensely operated, is not strong enough for a good dispersion of the commercial aldehyde
particles. Alternatively, this observation may indicate that the dispersed particles re-agglomerated in
the medium rapidly.

A -
e
C

Fig. 111-2-4 Commercial Aldehyde particles dispersed by different physical methods (Img/mL in MQ water). (A)
Pipetting (B) Vortexing at 1min and 5min respectively (C) Bath sonication at 1min and 10 min respectively.
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Vortexing

Vortexing is the method recommended by the manufacturer to suspend their particles. As found
in the instructions, vortexing the suspension 3-5 mins is normally enough for the dispersion. Fig. 111-
2-4 B displays the picture of commercial aldehyde particles after vortexing. It can be seen that: (1)
although aggregation of particles is still present, the size of the aggregates is relatively smaller
compared to that observed after pipetting. This means that the degree of aggregation is reduced when
vortexing is used to separate particles; (2) when the vortexing time was prolonged from 1min to 5min,
no obvious improvement was observed in particle aggregation. On the contrary, a small quantity of
larger agglomerates started to appear when vortexing for longer time (5min). A possible explanation
for this reverse effect is that both dispersion and re-aggregation occuring simultaneously in the
suspension during vortexing the effect of prolonged time on particle re-aggregation is greater than
on particles dispersion. Therefore, it is not advisable to vortex longer times for dispersion.

Bath sonication

Sonication dispersion method was then investigated. This method allows the ultrasonic energy
to reach all over the particles effectively, increasing the likelihood of breaking the aggregates. Fig.
111-2-4 C gives the picture of commercial aldehyde particles after a sonication treatment (bath type
sonicator). The pictures clearly show that in these conditions: (1) ultrasonic energy does not allow to
breake large aggregates of particles (no single particle was observed); (2) larger particle aggregates
were apparently broken into smaller ones after prolonging the sonication time from 1min to 10min,
but single particles were still rarely found.

Prolonging the process time until 30 mins was also performed (pictures not shown). Observation
under the microscope revealed that extending the time of the bath sonication did not improve the
dispersion state over that observed after 10mins. A possible explanation for that observation is that
an extended exposure, even in a mild ultrasonic bath, can heat the particles to an undesirable level;
increased temperature usually causes an increase in the kinetics of collisions of the particles in the
suspension thereby increasing their likelihood of encountering with each other.

Probe sonication

Energy of bath sonication was proven to be not enough to break particles aggregates and
increasing the treating time will increase the risk of heating particles, so a more powerful sonicator:
a probe sonicator was used as an alternative method. As probe sonicator will provide high ultrasonic

energy in a small volume, so in theory, a short pulse will be sufficient for the separation of particles.
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Fig. 111-2-5 Commercial Aldehyde particles dispersed by probe sonication for 3 mins (Img/mL in MQ water)

Commercial aldehyde particles were treated with probe sonication for 30 seconds at 75W and
then dispersed beads were observed under microscope. Observation of several fields revealed that
aggregation was still largely present in the medium with a size of aggregates very much like the one
obtained previously with bath sonication. In fact, very few (if any) single particles were observed.
Extending the sonication time to 3 minutes did not improve the dispersion (aggregates are still visible,
Fig. 111-2-5). Therefore, probe sonication performed in these conditions is not bringing obvious
improvements on the aggregation as compared to other ways. In addition, note that some
manufacturer is not recommending to treat their particles with probe sonication because an unclean
probe tip can contaminate the microsphere suspension and an old tip can shed metal, even if it is
clean. Also, once protein is immobilized onto the particles, probe sonication can be deleterious and

ruin protein structure and activity when resuspending particles into the medium.

So, from the above results, it can be concluded that among all dispersion methods used here
vortexing is apparently the most suitable one for dispersing the commercial aldehyde particles.
However, getting rid of large aggregates is hard and any physical methods alone does not seem to be
enough to obtain a well dispersed suspension. Therefore, combining a chemical method (such as

adding a surfactant) to the physical methods should be considered.
2.2.2.2 Influence of Surfactant on the aggregation

The surfactant investigated is the non-ionic surfactant Tween 20. 0.05% (v/v) Tween 20 was
added into MQ water as the suspension medium. 1mg particles was dispersed in 1mL of the
suspension medium by vortexing 1~3min, then observed under an optical microscope. It can be seen
from Fig. 111-2-6 A that when Tween was added to the suspending medium, aggregates were dispersed

by vortexing and a large number of single particles appeared in the field of the microscope.
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Fig. 111-2-6 1mg/mL commercial Aldehyde particles dispersed in MQ water with 0.05% Tween 20. (A) the
particles were dispersed by vortexing. (B) the dispersion state after wash three times by MQ water

Since the immobilization process requires particles to be resuspended repeatedly during
washing steps (for the elimination of excess of reactants), so the aggregation state after resuspenssion
was investigated further. Vortexed particles suspended in Tween 20 solutions were initially separated
on a magnet; then the supernatant was discarded and the particles resuspended in MQ water by
vortexing. The process was repeated 3 times and each time the resuspended state was observed under
a microscope. As it can be seen Fig. 111-2-6 B, after 3 washing/capture/resuspension steps, particles
are still kept in a well-dispersed state in the medium.

In summary, it can be concluded that addition of 0.05% Tween 20 to the suspension medium is
an effective way to obtain a homogeneous dispersion of commercial aldehyde particles.

2.2.2.3 Immobilization experiments with dispersed particles
Immobilization of BSA

Particles dispersed as described above were first used to graft BSA (Bovine Serum Albumin)
as a model protein (much cheaper than LAC3) in order to verify the effect of dispersion on enzyme
loading. Beyond the fact that it is easier to produce concentrated solutions (10 equivalent of the
aldehyde groups) using the commercial BSA than using the lab-produced laccase, BSA contains 59
lysine residues, 30 to 35 of them being solvent exposed (and therefore capable of reaction), providing
a situation highly favorable for the grafting and the subsequent determination of the enzyme loading.
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Starting BSA concentrations were set to 2.1 umol/mL and 0.021 umol/mL respectively,
particles 1 mg (0.21 umol aldehyde groups based on the instruction of the manufacture)/ml; reaction
conditions identical to those described previously. Protein contents before and after reaction were
tested using the Bradford method (see details in the appendix). Results are listed in Table 111-2-2. For
each experiment, absorbance values of the solutions before and after reaction can be regarded as
unchanged. This indicates that there is no or extremely few BSA proteins grafted onto the particles
in these conditions, therefore disqualifying that protein as reference for testing protein loading.
Because unlike BSA the grafting of an enzyme can be probed based on its activity, immobilization
of laccase onto surfactant-dispersed particles was eventually tested.

Table 111-2-2  Commercial aldehyde particles grafted with BSA

Starting concentration of Ratio of initial protein and Absorbance at 595 nm
BSA (umol/mL) aldehyde groups before and after reaction
1.03 (sample was diluted
2.1 10:1 .
1.02 100 times)
0.91
0.021 1:10
0.94

Immobilization of LAC3

The starting amount of LAC3 was set to 0.021 umol for 1 mg of particles (0. 21umol aldehyde)
in a final volume of 1 mL. Activities of the reacted particles after four wash with 0.1 M acetate buffer
pH=5.7 were tested. Approximately 0.1 U/1 mg particles were quantified which is twice as less than
the first grafting results obtained (0.2 U/1 mg particles) in the absence of Tween 20.

From the dispersion study of the particles and the results of the first grafting experiments, the
following conclusion can be drawn: (1) from the various physical dispersion methods studied in this
section vortexing is apparently the best one. However, vortexing alone does not allow to get rid of
aggregates and get single dispersed particles; (2) combining vortex and surfactant (Tween 20) to the
dispersion medium makes it possible to obtain stable and well-dispersed particles. The dispersed
state of the particles can also be maintained during the separation and redispersion process. However,
the use of well dispersed particles for the immobilization of the model protein BSA and the target
enzyme LAC3 did not contribute to increase protein loadings to the expected detectable level
(measured by the Bradford method). At least in this case there is apparently no obvious link in
between a better dispersion and a better immobilization. This may be due at least in part to a certain
non-accessibility of functional groups at the surface of the particles. Therefore, it is necessary to
verify the amount of accessible functional groups or, in other words, to determine the active state of
the surface functional groups.
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2.2.3 Characterization of the surface functional groups on MNPs
2.2.3.1 Zeta potential measurement for the surface charge state of MNPs

Measuring zeta potential is a way to evaluate the physical stability of nanosuspensions. The zeta
potential represents the electric charge (mV) that a particle acquires through the ions surrounding it
when in solution. It is well documented that large positive or negative values for zeta potential of
nanocrystals indicate good physical stability of nanosuspensions due to electrostatic repulsion of
individual particles. Generally, particles with a zeta potential value outside a =30 mV to +30 mV
interval is considered to have sufficient repulsive force to remain dispersed.®

60 —e— MNPs-CHO mesures 24/04/2018

=t MNPs-CHO mesures 09/10/2017
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Fig. 111-2-7 Effect of pH on the surface charge of commercial particles.

Zeta Potential (mV)

The effect of pH on the surface charges was studied by measuring zeta potentials of MNPs
suspensions in pure water varying the pH from 3 to 9. The test was performed twice at different dates
and results are shown in Fig. 111-2-7. It can be seen that the pH of immobilization used in this study
(pH 7.4) is theoretically compatible with the maintainance of the particles in a dispersed state. Indeed,
the zeta potential of the particles at pH 7.4 is below —30 mV so it is out of the unstable suspension
zone. However, although the isoelectric point (IEP) of the C21 particles was found at pH 4.5 on
October 2017 was, the IEP of the same particles tested after a six-month storage period at 4°C (until
April 2018) was found at pH 5.4. This shift of almost one pH unit for the IEP reveals that the particles
are not stable over the time during storage. Since the laccase IEP is around pH 4, laccase will be
electronegative under the conditions of the immobilization reaction (pH 7.4). With the current
example, particles are also negatively charged as their IEP is found below pH 7.4. Thus, the
possibility of electrostatic adsorption is minimum due to electrostatic repulsion. However, would the
IEP of the particle move to above pH 7, the particles would be positively charged under the
conditions of the immobilization reaction and electrostatic attraction between laccase
(electronegative) and particles (electropositive) would increase and lead to an undesired non-
directional immobilization.
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Therefore, since the instability of the surface state of the particles has an effect on the
immobilization reaction storage conditions of the particles should be carefully monitored.

2.2.3.2 Qualitative characterization

The qualitative characterization of the particle surface groups was performed on IR-ATR
spectroscopy. Typical results are illustrated in Fig. 111-2-8 . In the case of commercial aldehyde
particles, the presence of v Fe-O vibration bands as well as v Si-O-Si vibration bands corresponding
to the core of the MNPs can be observed. Also, v CH: vibration bands of alkyl chain (long arm) are
detected. The characteristic intense vibration band v C=0 is also present but with an unusual low
intensity. This means either that the sample doesn’t contain that much aldehyde groups or it is not

stable over a long period of time in the packaging proposed by the manufacturer (i.e. dried).
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Fig. 111-2-8 ATR FT-IR spectrum of commercial aldehyde particles after storage

To verify the quality of the product, a new batch of aldehyde particles was purchased and tested
upon receipt by IR-DRIFT spectroscopy. The spectrum shown in Fig. 111-2-9 is similar to the spectrum
of the previous sample presented in . The vibration band v C=0 is present but its intensity is still low
as already observed. Since the sample was stored carefully at 4°C as instructed by the manufacturer
and measured as soon as received, it can be provisionally concluded that the commercial aldehyde
particles do not contain much aldehyde groups at their surface.
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Fig. 111-2-9 FT-IR spectrum of commercial aldehyde particles measured rapidly upon receipt

Because the ratio of enzymes over the amount of functional groups is a very important parameter
in the immobilization process, quantitative determination of the amount of aldehyde groups on the
surface of the particles is essential.

2.2.3.3 Quantitative characterization of the aldehyde reactive group

The principle of quantitative measurement of functional groups on MNPs surface is based on
dye coupling reaction reported by Bing Yan et.al..® The method relies on the coupling of a fluorescent
dye to the functional groups of resin-bound materials. Then, the quantification of the dye remaining
in solution allows the quantification of the functional groups of the resin. The dye-coupling principle
was reported to be an effective methodology to quantify reaction yields directly on solid phase due
to the excellent sensitivity of fluorescence spectroscopy and the ample availability of fluorescent
dyes.®
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Fig. 111-2-10 Schematic representation of the grafting of the fluorescent dye on MNPs for determination of the
surface aldehyde groups
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Dansylhydrazine was used as the fluorescent dye and was covalently bound to the surface of
the particles through its reaction with aldehyde groups (Fig. 111-2-10). During the reaction process,
the surface aldehyde groups are consumed. Since the reaction is stoichiometric, the amount of the
surface effective aldehyde groups is equal to the amount of dansylhydrazine coupled on MNPs,
which can be calculated by measuring the difference in fluorescence intensity between the

supernatant before and after reaction.

A series of standard samples were prepared in DMF and the fluorescence intensity was
measured with spectrofluorometer in order to draw a calibration curve and then be able to calculate
the concentration of the fluorescent substance in the supernatant. Excitation was set at 379 nm and
emission was scanned from 400 to 600 nm; maximum fluorescence intensity was recorded at 521
nm. Raw data are presented in Fig. 111-2-11 and the relationship between the concentration of the
dansylhydrazine solution and their fluorescence intensity is shown in Fig. 111-2-11 B. It can be seen
that in a very low concentration range, the fluorescence intensity is linearly related to the
concentration of the fluorescent molecule, while at the higher concentration solutions, the
fluorescence intensity no longer maintains the linear relationship with the concentration, maybe due
to fluorescence quenching and self-absorption. So the calibration curve (Fig. 111-2-12) was made by
just taking the data in the linear part of Fig. 111-2-11 B. Therefore, special attention was payed when
measuring the fluorescence intensity of the supernatant in the reaction system i.e. diluting samples if
there were out of the range of the calibration curve.
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Fig. 111-2-11 Fluorescence spectroscopy measurement of the standard solutions. (A) Fluorescence intensity spectra
of standard solutions at different concentrations (B) Relationship between solution concentration and fluorescence
intensity. The wavelength of the excitation light was set at 379 nm and wavelength of the emission light was
scanned from 400 to 600 nm, slits 1nm, 20°C. Fluorescence intensity of the solution was taken at the maximum
emission at 521 nm.
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Fig. 111-2-12 Calibration curve for quantitative determination of aldehyde groups on the surface of MNPs by
fluorescent dye coupling method.

After linear fitting which go through the (0,0) point, the equation of the curve is determined to
be: y (intensity)=2294740x (x concentration: pmol/mL). The application scope of this calibration
curve is 0~0.0625umol/mL. It means that the fluorescence intensity of the tested samples should be
no more than 142700 CPS.

The dye coupling reaction for aldehyde quantitative measurement was performed at room
temperature in a total reaction volume of 1ml. Img commercial aldehyde particles was used for
coupling with 0.105 pumol initial dansylhydrazine (approximately 1:2 molar ratio relative to the
functional group on MNPs). The reaction was incubated at room temperature for 30mins using DMF
as solvent. After reaction, beads were magnetically separated and washed by the reaction medium

several times. The supernatants and the washing solutions were collected and diluted appropriately
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for fluorescence spectroscopy measurement using the same parameters as for standard solutions.

Results are shown in Fig. 111-2-13 and the corresponding calculations are given in Table 111-2-3.
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Fig. 111-2-13 Fluorescence spectroscopy measurement of the supernatants and washing solutions

As expected, fluorescence intensity in the supernatant diminished after reaction, meaning that
part of the dansylhydrazine was effectively coupled with the MNPs. Non specific fluorescence (non-
covalently bound dyes) was removed by washing the particles. A density of about 40 pmol of
aldehyde/g particles was calculated from supernatants diluted 10 and 20 times respectively (Table
111-2-3). Considering the inevitable experimental error, these two values can be mutually verified. 34-
40 umol of aldehyde/g particles is much smaller than the 210 umol/g value provided by the supplier.
The low content of the surface functional groups is consistent with the results of the FT-IRanalysis.

It is worth mentioning that, before using DMF as the reaction medium, the storage buffer (20
mM acetate buffer, pH=5.7) was also tested since the immobilization of laccase on MNPs has to be
performed in mild conditions (aqueous solution, a certain pH, etc.). Although a calibration curve was
obtained for standard samples the intensity of fluorescence of the supernatant before and after
reaction did not change (data not shown). Dansylhydrazine coupling did not occur in DMSO as well.
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Table 111-2-3 Surface functional groups calculated by the calibration curve

Fluorescence  Concentration  Concentration Difference Aldehyde

Samples intensity of dilutions of solutions value contents
(CPS) (nmol/mL) (nmol/mL) (nmol/mg) (nmol/g)
Blank contrast diluted 10x 109080 0.047 0.470
Supernatant diluted 10x 99620 0.043 0.430 0.040 40
Wash 1 13110 - 0.005
Wash 2 2870 - 0.001
Blank contrast diluted 20x 56590 0.025 0.490
Supernatant diluted 20x 51180 0.022 0.450 0.040 40
Wash 1 13110 - 0.006
Wash 2 2870 - 0.001

To conclude, the measured contents of the surface functional groups on the commercial
aldehyde particles is lower (> 5 times) than the value given by the manufacturer. Moreover, particles
are not apparently stable during storage. This may explain the difficulties encountered to evaluate
the enzyme loading by conventional methods (UV-VIS, Bradford) as well as to improve reaction
yields even though well-dispersed particle suspensions were obtained. Taking this into account the
immobilization conditions was adjusted according to the effective contents of surface groups.

2.2.4 Exploration of the experimental conditions
2.2.4.1 Effect of particle amount on enzyme loading

For the purpose of bringing the enzyme load to a detectable level, increased amounts of particles
(i.e. representing an increase in total aldehyde groups) were used. The final volume of the reaction
system was kept to 1 mL and the initial enzyme concentration used was 5 uM. Three sets of
immobilizations were performed for 2 mg and 10 mg particles respectively. Enzyme loading was
tested by Bradford methods as previously described. The relationship between particle amounts and
enzyme loading is shown in Fig. 111-2-14. It can be seen that increasing the amount of particles does
not increase the enzyme loading but rather diminish it. If the Bradford method is reliable, this
phenomenon may result from an increased aggregation linked to a higher frequency of particle
collisions in highly concentrated particle suspensions therefore decreasing the availability of
functional groups.
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Fig. 111-2-14 Relationship of the particles amount and the final enzyme loading. The total volume of the reaction
system is 1mL, and the initial enzyme concentration used is 5uM. Three groups of immobilizations were performed
for 2mg and 10mg particles respectively. Enzyme loading was tested by Bradford methods as previously described.

2.2.4.2 From Bradford to ELISA for Enzyme loading measurement

It is difficult to increase the enzyme loading in the current situations, limited by the apparent
low content of surface functional groups and the nature of the reaction medium (in order not to
damage the activity of laccase it is necessary to employ an aqueous solution or a solution containing
only a very small amount of organic solvent in the reaction medium). When we quantified aldehyde
groups on the surface of C21, it was obvious that the organic solvent DMF is more favorable for the
reductive alkylation reaction than the storage buffer this being amplified also by the mass transfer
caused by the solid phase. The reaction between the two phases is less probable to proceed

completely as compared with reaction in a homogenous solution.

Bradford and UV-Vis are the mostly used methods for enzyme concentration measurement as
reported in the literature. These methods are indirect since they are based on measuring the amount
of protein in solution before and after incubation with MNPs. However, these methods have some
shortcomings. First, the estimation could be inaccurate, because several errors may be introduced
since the methodology contains a measurement of two concentrations (concentrations of a solution
before and after reaction). Also, in some cases, in order to avoid exceeding the upper limit of
detection, the sample needs to be diluted before test. When the dilution factor is large, it is also
possible to amplify the experimental error when multiplying it back. In addition, when the
immobilized amount is particularly small, the amount of immobilized protein is calculated as a small
difference between two large values. It will raise uncertainty because in some cases, the difference

is below detection.
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Under the cases of this study, where the influence of orientations on immobilized enzymes need
to be compared based on the specific activity, an accurate measurement of the enzyme grafted is
needed. Because the enzyme loading is a very important factor for computation of the specific
activity, any inaccurate measurement will give unveracious results.

So, the challenge is converted into finding ways to detect the enzyme loading at a minute
quantity level. The method should be sensitive and accurate. Here, enzyme linked immunosorbent
assay (ELISA) was developed to achieve this goal.

ELISA is commonly used in medical research laboratories and for commercial applications,
including the detection of disease markers and allergens in diagnostic and food industries. It is a
powerful method for detecting and quantifying a specific protein in a complex mixture. The
mechanism of a typical ELISA can be described as follows based on a guide book of Thermo
SCIENTIFIC (ELISA technical guide and protocols).”

1). Coating/Capture: to detect an antigen in a complex protein mixture, the antigen should be
firstimmobilized to the wells of a microplate either by direct adsorption or via an antibody adsorption.

2). Plate Blocking: the plate is blocked by addition of irrelevant protein or other molecule to
cover all unsaturated surface-binding sites of the microplate wells.

3). Probing/Detection: incubation with antigen-specific antibodies that affinity-bind to the
antigens. The detection antibody may be directly labeled with a signal-generating enzyme or
fluorophore or it may be secondarily probed with an enzyme- or fluor-labeled secondary antibody
(or avidin-biotin chemistry).

4). Signal Measurement: detection of the signal generated via the direct or secondary tag on
the specific antibody. For enzymatic detection, the appropriate enzyme substrate is added. The signal
observed is proportional to the amount of antigen in the sample. Washing between steps ensures that
only specific (high-affinity) binding events are maintained to cause signal at the final step.

In this study, the free and immobilized laccase can be regarded as antigens. The free enzyme
used for standard solutions was attached to the microplate by adsorption. The immobilized enzyme
was be placed in the microwells as well with the MNPs as carriers. The convenient manipulation of
MNPs directly on the microplate was achieved by using a special magnetic supporter (Fig. 111-2-15
A). After coating the microplate with free laccase or laccase-MNPs, BSA was used as a blocking
protein to cover all the unsaturated binding sites in the microwell. Thereafter, a biotinylated anti-lac3
detection antibody was added to the microwell to bind the antigen (laccase); the complex was then
recognized by an alkaline phosphatase enzyme (AP) conjugated streptavidin. The alkaline
phosphatase enzyme catalyzes the transformation of the substrate p-Nitrophenyl Phosphate (PNPP)
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to form a yellow water-soluble reaction product absorbing light at 405 nm therefore allowing the
detection of the complex formation.

The entire process is depicted in the Fig. 111-2-15 B. The colorimetric titration of product
formation is typically in the range of low- to mid-picogram levels of antigen per well, so ELISA has
a higher sensitivity compared to conventional methods. Also, the accuracy is higher since it involves
the direct detection of immobilized laccase on the particles. Therefore, ELISA has great potentials
for the enzyme loading measurement, since a small amount of enzyme can be detected and the

experimental error can be reduced.

p-Nitrophenyl Phosphate
Substrate

Detectable {J

end product Alkaline phosphatase

enzymes (AP)
conjugated streptavidin

Biotinylated
detection antibody

Free or immobilized laccase as antigen

Fig. 111-2-15 The special magnetic support used for MNPs manipulations on microplate (A) and the Schematic
diagram of the mechanism of ELISA (B) (refer to the reference’ add notes according to the actual situation)

2.2.4.3 Effect of initial laccase concentration onto immobilized laccase activity

It is reported that the initial enzyme concentration has an important influence on the activity of
the immobilized laccase. As the initial laccase concentration increases, the activity of the
immobilized laccase increases first and then keep stable or slightly decreases. The reason is because
when excessive enzymes concentration is present in the solution, enzyme conformation and
diffusional limitations will occur due to the protein-protein interaction leading to multilayers or
clusters of enzyme molecules formation at the surface of the support.

Crutz et al. studied the immobilization of a lyophilized enzyme CALB (Candida antarctica
lipase) adsorbed on fumed silica and put forward the following points. The catalytic activity of the
immobilized CALB can be correlated into three regimes of surface loading (Fig. 111-2-16). Region I:
the enzyme conformation-controlled regime, the low surface coverage leads the enzyme molecules
to maximize their contact with the surface. This event causes a variation in the native conformation
and reduction of the catalytic activity. At intermediate surface coverage Region Il: the presence of
enzyme-enzyme interactions prevents excessive enzyme surface interactions and preserves active

enzyme conformation. At high surface coverage region Ill, where the enzyme molecules are densely
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packed in multi-layers on the surface, mass-transfer limitations are responsible for the reduction of
the specific activity of the immobilized enzyme.

45

~200  9%SC

Enzyme
Concentration
[mg/ml]

1.5

Conformation-controlled

0.5

200 400 600 800 1000 1200
Nominal Surface Coverage [%SC]

Fig. 111-2-16 Regions of conformational stability for CALB/fumed silica adsorbates. The dotted vertical line at
~200%SC separates two different regions of conformational stability: region | delimited by a long-dash-dot line
where adsorbates exhibit low conformational stability, and region 11l delimited by a short-dash-dot line where
adsorbates have highly stable conformations. The presence of these two regions is likely to be responsible for the
observed catalytic activity (ro) of the lyophilized adsorbates in hexane (inset). The low catalytic activity observed
at low %SC can be linked to region I. Even though the structure is well preserved in region I11, multi-layer packing
is likely responsible for diffusional limitations of catalysis. The maximum in activity between those two regions
can be attributed to an optimal arrangement on the surface where the structure is relatively well maintained without
excessive clustering (region I1, delimited by a dotted line) 8

Therefore, to compare the effect of the oriented immobilization on the laccase activity, the
maximum activity point should be found at first. One of the reasons is that: activity measurement at
the maximum activity point is relatively accurate due to the high values (lower values will introduce
higher experimental errors). Also, the conclusion related to the influence of the orientation will be
more accurate, because of the influence of other factors such as the multilayer enzyme cluster that
can be avoided at a maximum extent. Therefore, in this section, the relationship between the initial
laccase concentration and the immobilized laccase activity will be first studied.

LAC3 was used as the model protein in these studies and the results are shown in the Fig. I11-
2-17. It can be seen from the figure that the relationship between the activity of the enzyme after
immobilization and the initial enzyme concentration follow the above theory. That is, in the low
concentration range, the activity of the enzyme after immobilization increases as the initial
concentration increases, which is due to the increased number of immobilized enzymes. After, when
the initial enzyme concentration exceeds a certain value, laccase activity keeps stable or slightly
decrease because of the saturation of the MNP or by diffusional limitations caused by multilayer
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formation. The maximum activity point of the grafted LAC3 is reached for 5001M initial
concentration for the commercial aldehyde beads.
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Fig. 111-2-17 Relationship between the initial laccase concentration and the immobilized laccase activity for the
commercial aldehyde particles. LAC3 was used as model protein. Particles concentration 2mg/mL. Reaction
temperature: 30°C. Rotating speed: thermomixer 1000 rpm. The maximum activity point of the grafted LAC3 is
reached for an initial enzyme concentration of 500uM.

2.2.5 Final results of C21 immobilization

After the major parameter was determined, three successive immobilizations were performed
separately. The total concentration of particles and initial enzymes were 2 mg/mL and 500 uM
respectively. The final reaction volume was 200 pL. The particles were washed 3 times by MQ water
before immobilization. The enzymes were buffer changed for the coupling buffer in advance. The
reaction mixture was incubated overnight (18~20 hours) in a thermomixer at 1000 rpm and 30°C.
After incubation, the particles were washed 5-10 times with a storage buffer to remove unbound and
non-covalently adsorbed laccase, then the immobilized particles were stored in the storage buffer for
testing. The results of the final immobilizations are discussed in detail below.

2.2.5.1 Enzyme loading

Enzyme loading was tested by ELISA the principle of which is described above (refer to the
Experimental Methods section of the appendix in this manuscript for the detailed protocols). The
freshly produced UniKie: (batch 2018.04) at a concentration of 6.4 mg/mL was diluted and used as
standard enzyme for the calibration curve. Both the standard samples and the particle samples
immobilized with different laccase were triplicated in the microwell respectively. For each
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measurement, the corresponding number of bare particles was used as a blank control and different
amounts (2ug and 1pg) of particles were used for verification.

1.8
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Fig. 111-2-18 Enzyme loading tested by ELISA for the commercial aldehyde particles. Three groups of
immobilizations (Group 1, 2 and 3 corresponds to A, B and C) were tested separately under the same conditions:
particles concentration: 2mg/mL. Immobilization buffer: 50 mM phosphate contains 0.1M sodium formate, pH 7.4.
Initial laccase concentration: S00uM. Total volume: 200uL. Ir catalyst: 10 eq[E]. Reaction temperature: 30°C.
Rotating on thermomixer at 1000rpm. 2pug and 1ug particles immobilized with different laccase were triplicated in
the microwell respectively. Error bar were less than 11% for the immobilized samples.

The relationship between the absorbance of the end products at 405nm and the laccase
concentration in each microwell is shown in Fig. 111-2-18. It can be seen that the calibration curves
have good linearity and the absorbance of the samples are all located at the middle of the curve, so
the results were considered as reliable. It is also indicated that the amounts of particles used in this
test is suitable. Higher or lower number of particles would cause deviations of the results from the
central region, which may introduce errors. Also it is worth mentioning that the bare particles have
only a small absorbance (~0.065 AU), which is almost equivalent to the absorbance value of the
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standard sample at concentration 0, suggesting that the particles themselves do not interfere with the
measurement process.

According to the calculations, for the first group of immobilizations, the quantities of LAC3
and UniK161 immobilized on 2ug particles were 300 and 350 ng respectively, with a standard
deviation of 10.2% for LAC3 and 6.6% for UniK161. The reliability of the results and the
repeatability of the method were verified by using 1ug of particles for the enzyme loading test. It can
be seen from the figure that as the number of particles added to each microwells decreased, the
measured amounts for both laccases decreased proportionally to 150 and 175 ng respectively, with a
standard deviation of 6.7% for LAC3 and 11.6% for UniKze1. This trend was similar for the second
and third immobilizations. The fact that the amount of enzyme immobilized in the third group of
MNPs was slightly smaller than that of the first two groups may be caused by the heterogeneous
nature of the magnetic nanoparticles. These reproducible results indicate that the measure of the
enzyme loading by ELISA is reliable.

The enzyme loading of each immobilization was calculated as the average value of the
measurements with different amounts of particles. The calculated enzyme loading is displayed in
Table 111-2-4. It can be seen that for LAC3, the enzyme loadings of the three groups of
immobilizations are 150, 187,107 pg laccase per mg particles respectively, and for UniKye1, the
enzyme loadings are 175, 165, 100ug laccase per mg particles respectively. The difference in enzyme
loading between the two laccases as well as among the three groups of immobilizations are small.
Deviations may result from the heterogeneous nature of the support materials.

Table 111-2-4 Enzyme loading calculations for commercial aldehyde particles immobilization

Particles Enzyme Enzyme Average
Samples used loaded Loading enzyme Loading STEDV
(ng/well)  (ng/well)  (ng/mg) (ng/mg)
. . 2 300 150
C21 immobilized LAC3-1 150 0.00
1 150 150
. - . 2 350 175
C21 immobilized UniK161-1 175 0.00
1 175 175
) . 2 376 188
C21 immobilized LAC3-2 187 1.41
1 186 186
) . ) 2 337 169
C21 immobilized UniK161-2 165 5.30
1 161 161
. - 2 202 101
C21 immobilized LAC3-3 107 8.49
1 113 113
. . . 2 190 95
C21 immobilized UniK161-3 100 6.36
1 104 104
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2.2.5.2 Activity and Specific Activity of free and immobilized laccase towards ABTS

Activity of the free and immobilized laccase were determined against ABTS substrate at 30°C
in @ medium of 0.1 M of Acetate buffer pH 5.5. Formation of the green ABTS radicals cation
(ABTS-") were detected by following the absorbance at 420 nm (=36000 mol™*cm™, calculation
factor 27.8) for 2 min using a spectrophotometer (Carry 60, Varian). For the measurement of the free
laccase activity, 10 uL of the appropriately diluted enzyme samples was added into 890 uL of 0.1 M
of Acetate buffer pH 5.5 at 30°C, and the enzymatic reactions was started by adding 100 uLL ABTS
solutions (50 mM) into the reaction mixture (ImL in the visible cuvette). For the determination of
the immobilized laccase activity, the reaction contains 10 uL of the immobilized laccase containing
MNPs (20 pg of particles for 2 mg/ml concentration), 890 uL of 0.1 M Acetate buffer pH 5.5 (heated
to 30°C by water bath), and 100 uLL ABTS solutions (50 mM). The amount of laccase oxidizing one
micromole of substrate per minute was defined as one unit (U). All the experiments were carried out
as triplicates and all the results are obtained as average of triplicate experiments.

The activity of laccase after immobilization is shown in Fig. 111-2-19. For all the three groups of
experiments, the immobilized LAC3 demonstrated a higher activity than the immobilized UniKie:.
This difference can be caused either by the effect of the orientation or by the variation of the amount
of laccase immobilized per mg particles.

4.5

4.03

Activity after immobilization (U/20mg particles)

LAC3-1 UniK161-1 LAC3-2 UniK161-2 LAC3-3 UniK161-3

Fig. 111-2-19 Activity of commercial aldehyde particles immobilized laccase towards ABTS, at pH 5.57, 30°C.
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So, in order to investigate the effect of orientation, the Specific Activity (SA, activity
normalized to U per mg enzymes) of the free and immobilized laccase were calculated based on the
enzyme loading measured in section 2.2.5.1. The calculation formula is shown below:

Activity (U/20mg particles) x 1000
Enzyme loading (ug/mg particles ) x 20

Specific Activity =

The calculated results are shown in Table 111-2-5. After immobilization, SA of laccase decreased
dramatically compared with the free enzymes, more than 200 times decrease at the maximum extent
(C21 immobilized UniKze1-2). This can be explained by the mass transfer limitations (reduced
accessibility of the substrate to the catalytic active center) or the deleterious conformational changes
of the protein (loss of the enzyme dynamic properties and/or alteration of the conformational integrity
of the enzyme) during covalent binding. Immobilization causes the enzyme molecule to interface
with a molecular environment that can be very different from what it has in its native state, which

could have an effect on the catalytic activity.

To determine the effect of immobilization directions on the laccase activity, the ratio of the SA
of LAC3 and UniKie1 was calculated as a criterion. It can be seen that before immobilization, the
ratio is 0.82 since UniKzs1 has a slightly higher specific activity (111 U/mg) than LAC3 (91 U/mg).
After immobilization, a reversed LAC3/UniKie: ratio was observed for all the three groups of
immobilizations corresponding to a LAC3 with an apparent higher catalytic efficiency than UniKye1
(Table 111-2-5). Since mass-transfer limitations caused by an over loading of enzyme or an inaccurate
enzyme loading are excluded such an evolution of the LAC3/UniKe; ratio can be attributed to the
oriented immobilization of the enzyme at the particle surface.

It can be considered that the oriented immobilization modifies the SA ratio of LAC3 and
UniKye: from 0.8 to 1.5 (the average ratio of the three immobilizations), confirming the influence of
the oriented immobilization on the activity of laccase. In UniKgs1, the particles are grafted in such a
way that the T1 is located close to the particles surface. Thus, a substrate reaching the active site
could be constrained by the particles surface, therefore limiting the activity of the laccase.
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Table 111-2-5 Specific Activity of free and immobilized laccase for commercial aldehyde particles

Commercial Activity after Graft

. Enzyme Loading Specific Activity Ratio of SA:
Aldehyde Particles (ABTS; U/20mg .
(ng/mg) . (ABTS; U/mg laccase)  (LAC3/UniK161)
(C21) grafted particles)
Free LAC3 -= -= 91
. 0.82
Free UniK161 -= -= 111
LAC3-1 150 2.65 0.883 170
UniK161-1 175 1.82 0.520 '
LAC3-2 187 2.66 0.711 123
UniK161-2 165 1.89 0.576 '
LAC3-3 107 4.04 1.888 158
UniK161-3 99 2.37 1.197 '
Average ratio of SA after immobilization (LAC3/UniKe1): 1.50

2.2.5.3 Coniferyl alcohol biotransformation with immobilized laccase

We showed that the directional immobilization of laccase on MNPs has an influence on the
activity of laccase with ABTS as substrate. However, will this effect be observed in the reaction of
the laccase with other substrates? This is an issue worth to verify. From Chapter Il we know that the
laccase LAC3 (as well as UNIK1e1) oxidizes coniferyl alcohol (CA) into coniferyl alcohol radicals
(CA-), then these radicals undergo random coupling to form a mixture of products. Here, this well-
studied molecule was examined as substrate for oriented immobilized laccase. When studying
laccase activity with ABTS as substrate, only changes in ABTS radicals were monitored, while
during the oxidation of CA by laccase, what was traced for activity measurement are not radicals but
the coupling products (Fig. 111-2-20).

OH

HO.
X OH
Z 8
le- Oy
OCH;
oxidation
OCH;
OH
OCH; OCH; OCH;
Coniferyl alcohol Dehydrodiconiferyl alcohols Pinoresinol Guaiacyglycerol

Fig. 111-2-20 Oxidation of Coniferyl alcohol and the coupling products

Oxidation of coniferyl alcohol catalyzed by free and immobilized laccase was carried out in a 2
ml centrifuge tubes. All experiments were performed in 0.1 M acetate buffer, pH 5,5. The final
concentration of CA is 1.6mM, the amount of laccase used depends on the specific experiment
(generally 1U/L as measured with ABTS). Thermomixer was used for the incubation at a temperature

of 30 <C and 1000 rpm. Samples were taken out at given time points and the reaction was stopped
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by addition (ratio 1:1) of an acetonitrile solution of benzophenone to serve as internal reference for
HPLC. CA oxidation products were separated and tested by reverse-phase HPLC on a RP-18 column.
For immobilized laccase samples, particles were discarded by magnetic separation prior injection on

the HPLC column for analysis.
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Fig. 111-2-21  Control experiments of coniferyl alcohol biotransformation. The control samples contain: 1.6 mM
CA only(blank); 1.6 mM CA solutions added with a final concentration of 1 mg/mL bare particles; 1.6 mM CA
plus free laccase (LAC3 or UniKye, final 1U/L tested by ABTS). Experiments were incubated in 0.1M pH=5,7
acetate buffer, at 30°C in a thermomixer at 1000rpm, for maximum 25 hours, in a final volume of 500uL. The
ordinate is the ratio of the area of the peak corresponding to the reactant on the HPLC chromatogram to the area of
the peak corresponding to the benzophenone reference.

Control experiments were performed first (Fig. 111-2-21). The first control sample contained only
CA (1.6 mM in 0.1M acetate buffer pH 5.5). It can be seen that the CA level barely changed within
25 hours of incubation. The second control sample is the CA substrate solutions (1.6 mM)
supplemented with a final concentration of 1 mg/mL of bare particles. Almost no change is
observable as compared to the results of CA only, indicating that the bare particles have no effect on
the oxidation of CA. In the third control, 1.6 mM CA was reacted with free laccase (LAC3 or UniKze1,
at 1U/L final tested by ABTS). CA consumption appears slightly faster when catalyzed by Unikie1
than catalyzed by the same amount (and also the same ABTS activity, since the ratio of the SA of
the two laccases is near 1) of LAC3. This difference, not seen for ABTS, might be due to the mutation
Rie1->K found in UniKze1. Indeed, it seems that position 161 is located in an area that may interact

with phenolic substrates and not with ABTS. °
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Fig. 111-2-22 Oxidation of coniferyl alcohol catalyzed by immobilized laccases. Experiments were incubated in
0.1M pH=5,5 Acetate buffer, at 30°C in a thermomixer at 1000rpm, for maximum 25 hours, in a final volume of
500uL and CA concentration of 1.6 mM. The ordinate is the ratio of the area of the peak corresponding to the
reactant on the HPLC chromatogram to the area of the peak corresponding to the reference benzophenone. Three
groups of immobilized laccases were tested and the amount of laccase used is as follows: Group 1: 554 ng
immobilized enzyme; Group 2: 695 ng immobilized enzyme; Group 3: 250 ng immobilized enzyme in the total
reaction system. CA: coniferyl alcohol; DCA: dehydroconyferyl alcohol.
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Then the oxidation of CA was carried out by immobilized laccases (three independent graftings)
under the same conditions as control experiments. Consumption of the substrate coniferyl alcohol
(CA) and production of the major product dehydrodiconiferyl alcohols (DCA) over time are seen on
Fig. 111-2-22.

Note that in order to better monitor the formation of dimer products and avoid polymerization,
the amount of laccase was maintained as low as 1 U/L (ABTS activity) on purpose. At this laccase
concentration, a 25-h window allows comparing the consumption of 1.6 mM substrate by the two

immobilized enzymes LAC3 and UniKgs;.

As can be seen from the figures, the difference in enzyme efficiency between the immobilized
LAC3 and the immobilized UniKe; is rather small, appearing only after 6 hours of reaction. However,
as this trend is reproduced in the three independent experiments, we performed it seems to be
significant. This result is the opposite of that obtained in the control experiments in which CA was
oxidized by free laccase. In addition to the synthetic substrate ABTS, this inversion of efficiency
points out that the effect of directional immobilization of the laccase on its activity is observable with
phenolic substrates like CA as well.

Table 111-2-6 Normalized value of the consumed substrate [(initial CA area/benzo area) — (remaining CA
area/benzo area) ] of the free and immobilized laccase at the 6th hours. Area represent the peak area on the HPLC
chromatogram

Consumed substrate
Consumed substrate

Commercial Aldehyde [(initial CA area/benzo Amount of Ratio” of
) o /Amount of Laccase )
Particles (C21) area) — (remaining CA Laccase (ng) LAC3/UniK161
(1/mg)
area/benzo area)]
Free LAC3 0.548 6.8 80603
0.87
Free UniK161 0.652 7.0 93074
LAC3-1 0.303 554 547 12
UniK161-1 0.249 554 449 '
LAC3-2 0.303 695 436 o1
UniK161-2 0.251 695 361 '
LAC3-3 0.201 250 803 507
UniK161-3 0.097 250 387 '
Average Ratio” after immobilization (LAC3/UniKe1): 1.50
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A LAC3/UniKje; ratio (Ratio”) can be defined as quantitatively express the effect of the oriented
immobilization on the oxidative properties of laccase. First, because the area of a peak on the HPLC
chromatogram is proportional to the amount of the compound that is present, so the ratio of
CA/benzophenone on the HPLC chromatogram can be regarded as the amount of substrate left in the
reaction mixture. Second, according to the calculation of the first point, after a period of reaction, the
amount of residual substrate in the reactions respectively catalyzed by LAC3 and UniKze; is
calculated. Then, the amount of residual substrate is normalized to each unit of enzyme by dividing
the amount of laccase used. And the normalized values can be regarded as Specific Activity (SA) of
laccase towards coniferyl alcohol. Eventually, the SA ratio (Ratio”) of the two enzymes represents
the relative efficiency of the two enzymes.

Calculations of the Ratio” after oxidation of 6 hours are found in Table 111-2-6. It can be seen
that: with the free laccases systems, the Ratio” is 0.87, meaning that the amount of substrate
consumed in the reaction mixture after reaction 6 hours with free UniKss is slightly higher than that
with free LAC3. While, in the immobilized laccase oxidation system, the Ratio” is climb to 1.5 (mean
value), which is about 2 times of that for free laccase. This difference between the two systems (free
vs grafted) is consistent with what we observed with ABTS as substrate. More importantly, it
illustrates a similar behavior of the immobilized enzymes regarding synthetic and phenolic substrates.
It seems indeed that bringing the oxidation center at the interface between the enzyme and the MNP
bead surfaces (in the case of UniKie1) reduces ABTS as well as CA oxidation.

2.3 Conclusions

In this subsection, commercial aldehyde particles were used as support materials to study the
influence of oriented immobilization on the activity of laccase. Two substrates (ABTS and Coniferyl
alcohol) were studied to achieve this goal. From the study of these two substrates, it is concluded
that the immobilization near the active site (in the case of UniKie1) and the immobilization far away
from the active site (in the case of LAC3) can be differentiated on the basis of the activity of laccase.

For ABTS, the ratio of the specific activities of LAC3 and UniKge; is increased from 0.82 before
immobilization to 1.5 after immobilization. This clearly supports an inhibitory effect on ABTS
oxidation when bringing the oxidation site close to the aldehyde functionalization layer. For coniferyl
alcohol, a similar trend is observed: the ratio of the specific activities of LAC3 and UniKie; as
immobilized enzymes is about 2 times greater (1.5) than that as free enzymes (0.87). This supports
that the aldehyde functionalization layer nearby the enzyme’s oxidation site is also affecting the
phenolic substrate oxidation. Therefore, bringing the enzyme’s oxidation site at the interface with
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the particle’s functional shell leads apparently to a global decrease of the activity that could be
reasonably associated to a physical limitation (hindrance) to access the active site.

Although modestly, orientation of the enzyme during immobilization affects laccase activity. Is
this universal? In other words, will it be observed when other particles are used as carriers? To what
extend? Can it be used to modulate the activity? In order to answer these questions, custom-made
aromatic aldehyde particles were used for immobilization experiments, under the same experimental
conditions as the commercial aliphatic aldehyde ones.
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3 Custom-made aldehyde particles (H23) immobilization

3.1 Information of the custom-made aldehyde particles

The custom-made aldehyde particles (MNPs g-Fe.0O:@SiO.@Lin-CHO, number as H23) were
synthesized by Hongtao Ji a PhD student working under the supervision of Dr. Karine Heuz&from
the University of Bordeaux. Compared to the commercial aldehyde particles previously used in
chapter 111 section 2, although the shells of H23 is also coated with silica, this silica is not linked to
the aldehyde group by a 21 carbon long aliphatic linker, but attached via an aromatic core (Fig. 111-
3-1).

Fig. 111-3-1 Schematic diagram of custom-made aldehyde particles H23

In the report of Jesse M. McFarland and Matthew B. Francis in which numerous aldehydes have
been screened for immobilization on lysozyme (which has six lysines), the conclusion is that simple
alkyl aldehydes generally exhibit lower levels of reactivity, while substrates possessing aromatic
groups afford higheer levels of product conversion. This is likely due to the enhanced stability of the
imine intermediates arising from hydrophobic interactions between these groups and the proteins
and/or catalyst. 2 So, aromatic aldehyde particles were synthesized and investigated here with the
expectation that higher difference in activities could be observed between different orientations the
enzyme through its immobilization.

Because aldehyde is still used as the surface functional group in H23, the immobilization
reaction (reductive alkylation) is the same as the one used with the commercial particles (introduced
in details in the previous section, chapter 111 section 2.1). Since most of the experimental conditions
(including the preparation of particle suspensions, the measurement of enzyme loadings) were
established for the commercial aldehyde particles, the content of the study in this section will be
simplified. Only the initial enzyme concentration was examined prior to the formal immobilization.
The rest of the parameters are referred to the conditions used for C21 immobilization: the reaction
was carried out in a thermomixer at 30°C with a rotating speed of 1000 rpm, the concentration of the
particles was 2 mg/ml, final volume 200uL; Iridium catalyst used equals 10 times the enzyme
concentration (for the detailed protocol, please refer to Experimental Methods section in this

manuscript).
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3.2 Results and discussion
3.2.1 Relationship between initial laccase and activity

1.8

1.6 —-' . §
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Custom-made aldehyde particles H23
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Activity after inmobilization (U/ 20mg particles)
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Fig. 111-3-2 Relationship between the initial laccase concentration and the immobilized laccase activity for the
custom-made aldehyde particles H23. LAC3 was used as model protein in these cases. Particles concentration
2mg/mL. Reaction temperature: 30°C. Rotating speed: thermomixer 1000 rpm. The maximum activity point for
the grafted LAC3 appears for an initial enzyme concentration of 100uM.

As previously demonstrated, the initial concentration of laccase is a very important factor
influencing laccase activity after immobilization. Because the initial laccase concentration affects
the enzyme loading which in turn could influence the enzyme activity due to diffusional limitations
or conformation changes when a multilayer of enzyme occurs. In order to be able to compare the
effect of the orientation on laccase activity, the influence of other factors should be avoided. So, the
concentration contributing to the maximum activity of immobilized laccase should be set as the
concentration in the immobilization experiments.

The relationship between the initial laccase concentration and the immobilized laccase activity
was studied using LAC3 as the model protein (Fig. 111-3-2). UniK1s1 immobilization is considered to
have the same consequence as for LAC3, as the two enzymes are actually the same laccase (but for
position 161), and it has been confirmed that site-directed mutagenesis has no effect on the specific
activity of the laccase (at least on ABTS).! It can be seen that in the low concentration range, the
activity of the immobilized enzyme increases as the initial concentration of laccase increases, this is
likely due to the increased enzyme loading. After the initial enzyme concentration exceeds a certain
value, laccase activity is stable or slightly reduced as a result of saturation or due to diffusional
limitations caused by the formation of a multilayer of enzymes. Altogether, the relationship between
the initial enzyme concentration and the activity of the immobilized enzyme is similar to the picture
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obtained for the commercial aldehyde particles. The maximum activity point of the H23 grafted
LACS3 particles is appearing at the initial enzyme concentration of 100uM. Therefore, in the
following immobilization experiments on H23 particles, the initial laccase concentration was set to

this value.

3.2.2 Enzyme loading
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Fig. 111-3-3 Enzyme loading tested by ELISA for the custom-made aldehyde particles. Three independent
immobilizations were performed separately under the same conditions: particles concentration: 2mg/mL,
immobilization buffer: 50 mM phosphate contains 0.1M sodium formate, pH 7.4. Initial laccase concentration:
100pM. Total system volume: 200uL. Ir catalyst: 10 eq [E]. Reaction temperature: 30°C. Thermomixer rotation set
at 1000rpm. 2pg, 1pg and 0.5ug particles immobilized with different laccase were triplicated in the microwell for
measurements. The points on the graph are representing the average value of the triplicate tests in the microwell.
A and B are the enzyme loading of LAC3 and UniKze1 respectively. Error bar were less than 12% for the
immobilized samples.

As before, three independent immobilizations were performed. For each group, enzyme loading
was tested by ELISA following the procedure described previously (refer to the Experimental
Methods section of the appendix in this manuscript for the detailed protocols). Dilutions of the
freshly produced UniKzie: (batch 2018.04) were used for establishing calibration curves. For each
immobilization, different amounts (2 pg, 1 pg and 0.5 pg) of particles were used for verification, and
the corresponding amount of bare particles was used as a blank control. Both the standard samples
and the particle samples (particles immobilized with different laccase) were tested in triplicate in

microplates. Results are displayed in Fig. 111-3-3.

From the figure, it can be seen that: first, calibration curves have good linearity and samples
values are all located within the working range of the curve. Therefore, the results are considered to
be reliable. Second, regarding the enzyme loading, only small variations among the three
independent immobilizations were observed. Therefore, it can be considered that the immobilization
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experiment is stable and repeatable. Also, for both laccases, the enzyme loading represented by the
absorbance value is basically at the same level.

The detected absorbance value increased with the increase of the particle amount, the two being
proportionally linked. As it has been confirmed that the particles have no effect on the absorbance
(Chapter 111 section 2.2.5.1), this increase is a result of an increased amount of enzyme immobilized
onto the particles. Incidentally, this highlight that laccase is successfully immobilized on the particles.

Table 111-3-1 Enzyme loading calculations for self-produced aldehyde particles immobilization

Particles Enzyme Enzyme
. Average enzyme
Samples used loaded Loading } STEDV
Loading (pg/mg)
(ng/well) (ng/well) (ng/mg)
2 158 79
. . 10.50
H23 immobilized LAC3-1 1 90 90 90
(12%)
0.5 50 100
2 147 74
. . . 16.43
H23 immobilized UniK161-1 1 94 94 91
(18%)
0.5 53 106
2 167 84
. - 10.26
H23 immobilized LAC3-2 1 93 93 94
(11%)
0.5 52 104
2 168 84
. - . 17.35
H23 immobilized UniK161-2 1 107 107 103
(17%)
0.5 59 118
2 148 74
. . 13.01
H23 immobilized LAC3-3 1 86 86 87
(15%)
0.5 50 100
2 166 83
. . ) 11.59
H23 immobilized UniK161-3 1 92 92 94
(12%)
0.5 53 106

The calculation of the enzyme loading is presented in Table 111-3-1. Variations in enzyme loading
from different particle amounts are within a range of 11-18 % (the last column in the table). This
deviation may be caused by the agglomeration of the particles during the measurement and the
heterogeneity of the particles. So, to minimize errors, the average value of the measurements with
different amounts of particles was taken as the enzyme loading for each grafted particle.

For LAC3 and UniKe1, enzyme loadings for the three immobilizations are respectively 90, 94,
87 ng and 91, 103, 94 ug of laccase per mg particles. The difference in enzyme loading between the
two laccases are small. As already mentioned, the moderate deviation observed could result from the
heterogeneous nature of the supporter materials.
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3.2.3 Activity and Specific Activity evaluation of free and immobilized laccase
towards ABTS

The measurement of the activity and the calculation of the specific activity were carried out as
described in chapter 111 section 2.2.5.2. The activity of immobilized laccases is shown in Fig. 111-3-4.
For all the three immobilization sets, LAC3 demonstrated a higher activity than its UniKie:
counterpart. The observed difference between the two immobilized enzymes (more than 2 times) is
larger than when using commercial aldehyde particles.

3.0

Custom-made Aldehyde particles (H23) - LAC3

25 b B unikis1

2.06

Activity after immobilization (U/ 20mg particles)

Immobilization-1 Immobilization-2 Immobilization-3

Fig. 111-3-4 Activity of self-produced aldehyde particles immobilized laccase towards ABTS, at pH 5.5, 30°C

Calculated specific activities (activity normalized to U per mg enzymes) for free and
immobilized laccases are shown in Table 111-3-2. Influenced by mass transfer restrictions and potential
deleterious conformational changes of the protein during covalent immobilization, the specific
activity of immobilized laccase is decreased dramatically compared to the free enzymes (more than
200 times decrease at the maximum extent for UniK161-3. This decline is consistent with the results

obtained for commercial aldehyde particle immobilization.

The effect of orientation on laccase activity is evaluated through the comparison of the ratios of
specific activities of LAC3 and UniKze:. It can be seen that prior immobilization, the ratio of the
specific activity of the two enzymes is about 1, meaning that free LAC3 and UniK1s1 have the same
efficiency towards ABTS substrate. However, after immobilization, the ratio changed to above 2.5
for all the three independent immobilizations, indicating that, as expected, LAC3 has a higher
catalytic efficiency on ABTS than UniKgs: in their immobilized forms. Since most of the other factor
(over-loading caused mass-transfer limitations, inaccurate enzyme loading) are excluded, such
changes can be attributed to be resulting from the orientation of the enzyme.
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Table 111-3-2 Specific Activity of free and immobilized laccase for self-produced aldehyde particles (H23)

Custom-made Enzyme Activity after Graft Specific Activity Ratio of SA
atioo :
Aldehyde Particles Loading (ABTS; U/20mg (ABTS; U/mg .
. (LAC3/UniK161)
(H23) (ug/mg) grafted particles) laccase)
Free LAC3 -- -- 73
. 1.03
Free UniK161 -- -- 71
LAC3-1 90 2.06 1.144 278
UniK161-1 91 0.75 0.412 '
LAC3-2 94 1.91 1.016 255
UniK161-2 103 0.82 0.398 '
LAC3-3 87 1.73 0.994 290
UniK161-3 94 0.64 0.340 '
Average ratio of SA after immobilization (LAC3/UniKs1): 2.75

The effect of the orientation on laccase activity is marked here when using the custom-made

aldehyde particles as support materials. Indeed, specific activities ratios of LAC3/UniKie; are

varying from 1.03 to 2.75 (the average ratio of the three immobilizations), a window significantly
larger than that obtained with the commercial C21 particles (0.8 to 1.5). Since the grafting function
(i.e. aldehyde) is identical for the two particles, this increased effect (almost a factor 2) could be a

consequence of either the nature of the linker (aliphatic for C21, aromatic for H23) or its length more

or less removing the enzyme away from the silica shell or a combination of these two parameters.

3.2.4 Coniferyl alcohol biotransformation with H23 immobilized laccase
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Fig. 111-3-5 Oxidation of coniferyl alcohol catalyzed by immobilized laccases. The experiments were performed
in 0.1M pH=5,5 Acetate buffer, at 30°C in a thermomixer set at1000rpm, for maximum 22 hours, in a final volume
of 500uL and CA concentration of 1.6mM, 340 ng immobilized enzyme. The ordinate is the ratio of the area of the
peak corresponding to the reactant on the HPLC chromatogram to the area of the peak corresponding to the

reference benzophenone.
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Oxidation of CA by laccases immobilized on H23 particles was carried out under the same
conditions with the C21 immobilized laccases (chapter 111 section 2.2.5.3). The consumption of the
substrate coniferyl alcohol (CA) and the production of the major product dehydrodiconiferyl alcohols
(DCA) as function of time are shown in Fig. 111-3-5. A pronounced difference in enzyme efficiency
between the immobilized LAC3 and the immobilized UniKis1 was observed, LAC3 exhibiting a
markedly higher efficiency than UniKze1 throughout the whole oxidation process. The fast substrate
consumption and major products generation rates were opposite to those in the control experiments.
Overall, similar to the results obtained with C21 particles (activity affected by a directional
immobilization), it should be noted that the difference between the two opposite orientations is here

particularly exacerbated.

Table 111-3-3 Normalized value of the consumed substrate [(initial CA area/benzo area) — (remaining CA
area/benzo area) ] of the free and immobilized laccase at the 6th hours. Area represent the peak area on the HPLC

chromatogram
Self-Produced Consumed substrate Consumed .
] o Amount of Ratio™ of
Aldehyde Particles [(initial CA area/benzo area) — substrate /Amount .
. Laccase (ng) LAC3/UniK161
(H23) (remaining CA area/benzo area)] of Laccase (1/mg)

Free LAC3 0.548 6.8 80603 0.87
Free UniKie 0.652 7.0 93074 '
LAC3-Immobilized 0.288 340 848 124
UniKe:-Immobilized 0.023 340 68 '

Calculation of the defined ratio (Ratio”, refer to chapter I11 section 2.2.5.3 ) after oxidation at 6
hours are shown in Table 111-3-3. As described previously, the ratio poises the relative values of the
substrate remaining in the mixture of the reaction during the oxidation by LAC3 and UniKie:

respectively.

From 0.87 with the the free laccases systems, the Ratio” climbs to 12.4 with the immobilized
laccases systems. The evolution observed here is consequent and reflects a real difficulty of the
UNIK161-H23 system for the oxidation of the phenolic substrate. Consequently, if bringing the
oxidation center at the interface between the enzyme and the MNP bead surfaces reduces both ABTS
and CA oxidation, the bias observed towards CA oxidation suggests that, from the grafted C21 and
to the grafted H23, the system acquired some selectivity through the orientation of the enzyme and
through the modulation of the functional layer. One plausible explanation for this drastic change may
reside in the aroma-linked portion of the custom-made particle: closely resembling to the laccase
substrate phenol, a free grafting function could occupy the oxidation site acting as an inhibitor.
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3.3 Conclusions

Custom-made aromatic aldehyde particles were used as support materials to study the influence
of orientation on the activity of immobilized laccases. As already done for commercial aliphatic
aldehyde particles the oxidation of two substrates (ABTS and coniferyl alcohol) was studied.

For ABTS, the ratio of LAC3 and UniKie1 specific activities is increased from 1.03 before
immobilization to 2.75 after immobilization. For coniferyl alcohol, the ratio of LAC3 and UniK1e1
specific activities for the free laccases is increased from 0.87 before immobilization to 12.4 after
immobilization, about 15 times greater than that of free laccases.

These results are fully consistent with those obtained previously with the aliphatic aldehyde
C21-laccase functionalized particles. Again, they clearly support a selective effect of the enzyme
orientation on substrate oxidation: both phenolics and ABTS oxidation are affected when bringing
the laccase oxidation site close to the aldehyde functionalization layer. Hindrance appears more
important in the UniKe1-H23 system, possibly because of the chemical nature or the length or a
combination of both the nature and the length of the linker used compared to UniKye1-C21 systems.

Most importantly, compared to the immobilization on commercial aliphatic aldehyde particles,
ratios obtained on CA oxidation with laccases immobilized on custom-made aromatic aldehyde are
spectacularly larger. Besides their differences in the density of aldehyde function at the particle
surface, in the reactivity of aldehydes (aromatic vs aliphatic) a possible explanation may lie in the
different microenvironments brought around the active site of the immobilized laccase. In particular,
the structural proximity of the benzaldehyde moiety of the functionalization shell with a phenolic
substrate is invoked. The evolution on almost one order of magnitude of the performance of the
different configurations of the catalyst supports an acquisition of a form of selectivity and validates

our initial hypothesis.

In order to verify the above trend and assumption, we studied commercial particles with a
functionalization different from aldehyde. In the following section, grafting of azide particles was
studied given that the azide groups offer not only a different possibility for a covalent reaction
(cycloaddition instead of reductive alkylation), but also a potential different chemical

microenvironment for the enzyme’s oxidation site.
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4 Immobilization on commercial azide particles

4.1 Information on azide particles

Azide beads used in this experiment were purchased from Aldrich. The particles are made of
purely metallic nanoparticles (metallic cobalt core) coated with a thin (ca.2 nm) graphene-like carbon
layer, which is then functionalized with azide groups (extent: =0.1 mmol/g) Other important beads
properties are: average diameter<<50 nm); spec. surface =15m?/g, carbon content of this beads is less
than 4 wt.%, magnetizations =120 emu/g.%°

'Tu rboBean

5 nm “Carbon layer
. ~hnm

Fig. 111-4-1 The inner core and outer shell of commercial azide particles (pictures are from
http://www.turbobeads.com/)

Coupling laccases onto the commercial azide beads requires two steps a) the formation of a
laccase-alkyne hybrid by reductive alkylation (Fig. 111-4-2 A) and b) the immaobilization of the laccase-
alkyne hybrid on azide beads using Huisgen cyclo addition (click chemistry) (Fig. 111-4-2 B).

H (0]
=
A Laccase -+ —— > Laccase —II:]I
_N
N= '\
NH —
- )
B Laccase —ﬁ + @7“& — > Laccase —E

Fig. 111-4-2 Schematic illustration of the immobilization of laccase onto the azide particle surface. A: reductive
alkylation; B: Huisgen cycloaddition

Reaction conditions (including initial enzyme concentration, particles amount, pretreatment of
the particles) were optimized before performing the final immobilization experiment. Details about
reaction settings can be find in the Experimental Methods section in the appendix of this manuscript.
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4.2 Optimization of immobilization reaction conditions

4.2.1 Effect of initial enzyme concentration on activity
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Fig. 111-4-3 Relationship between the initial laccase concentration and the activity of the immobilized laccase for
the commercial azide particles. Particles concentration 10mg/mL. Reaction temperature: room temperature.
Rotating speed: thermomixer 1000rpm, final volume 1mL. Laccase activity were tested with ABTS as substrate in
0.1M acetate buffer pH 5.7 at 30°C.The maximum activity point of the grafted laccase appears at the initial enzyme
concentration of 1uM.

Dependence of the (laccase-particles) hybrid activity as function of the initial laccase
concentration were determined for an initial laccase concentration ranging from 1.0 to 10.0 uM (Fig.
111-4-3). The maximum activity for both LAC3 and UniKe1 was observed for a concentration of 1uM.
Increasing laccase input does not improve activity of the hybrid but rather slightly reduces it. It has
been reported that at higher enzyme concentration, agglomeration may take place and the active site
becomes less accessible to the substrate, which lowers the enzyme catalytic activity.** This results
with commercial azide beads is consistent with our previous results on aldehyde particles.

4.2.2 Effect of particles amount on activity

The commercial azide particles have a tendency to agglomerate and sediment due to their small
particle size (~20 nm). Consequently, weighing particles is difficult, especially when a small amount
(1 mg) is needed. Apparently, using 10 mg/mL particles the activity of immobilized laccases is ~ 2
times higher than using 1 mg/mL (Fig. 111-4-4). So, the amount of particles used in the immobilization

experiments and the initial laccase concentration were respectively set to 10 mg/mL and 10 uM.
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Fig. 111-4-4 Relationship between particles amount and the activity of the immobilized laccase. The final volume
of the reaction system is 1mL; particles were tested at 1mg/mL and 10mg/mL, and the initial enzyme concentration
used is 1uM and 10pM respectively to keep the ratio of surface functional groups and laccase (the stoichiometric
ratio) unchanged. Reaction temperature: room temperature. Rotating speed: thermomixer 1000rpm. Laccase
activity was tested with ABTS as substrate in 0.1M acetate buffer pH 5.5 at 30°C.

4.2.3 Effect of particle pretreatment method on activity
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Fig. 111-4-5 Effect of particle pretreatment on the immobilized laccase activity. Particles concentration 10mg/mL.
The initial enzyme concentration is 10uM. Reaction temperature: room temperature. Rotating speed: thermomixer
1000rpm. The final volume of the reaction system is 1mL. Laccase activity were tested with ABTS in 0.1M acetate
buffer pH 5.7 at 30°C.

The commercial azide particles were washed prior immobilization as residual reactants or
stabilizers used during the production of azide particles may affect the performance of laccase.
Different washing solutions were tested and the results are shown in Fig. 111-4-5.
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No activity was detected after washing the particles simply with the click buffer (50mM
phosphate pH=7.5) containing 0.05% Tween 20. The typical cleaning solvent acetone advised by the
manufacturer gave the lowest activity. Compared with no washing, click buffer (without Tween 20)
showed a slightly better effect, so, it is beneficial to wash the azide particles by the click buffer before

immobilization.
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Fig. 111-4-6 Enzyme loading tested
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by ELISA for the commercial azide particles. Three independent

immobilizations were performed separately for each enzyme (A, B and C). 10ug, 20ug and 50ug particles
immobilized with each laccase were triplicated in the microwell for measurement. The points in the graph are the
average value of the triplicated tests in the microwell.

As before, three independent

immobilizations were performed separately for each enzyme. The

enzyme loading was tested by ELISA following the procedure described previously (refer to the
Experimental Methods section of the appendix in this manuscript for the detailed protocols). UniKzie1

(batch 2018.04) was used as standard enzyme for making calibration curves. For each measurement,
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different amounts (50ug, 20ug and 10ug) of particles were used, and the same amount of bare
particles were used as blanks. Both the standard samples and the particle samples (particles
immobilized with different laccase) were tested in triplicate in a microwell plate. Results are
displayed in Fig. 111-4-6.

First, the calibration curves have good linearity and samples values are all located within the
working range of the curve. In addition, similarly to the trend observed previously (chapter IlI,
section 2.2.5.1 and section 3.2.2), the absorbance value increased linearly with the increase of the
particle amount. Since the particles themselves have been shown to have no effect on absorbance
(Chapter 111 section 2.2.5.1) this can be attributed to an increase amount of enzyme successfully
immobilized onto the particles.

Second, except for the second group, the difference of enzyme loading between LAC3 and
UniKye: is apparently large (the black square and red circles in the figure have scattered absorbance
values in Fig. 111-4-6) a variability in click reaction yields between experiments. This may be due to
the nature of the particles. As mentioned, the commercial azide particles used in these experiments
are small in size and are less prone to form stable suspensions, inevitably tending to agglomerate
during the immobilization process. Such an uncontrollable aggregation may be the source of
variations between experiments.

Calculation of the enzyme loading presented in Table 111-4-1 reflect the variations of enzyme
loading obtained for different particle amounts ( range 3-21% , see last column in Table 111-4-1).

To minimize the effect of these variations, enzyme loading values obtained with different
amounts of particles were averaged. Enzyme loadings for the three immobilizations were 1.37; 2.51;
2.13 and 1.64; 2.41; 1.38 pug laccase per mg particles respectively for LAC3 and UniKe.
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Table 111-4-1 Enzyme loading calculations for commercial azide particles immobilization

Enzyme Enzyme

Particles used . Average enzyme
Samples loaded Loading } STEDV
(ng/well) Loading (pg/mg)
(ng/well) (ng/mg)
o . 50 61 1.22
Azide immobilized 0.283
20 24 1.20 1.37
LAC3-1 (21%)
10 17 1.70
o . 50 93 1.86
Azide immobilized 0.195
] 20 31 1.55 1.64
UniK161-1 (12%)
10 15 1.50
o . 50 122 2.44
Azide immobilized 0.081
20 52 2.60 251
LAC3-2 (3%)
10 25 2.50
o . 50 109 2.18
Azide immobilized 0.469
] 20 59 2.95 2.41
UniK161-2 (19%)
10 21 2.10
o . 50 90 1.80
Azide immobilized 0.306
20 48 2.40 2.13
LAC3-3 (14%)
10 22 2.20
50 72 1.44
Azide immobilized 0.159
] 20 30 1.50 1.38
UniK161-3 (12%)
10 12 1.20

4.3.2 Evaluation of Specific Activity for free and immobilized laccase towards
ABTS

»
o
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Fig. 111-4-7 Activity of laccases immobilized oncommercial azide particles towards ABTS, at pH 5.57, 30°C
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Activity measurements and calculation of the specific activity were carried out as described in
chapter 111 section 2.2.5.2. The activity of the three sets of independently immobilized laccases is
shown in Fig. 111-4-7. In the first set, LAC3 and UniKie: grafted particles showed similar activities.
In the other two sets, LAC3 grafted particles demonstrated a significantly higher activity than
UniKe:1 grafted particles.

Specific activities of the free and immobilized laccases are shown in Table I111-4-2. As previously
observed, the specific activity of immobilized laccases decreased dramatically as compared to the
free enzymes (~100 times decrease at the maximum extent for the immobilized UniK161-2). As
discussed before, this significant decrease may be associated to mass transfer restrictions and
potential conformational changes deleterious to the activity occurring during the covalent
immobilization.

Table 111-4-2 Specific Activities of free and immobilized laccases for commercial azide particles

. Enzyme Activity after Graft Specific Activity .
Commercial ] Ratio of SA:
. . Loading (ABTS; Ul200mg  (ABTS; U/mg grafted )
Azide Particles . (LAC3/UniK161)
(ug/mg) grafted particles) laccase)
Free LAC3 -- -- 170
. 0.98
Free UniK161 -- -- 173
LAC3-1 1.37 1.24 4.53 103
UniK161-1 1.64 1.45 441 '
LAC3-2 2.51 2.64 5.26 304
UniK161-2 2.41 0.83 1.73 '
LAC3-3 2.13 3.25 7.64 L68
UniK161-3 1.30 1.18 4.54 '
Average ratio of Specific Activity after immobilization (LAC3/UniK161): 1.92

As for the previous hybrids constructions (i.e. aldehyde grafted particles) ratios of SA of LAC3
over UniKye were calculated to evaluate the effect of enzyme orientation on its activity. Prior
immobilization, the ratio LAC3/UniKze: is close to 1, meaning that both the free LAC3 and the free
UniKi1 have the same efficiency towards ABTS substrate before immobilization. After
immobilization, the ratio is about 2 (average value), suggesting that LAC3 has a higher catalytic
efficiency than UniKye1 when immobilized. Like for the two previous examples of immobilization
on aldehyde particles, such an acquired asymmetry seems to be attributable to the different preset
orientations of the enzyme at the particle surface.
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However, comparing ratios of SA of free and immobilized laccases for the three different
particles used in this study (Fig. 111-4-8) the picture appears slightly more complex. Laccases grafted
on azide particles are globally exhibiting the lowest ratio values among the three types of particles
compared. In other words, azide-based particles appear to have retained the most laccase activity
compared to the two aldehyde type particles which seem otherwise to behave the same way.
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Fig. 111-4-8 Ratios of specific activities of free and immobilized laccase for different particles

This “better” retention of initial activity of azide-grafted particles appears to be fairly well
shared by the two types of grafting: LAC3-azide particles and UniKis1-azide particles. Whereas
grafting reactions (reductive alkylation and click chemistry) in solution have proved to have little
influence on laccase activity!? it seems however that globally laccases are more active on grafted
azide particles for an unknown reason at the moment. On the other hand, comparing grafting on azide
particles vs aldehyde particles leads to focus on a structural difference at the interface
particles/enzyme.

Silica shell

S or
Aldehyde particles @ R B
N

N=N
Azide particles N -
H
N\é?%\
“ﬁ%}

Fig. 111-4-9 Schematic diagram of aldehyde particles immobilization (reductive alkylation reaction) and Azide
particles immobilization (reductive alkylation reaction plus Click chemistry).
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Indeed, for the two aldehyde particles (aliphatic and aromatic) the reductive alkylation reaction
eventually results in the formation of a simple amine bond connecting the particle and the enzyme
whereas for the azide particle the reaction of the ethynyl benzaldehyde moiety of the enzyme with
the azido benzene moiety of the particles results in a benzo-triazole “spacer” (Fig. 111-4-9). Moving
the enzyme farther away from the functionalization surface might explain the low bias observed
between the two orientations of the laccase at the azide particle surface as well as the variability of

SA ratios for the three independent graftings.

4.3.3 Coniferyl alcohol biotransformation with laccase immobilized on azide
particles

The oxidation of coniferyl alcohol (CA) by the azide immobilized laccases was carried out
under conditions similar to those used for the two previous hybrids tested (C21 particles, chapter 111
section 2.2.5.3 and H23 particles chapter I11 section 3.2.4). Small adjustments of parameters (e.g. the
final reaction volume, the incubation speed and the amount of particles used) were made according
to the desired condition.
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Fig. 111-4-10 Oxidation of coniferyl alcohol catalyzed by laccases immobilized on azide particles. Hybrids were
incubated in 0.1M acetate buffer, pH=5,7 at 30°C on thermomixer 1000rpm, for a maximum of 3 hours, in a final
volume of 1mL and CA concentration of 1.6mM, 323ng immobilized enzyme. The ordinate is the ratio of the area
of the peak corresponding to the reactant on the HPLC chromatogram to the area of the peak corresponding to the
reference benzophenone.

The consumption of the substrate CA and the production of the major product
dehydrodiconiferyl alcohols (DCA) was initially followed during the first 3 hours (Fig. 111-4-10).
UniKyei-azide particles appear as efficient or slightly more efficient as LAC3-azide particles
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regarding CA biotransformation (as shown by the slightly faster substrate consumption and the main
products generation rate). Interestingly, this result is opposite to that was obtained with ABTS as
substrate, and also is contrary to the trend previously obtained with laccases immobilized on aldehyde
particles (both C21 and H23). It is worth mentioning that, when repetitions of the experiments with
small parameter changes (e.g. increase of the incubation speed or the reaction volume) were
performed similar results were always obtained. Unfortunately, for a time limitation reason, the
experiment was not conducted on 24h period like for the previous systems. We are aware that
interpretations given below may reflect this fact.

Calculation of the defined ratio (Ratio”, refer to chapter 111 section 2.2.5.3 ) after oxidation at 3
hours are shown in Table I111-4-3. As described previously, the ratio poises the relative values of the
substrate remaining in the mixture of the reaction during the oxidation by LAC3 and UniKie:
respectively. It can be seen that the efficiency of the two immobilized enzymes was nearly identical
for both free (0.87) and immobilized (0.86) laccase, which indicates that CA oxidation is apparently
not influenced by the orientation of laccase immobilized on the commercial azide particles.

One may argue about the inconsistent state of particle aggregations, because of the
heterogeneity characteristic of the small size particles. Indeed, azide magnetic particles are highly
susceptible to aggregate during the reaction process. However, there is no reasonable argument to
think that such a phenomenon would apply specifically to CA oxidation and not to ABTS oxidation
for which SA ratios of laccase-azide systems are similar to those of laccase-aldehyde systems. This
asymmetry in the behavior of the laccase-azide system towards the two substrates was not observed
with the previously used laccase-aldehyde systems. This asymmetry, if confirmed, could reflect a
form of selectivity of the laccase-azide system towards CA (phenolics) oxidation.

Table 111-4-3 Normalized value of the consumed substrate [(initial CA area/benzo area) — (remaining CA
area/benzo area) ] of the free and immobilized laccase at the 6th hours. Area represent the peak area on the HPLC

chromatogram
Commercial Azide Consumed substrate Consumed .
] o Amount of Ratio™ of
Particles [(initial CA area/benzo area) — substrate /Amount .
L Laccase (ng) LAC3/UniK161
(H23) (remaining CA area/benzo area)] of Laccase (1/mg)

Free LAC3 0.548 6.8 80603 0.87
Free UniKie: 0.652 7.0 93074 '
LAC3-Immobilized 0.211 323 654 0.86
UniKss:-Immobilized 0.247 323 765 '
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4.4 Conclusions

In this subsection, commercial azide particles were used as support materials to study the
influence of immobilization orientations on the activity of laccase. Two substrates (ABTS and
coniferyl alcohol) were studied to achieve this goal.

For ABTS, the ratio of the specific activity of LAC3 and UniKse: is increased from 0.98 before
immobilization to 1.92 after immobilization, showing again that the immobilization near the active

site influence the activity of laccase towards ABTS.

For coniferyl alcohol oxidation, immobilized UniKie: and LAC3 are apparently equally
efficient. This trend is opposite to that observed for ABTS. It may reflect a form of selectivity that
has to be confirmed with new experiments.

In the mean time, these additional results seem to confirm the trend of a modulation of the
laccase activity through a manipulation of the microenvironment around the laccase active site.

Besides, an evidence that the microenvironment around the laccase could influence the laccase

activity was obtained.

In order to further validate the conclusions obtained so far and achieve more evidences for the
effect of orientations on the laccase activity, another surface-functionalized particles, the amino
particle will be studied in the next section.

5 Amino particles immobilization of laccase

5.1 Information of amino particles

Amino particles are widely used magnetic particles for protein immobilization. Normally,
surface amino modification is the primary step to start an immobilization. When magnetic particles
are modified with amino groups at their surface, they can be activated by homobifunctional linkers,
for the coupling of proteins.
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The amino particles used in this section were produced in our lab. FesO4 particles were first
synthesized by chemical co-precipitation technique according to the following reaction equation:
2Fe3*+Fe?*+80H —Fe304+4H20. Then the above custom-made magnetic particles were directly

reacted with ethylenediamine to obtained the amino surface modified particles MNP-NH: (Fig. I11-

NH;
al)  (eoyon + wi M e (e
N=C

H

! y (o]
(eq.2) NH’\/NH’ + o —-NH’“Y_N_M

glutaraldehyde

5-1eq.1).

—N=C—
s
R I & N D

terephthalaldehyde

Fig. 111-5-1 Surface modification of the custom-made magnetic particles

Prior to perform laccase immobilization, MNP-NH2 were activated with glutaraldehyde (Fig.
111-5-1 eq.2) or terephthalaldehyde (Fig. 111-5-1 eq.3), to display aldehyde functional groups on the
surface of the particles. After activation, the two kinds of particles were designated as MNP-CHO-
GLU and MNP-CHO-TER and used immediately for laccase immobilization, to avoid oxidation of

aldehyde groups.

All synthesized amino particles were investigated for the oriented immobilization of laccases.,
MNP-NH: particles being investigated as a control group. Characterization of the particles were
performed by microscopy, zeta potential measurement and FT-IR by Dr. Karine Heuzéat the
University of Bordeaux. Alongside, commercial amino particles (MNP-NH2 Sigma) from Sigma
Aldrich*® were used for comparison during the characterization. Some of the reaction parameters

were optimized before the final immobilization.
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5.2 Results and discussion

5.2.1 Characterization of the Amino particles (MNP-NH>)

5.2.1.1 Morphological characterization

MNP-NHzLu o % 5 f-; 1 o i # MNP-NHz sigma |

Fig. 111-5-2 Microscopic morphology of amino particles

Optical Microscopy was performed on ZEISS Axiolab microscope in transmitted light mode.
MNP-NH2 and MNP-NH: Sigma samples were prepared in pure water. Both samples were sonicated
for 10 seconds. Optical images were recorded and are shown in Fig. 111-5-2. For both MNP-NH. and
MNP-NH: Sigma samples, large aggregates are observed. The general size of the aggregates is
50~100 pm and 20~50 pm respectively. Additionally, single particles are also present in both cases.

5.2.1.2 Zeta potential measurement for the surface charge state of MNPs

. —— MNPsNH2 Lu
— L = =4 ==MNPsNH2 Sigma
> i 1
E 1 E
© I
£ -20 i
Q
et
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O -40F
@© L
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] L
N 60 L

Fig. 111-5-3 Effect of pH on the surface charge of amino particles

The effect of pH on the surface charges were studied by measuring zeta potentials of
suspensions of MNPs in pure water by varying pH from 2.5 to 7.5. Both samples MNP-NH> and
MNP-NH2 Sigma have similar behaviors with IEP (isoelectric point) close to 3.5 (Fig. 111-5-3). The
curves also show that MNPs have a stable colloidal state in water for solutions with pH over than 5

(when zeta potential is inferior to -30 mV).
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5.2.1.3 Qualitative characterization of the surface functional groups
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Fig. 111-5-4 FT-IR spectrum of amino particles
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IR-ATR spectroscopy has been performed to qualitative characterization of the surface
functional groups on FTIR. For both samples of MNP-NH2 and MNP-NH: sigma, the presence of v
Fe-O (500~700 cm) vibration bands as well as v NH2 (3000~3500 cm™, more or less intense)
vibration bands were observed. v CHa vibration bands of ethylenediamine were also detected.

5.2.2 Optimization of immobilization reaction conditions

5211

Immobilization of laccase onto MNP-NH2 with different buffers

Different kinds of buffers were used as reaction medium to observe the influence of buffers on

the immobilization reaction. Then, the best reaction buffer was be selected for further experiments,

the results can be seen in Table 111-5-1;

Table 111-5-1 Influence of buffers on immobilization reaction
React with o ] Grafted ratio
No. Immobilization with enzymes (50puM)

glutaraldehyde (to enzymes)

1 LAC3 -
) 0.1 M Phosphate buffer pH 7.5

2 UniK161 -

0.1M phosphate )
3 oH 7.5 LAC3 50 mM Phosphate+ 0.1M sodium formate, pH --
4 . UniK161 7.4+Iridium catalysts -
5 LAC3 0.1 M Phosphate buffer PH 6.0 --
6 0.1M MES pH=6.0 LAC3 0.1M MES pH=6.0 36%

It can be seen from the data that: using 0.1M MES buffer pH=6.0 as reaction medium afforded
36% enzyme grafted onto the particles (measured by Bradford as described in Chapter 111 section
2.2.1) while it was not possible to measure differences in supernatants before and after reaction when
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other buffers as solvents were used. So, 0.1M MES buffer pH=6.0 was used for both the activation
and immobilization steps.

5.2.1.2 Immobilization of different amounts of laccase onto MNP-CHO-GLU

From previous experimental results, it was known that a high initial concentration of laccase
does not necessarily relate to a higher efficiency of immobilization. Therefore, in order to know the
appropriate concentration of laccase for the immobilization, the effect of the initial laccase
concentration on immobilized laccase activity was investigated and results are shown on Fig. 111-5-5.

1400

1200 4

1239

1000 +

800 o

Activities (U/L)

600 4 697

400

200 T T T T T T
2 4 6 8 10 12

Initial LAC3 (uM)
Fig. 111-5-5 Effect of initial laccase concentration on activities of immobilized laccase

It can be seen from the figure that when the initial concentration of laccase is higher than 6uM,
the activity of the corresponding (MNPs-laccase) hybrid decreased. So for the MNP-NH> particles,
it is better to keep the initial laccase concentration below 6uM in a total reaction system of 1ml with
500pL particles corresponding to 8.5mg as determined by drying the suspension in an oven.

5.2.3 Immobilization of laccase onto MNPs

Having determined the reaction medium and the initial concentration of laccase, immobilization
of laccases on different magnetic particles were performed. Since the aldehyde particles (MNP-
CHO-GLU or MNP-CHO-TER) were produced from MNP-NH> (by the reaction between amino
groups and one of the aldehyde between glutaraldehyde or terephthalaldehyde), amino particles
MNP-NH: were used as control experiments.

The detailed experimental process of immobilization is notified in the Experimental Methods
section as an appendix to this manuscript. Experimental results are shown in Table 111-5-2.
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Table 111-5-2 Immobilization of LAC3 on different magnetic particles

No. 1 2 3 4
Samples MNP-NH, MNP-CHO-GLU
Initial LAC3 (uM) 2.5 5 2.5 5
Graft LAC3 after reaction (uM) 0 0 0 2.1
Grafted ratio 100%  100% 100% 58%

Wash 1 by MES PH=6 vortexing -- -- -- --
Wash 2 by MES PH=6 vortexing -- -- -- --
Leak or not Wash 3 by MES PH=6 vortexing -- -- -- --
Wash 4 by Acetate PH=5.7 vortexing -- -- -- --
Resuspended and sonication 30 mins -- -- Leak Leak
Activities (U/L) ABTS 6408 17975 7632 14153

“--” means no LAC3 was detected in the washing solutions.

Surprisingly, amino functionalized particles apparently display 100% immobilization whatever
the initial concentration of material used (2.5uM or 5uM LAC3). Moreover, no laccase was released
during the subsequent washing procedure (Fig. 111-5-6). In contrast, for the aldehyde particles (MNP-
CHO-GLU), when the initial concentration of LAC3 was 5uM, the grafted ratio reached was only
about 60% and there was also some leaching during the washing procedure. It is also surprising that
for the MNP-CHO-GLU sample grafted with 5uM initial concentration of laccase (Table 111-5-2,
No.4), although the graft ratio was only ca 60%, the corresponding activity (14153U/L) was almost
two times higher than that of the MNP-CHO-GLU grafted with 2.5uM initial concentration of laccase
(7632U/L) and similar to the MNP-NH: in which all the 5uM LAC3 were apparently grafted onto
the particles.

In order to make sure that laccase was immobilized onto MNPs by covalent bond, a leaching
test was performed by adding the laccase substrate syringaldazine (SGZ) to the supernatants. Since
the oxidation of SGZ by laccase can be visually seen by the appearance of a pink colored product, a
leak of enzyme from the particles would be easily visualized. Wash supernatants were discarded and
1mL storage buffer was added (0.1M acetate buffer, pH=5.7), the suspension mixed by vortexing
and sonicated for different times. Particles were magnetically separated, supernatants were
transferred in a new vessel containing the substrate SGZ and visually inspected. Pictures are shown
in Fig. 111-5-6.
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For the MNP-NH2, no leakage was observed after vortexing and ultrasonic treatments,
indicating that the connection between the custom-made MNP-NH; and laccase is stable and robust.
MNP-NH-GLU particles showed a different behavior. After washing three times with the coupling
buffer, no enzyme was detected in the supernatant. After 30 minutes of bath sonication, leakage was
observed in the supernatants for both 2.5 uM (Table 111-5-2 and Fig. 111-5-6 Sample No.3) and 5 uM
(Table 111-5-2 and Fig. 111-5-6 Sample No.4) initial enzyme concentration. For the latter (Table 111-5-2
and Fig. 111-5-6 Sample No.4), the leakage did not stop still appearing after bath-sonication for 3 hours.
This suggests that immobilized laccases are not all covalently bound and that may explain the
aforementioned higher laccase activity for particles with a lower grafted amount of enzyme.

i) Supernatants after washing 3
times with MES pH 6 by vortexing

ii) Supernatant separated after
suspending the particles in acetate
buffer pH 5.7 and bath sonication
30 min.

iii) Supernatant separated after 1)
+ 1i) + bath sonication 30min.

iv) Supernatant separated after i)
+ ii) + iii) bath sonication 1 h

IEETTTEy
BT

=T

v) Supernatant separated after i) +
ii) + iii) + iv) + bath sonication 1 h

Fig. 111-5-6 Enzyme leaking in the supernatant after washing

To conclude, despite the good grafting performance of MNP-NH: particles, a study of the
orientation of laccase on those particles is not possible. Indeed, when amino groups at the particle
surface are not completely converted to aldehyde groups (in fact, it is very difficult to achieve 100%
conversion), the remaining amino groups may react with laccase (aldehyde or ketone are easily
obtained from sugar residues of glycoprotein so amino particles also have ability to react with laccase
(glycosylated ) by Schiff base formation) resulting in a non-directional immobilization. Since
orientated covalent binding is the basis of our research, this kind of non-directional immobilization
will cause interferences. So amino particles are not suitable as a carrier in this study, unless some

workarounds are found.
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On the other hand, a desorption or reversible formation of imines is a possible explanation for
the leaching observed. From our knowledge, the isoelectric point (IEP) of laccase is about 4 and IEP
of particles is about 3.5, so when pH of the reaction medium is 6, electrostatic adsorption is less
likely to occur, because both of the laccase and particles are negatively charged. Therefore, a physical
adsorption can be excluded. For the reversible formation of imines, Ir catalysts or NaBH4 could be

applied to reduce imines into more stable amines (Fig. 111-5-7).

-H,0 _ Ir Catalyst
$—CHO + HN—§ 20 N § | L oLavsL _"}N—§
+H,0 § or NaBH, §
Imine Amine
"Fragile" "Stable"

Fig. 111-5-7 Methods for preventing the leakage of immobilized laccase on MNPs

Although amino particles were proved to be ineffective for the purpose of this study (oriented
immobilization), experiments for preventing a leakage were further conducted. The experimental
procedure is the same than in the previous experiment, except that strong reductants (Ir catalysts or
NaBH4) which are capable of reducing the imine obtained in the first step to more stable secondary
amine were added. Results are shown in Table I11-5-3.

It can be seen from Table 111-5-3 (a) and (b) that all the immobilized LAC3 did not leak after
sonication 30min when adding the Ir catalyst (0.1~0.05 equivalent to LAC3) or NaBH4 (~10
equivalent to LAC3) to the reaction system. The grafted ratios were almost stable, and laccase activity
after immobilization was almost at the same level as compared to the previous experiments. This is
indicating that the addition of a catalyst is effective in preventing laccase leakage.
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Table 111-5-3 Immobilization of LAC3 on MNPs with reductive agent

(a) 100 MM MES PH=6 +100 mM HCOONa + Ir catalysts (15uL of 14 pM in total volume 1mL)

samples: MNP-NH; MNP-CHO-GLU

initial lac3 (uM) 1.7 4.5 1.7 4.5

Graft Lac3 after reaction (uM) 0.2 0.4 0 0
grafted ratio 88% 91% 100% 100%

wash 1 by MES PH=6 vortexing -- -- - -
wash 2 by MES PH=6 vortexing -- -- - -
Leak or not wash 3 by MES PH=6 vortexing -- -- -- -
wash 4 by Acetate PH=5.7 vortexing -- -- - -
reususpended and sonication 30 mins -- -- - -
Activities (U/L) ABTS 8246 21024 8084 24909

(b) 100mM MES PH=6 +NaBH, (10uL of 5M in total ImL volume)

Samples MNP-NH; MNP-CHO-GLU
Initial lac3 (uM) 3.0 4.2 3.0 4.2
Graft LAC3 after reaction (uM) 0 0.5 0 0
Grafted ratio 100% 88% 100% 100%

Wash 1 by MES PH=6 vortexing -- -- -- -
Wash 2 by MES PH=6 vortexing -- -- -- -
Leak or not Wash 3 by MES PH=6 vortexing - -- - -
Wash 4 by Acetate PH=5.7 vortexing -- -- -- -
Resuspended and sonication 30 mins -- - - -
Activities (U/L) ABTS 5831 11976 5438 10201

Glutaraldehyde is commonly used as bifunctional linker to activate amino functionalized
particles and display at the surface of magnetic particles the aldehyde groups needed for a further
coupling with biomolecules. Besides that, terephthalaldehyde was also investigated in this section
since from literature and our own experience, aromatic aldehyde groups react more easily than
aliphatic ones. Considering the solubility of terephthalaldehyde, the use of ethanol as reaction media
was needed before and after reaction. After functionalization, particles were washed 3 times with
ethanol to remove the excess of terephtalaldehyde then washed by MQ water several times before
coupling with LAC3. Other processes were the same standard steps as described in previous

experiments. The results are listed in the following table (Table I11-5-4):
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Table 111-5-4 Immobilization of LAC3 on different magnetic particles with terephthalaldehyde as bridge

Particles MNP-NH2 MNP-TER MNP-NH: MNP-TER  MNP-NH2  MNP-TER
. Ir catalysts
Conditions Only buffer NaBH; (10uL of 5M)
(15pL of 14puM)
Initial LAC3 (uM) 3 3 3 3 2.8 2.8
LACS3 after reaction (uM) 0 0 0 0 0.1 0
Graft ratio 100% 100% 100% 100% 96% 100%
Leaking No leak after wash and sonication (30mins)
Activities ABTS (U/L) 19479 17206 14340 16556 14164 17119

Using terephthalaldehyde as a bridging agent led to higher grafting ratios with no enzyme
leaching (even without the addition of reducing agents). It means beside glutaraldehyde,
terephthalaldehyde is also reliable for introducing aldehyde groups at the surface of amino

functionalized particles.

5.3 Conclusion

Through the experiments of this section, it seems that a random immobilization of laccase is
difficult to avoid with custom-made amino particles. Anyway, the following picture can be drawn
for the immobilization with laccase the custom-made amino particles: (1) 0.1M MES buffer pH=6.0
is the best reaction medium; (2) initial laccase concentration should be maintained below 6 M (total
reaction system 1ml, 500l beads); (3) need the use of reducing agents: Ir catalysts (0.1 equivalent
to LAC3) or NaBH4 (~10 equivalent to LAC3) to achieve stable immobilization laccase onto MNPs ;
(4) both glutaraldehyde and terephthalaldehyde can be used as bridge to display aldehyde groups at
the MNP-NH: beads surface.
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6 Conclusions

In this chapter, several particles were used for the oriented immobilization of laccase, and two
substrates ABTS and Coniferyl alcohol were studied. Evolution of SA ratios for free and grafted
enzymes are reported in the table below:

Particles c21 H23 Azide
Substrates ABTS CA ABTS CA ABTS CA
Free LAC3/UinKys1 0.82 0.87 1.03 0.87 0.98 0.87
Grafted LAC3/UniKjs; 15 15 2.75 12.4 1.92 0.86

The first type of particles studied are bearing an aldehyde function, whether it is the commercial
aldehyde particles (aliphatic aldehyde) or the custom-made aldehyde particles (aromatic aldehyde).
The oriented immobilization of laccases on these particles yield a consistent result: the orientation
of the enzyme at the particle surface influence its activity. The two laccase-particles systems follow
the same trend, i.e. the catalytic efficiency of the enzyme is decreased when the enzyme is grafted
close to its active site. This probably reflect a hindrance modifying the active site accessibility. Most
importantly, ratios obtained on CA oxidation with laccases immobilized on aromatic aldehyde are
spectacularly larger than those obtained with laccases immobilized on aliphatic aldehyde. The
evolution on almost one order of magnitude of the performance of the different configurations of the
catalyst supports an acquisition of a form of selectivity.

Globally, azide-based particles retain more laccase activity compared to aldehyde particles and
that despite two successive functionalization reactions (reductive alkylation + click). As opposed to
the previous aldehydes particles, results on CA and ABTS oxidation are found asymmetric: whereas
the SA of UniKye: towards ABTS decreases upon functionalization its SA towards CA remains
apparently unaffected by the orientation. This preliminary study suggests that the selectivity of the
laccase-particle system can be modulated through a variation of the chemical landscape around the

enzyme’s active site.

Performances of the MNP-NH_ particles we synthesized are not those expected. These particles
react non-specifically with laccase and this results in a non-directional immobilization. Therefore,
these amino particles are not suitable as carrier in this study. Nevertheless, properties of these
particles (easy measurement of the enzyme loading, high activity after immobilization, selectable bi-
functional linker) make them perfectly suited for a generic immobilization of laccase. It is probably
worth exploring ways to solve issues and make them suitable for the oriented immobilization.
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Appendix: Materials and Methods chapter 111

1 General

1.1 Laccase

Laccase used in this study (CA or CA analogues oxidation) is LAC3 from Trametes sp C30,
which is produced in Aspergillus niger and purified in our lab.*3

1.1.1 Concentration determination

Laccase concentration was estimated by UV-visible spectroscopy (Cary 60, Agilent
Technologies, USA) using an gs10nm = 5600 M~' €m™! for the T1 copper site.

1.1.2  Activity measurement

Laccase activity was assayed using 2,2'-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS) as substrate. Oxidation of ABTS was detected by following the absorbance at 420 nm (g420
nm=36000 M~ em™!) during 2 min with a spectrophotometer (Cary 60, Agilent Technologies, USA).
The reaction mixture (1 mL) contained 10 L of appropriately diluted enzyme sample, 890 pL of
acetate buffer (100 mM pH 5.7) and 100 pi_ of 50mM ABTS in Milli Q® Water at 30<C. The ABTS
was added to initiate the reaction. One unit (U) of laccase was defined as one micromole of substrate
oxidized per minute in these described conditions.

1.2 Zetametry measurements

Zetametry measurements for the surface charge state of the commercial aldehyde particles were
performed on a NanoPartica SZ-100 apparatus.

1.3 FT-IR

IR-ATR spectroscopy has been performed on FTIR Nicolet iS50 spectrometer by Dr. Karine
Heuzéat the University of Bordeaux.

1.4 HPLC test

CA oxidation products were separated by reverse phase HPLC on a RP-18 column. The mobile
phase was composed of a mixture of water - acetic acid 3% (solvent A) and acetonitrile (solvent B)
with the following gradient 90% A 10 % B for 5 min then 10% solvent B to 50% in 20 min then
plateau 50% solvent B for 2 min then back to 10% solvent B for 2 min.
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2 Immobilization

2.1 Aldehyde particles immobilization

(1) Weight and transfer a certain number of Magnetic beads (2mg normally) to a centrifuge
tube. Resuspend the beads by adding 1 ml RA (Reductive Amination) Buffer (50 mM aqueous

phosphate with 0.1M sodium formate, pH 7.4) and mix the beads by vigorously vortexing for 1-2
minutes, if some beads aggregated after suspending them, sonicate mildly for 2 to 5 minutes. (2)
Place the tube on the magnetic separator for 1-3 minutes. Remove the supernatant while the tube
remains on the separator. Remove the tube from the separator and resuspend the beads with 1 ml RA
buffer by pipetting. (3) Repeat step-2 once. (4) Add the enzymes solutions and Iridium catalysts
(calculate the volume added in advance) to the beads. Resuspend the magnetic beads and mix very
well by pipetting. Incubate the reaction with continuous rotation at 30°C overnights. (5) After
reaction, place the tube on the magnetic separator for 1-3 minutes, take out of the supernatant by
pipette carefully to new tube for test. (6) Wash the beads several times with 1 ml coupling buffer as
described at step (2). (7) Resuspend the beads in Store Buffer (0.1M acetate buffer pH=5.7), store at
4<C until use.

2.2 Azide particles immobilization

(1) Prepare enzymes: change buffer of lac3 and unik161 to RA (Reductive Amination) buffer

(50mM phosphate buffer pH=7.4 containing 100mM sodium formate); then measure their
concentrations. (2) Preparation of 3mM 4-ethynylbenzaldehyde solution: 0.0039g 4-
ethynylbenzaldehy, are dissolved into 1000uL. DMSO, then dilute 10times with RA (100 uL initial
solution + 900 uL buffer). (3) Calculate amount of reactants for being in the following conditions:
Total volume: 2.5 mL; enzyme concentration [E]:50uM; 4-ethynylbenzaldehyde 10 equiv. respect to
[E], Ir catalysts=10 equiv. respect to [E]. (4) Fix two round-bottom flask into iron support, mark
them respectively as lac3 and unik161. (5) Add the reactants: enzymes, 4-ethynylbenzaldehyde,
Iridium catalysts (14mM) RA buffer. (6) Seal with a rubber stopper, and react under magnetic stirring
for 72 hours. (7) After reaction, the enzymes are recovered using PD MiniTrap G-25 columns and
concentrated by centrifuge with 30kD VIVASPIN 2. (8) Measure concentrations of the collected
enzymes by UV-Vis spectrum. (9) Prepare CuSO4/Ascorbic acid/bathophenanthrolinedisulfonic:
Weigh ©0.024g CuSO4 H>0 ©@0.059g bathophenanthrolinedisulfonic and ®0.0176g Ascorbic acid
dissolved in Iml MQ water respectively, then take out of 500 mL each in the order of ®@® and
mix well. (10) Calculate amount of reactants at conditions of: Total volume: 500 pL; [E]=10uM,
Azide  particles  10mg, CuSO4/  Ascorbic  acid/bathophenanthrolinedisulfonic=30
equivalence=1.5mM. (11) Prepare particles: 10mg azide particles are suspended in ImL MQ water
by the use of an ultrasonic bath for 20 min. (12) Remove the supernatant by magnetic separation,
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add the Click buffer (50mM Phosphate buffer pH=7.5) for washing, then magnetic separation and
discard the supernatant, repeat 3 times. (13) Add reactants sequentially to the particles and mix well.
(14) The mixture was stirred on a thermomixer (1000rpm/min) at 30°C overnights. (15) After
reaction, the supernatant was magnetically separated and extracted. (16) Wash beads 3 times with 1
mL Click buffer at each time. (17) Resuspend the beads in 1ml acetate buffer pH=5.7, store at 4<C
until use.

2.3 Amino particles immobilization

(1) Weigh 500uL of MNP-NH2 particles (stored in MQ water), discard the supernatant by
magnetic separation. (2) Resuspend by vortexing and wash 3 times using corresponding buffer,
discard the supernatant by magnetic separation. (3) Add aldehyde-containing reagents (500 uL
40mM terephthalaldehyde or 500uL 25% glutaraldehyde in total volume 1500uL ethanol or in total
volume 1500 pL buffer), incubate at room temperature for 3 hours. (4) Wash 6 times using
corresponding buffer after incubation. (7) Add certain amount of enzymes (diluted by the
corresponding buffer, total volume: 1mL), blend well and incubate at room temperature overnight.
(8) Collect the supernatant after reaction for measurement. (9) Wash several times and collect the
washed solutions for measurement. (10) Resuspend the beads in acetate buffer PH=5.7, store at 4<C
until use.

3 Enzyme loading measurement

For UV-visible spectrophotometry and Bradford method, the amount of enzyme immobilized
on the magnetic particles (enzyme loading) corresponds to the difference between the initial amount
of d enzyme engaged in the reaction and the amount of enzyme remaining in the supernatant after
reaction (enzyme loading = (enzyme added)- (enzyme left in the supernatant after reaction).

3.1 Enzyme loading measurement by UV-visible spectrophotometry

The supernatants after immobilization were first subjected to gel filtration (Sephadex G-25 in
PD-10 Desalting Columns) to separate the enzyme from other reactants and to allow a re-oxidation
of the enzyme. Concentration of the re-oxidized supernatant (laccase) is determined
spectroscopically (UV/vis) and is based on the evaluation of the Cull T1 absorbance at 610 nm
(e=5600 L mol?tem™). Volume of the supernatant after gel filtration and concentration were
determined by pipetting.
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3.2 Enzyme loading measurement by Bradford Protein Assay

BSA Standard Curve
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(1) 0.05 g BSA (bovine serum albumin) was weighed and dissolved into 50ml distilled water to
prepare an initial 1 mg/ml solution; then diluted it with MQ water to final concentrations of 10, 20,
30, 40, 60, 80, 100pug/ml as standard samples. (2) Respectively add 700ul of MQ water, 200ul
Coomassie Blue, and 100ul each of the above standard samples into 1cm Vis Cuvettes and mix them
by inversion, wait 10 minutes. (3) Measure absorbance of the standard samples at wavelength 595nm,
absorbance of [800ul MQ water plus 200ul Coomassie Blue] as concentration 0. (4) Plot the Standard
Curve (the corresponding concentrations 0,1, 2, 3, 4, 6, 8, 10ug/ml respectively with considering the
dilution of the protein in cuvette). (5) Measure absorbance of the laccase (supernatants) samples. (6)
Calculate their concentrations using the prepared Calibrate Curve (see above).

3.3 Enzyme loading test by ELISA (Enzyme-Linked ImmunoSorbent Assay)

Materials: Coating buffer: (0.2 M sodium carbonate/bicarbonate, pH 9.4) 13.608g NaHCO3 and
4.028 g Na2COs dissolve into 1 L MQ water, adjust pH to 9.4; Washing buffer: (0.1 M phosphate,
0.15 M sodium chloride, pH 7.2 containing 0.05% Tween 20) 3.864g NaH:POs H>0, 10.224g
Na;HPO4 and 8.76g NaCl dissolve into 1L MQ water, adjust pH to 7.2; add 0.05% (500uL) Tween
20; Blocking buffer: (2% (w/v) Bovine Serum Albumin (BSA) in Washing Buffer) 1g BSA dissolve
into 50mL Washing buffer; Substrate solution: 1 tablet of PNPP (5mg) dissolve into 10mL glycine

buffer (see instructions of the substrate).

Procedure: (1) Prepare a series of standard samples: dilute the standard enzyme to the appropriate
concentrations in coating buffer at the plate in triplicate, allowing sufficient volume of 100uL in each
well ; (2) Add 300uL blocking buffer to the other well which will be used to put the particles samples;
(3) Cover plate, incubate at room temperature for 2 hour or at 4 °C overnight. (4) Remove the
blocking buffer (not the standard enzymes) and add a series of particles at different concentration to
the well which pre-incubated by blocking buffer in triplicate. (5) Remove all the solutions and wash
the plate (including particles, using magnetic) with 200uL washing buffer 3 times, Sminutes each.
(6) Add 300 pL blocking buffer to each well, cover the plate and incubate on a thermomixer at
600rpm for 1 hour at room temperature. (7) Remove the blocking buffer. (8) Dilute the biotinylated
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detection AC 5000>with blocking buffer, add 100 pL diluted biotinylated detection AC to each well.
(9) Cover the plate and incubate at room temperature for 1 hour. (10) Remove the solution and wash
5 times with 200uL washing buffer, 5 minutes each time. (11) Dilute the enzyme conjugate AP-
streptavidin 1000>with 200uL washing buffer, add 100 pL diluted AP-streptavidin to each well,
cover the plate and incubate at room temperature for 1 hour. (12) Remove the solution and wash 7
times, 5 minutes each with washing buffer. (13) Add 100 uL substrate solutions to each well, wait
until the desired color is reached. (14) Measure absorbance at 405nm. (15) Calculate the enzyme
loading.

4 Fluorescence Qualitative Experiment

(1) 0.0012g dansylhydrazine was dissolved into 200 uL DMF+800 uL acetate buffer, 20mM,
pH=5.7 to make a 1ml 4.2 pmol/mL dansylhydrazine initial solution. (2) Then 100 pl of the 4.2
umol/mL dansylhydrazine solution was added to 900 ul of acetate buffer, 20mM, PH=5.7 to prepare
the 0.42 umol/mL dansylhydrazine; produce two identical solutions using this way, one is for
reacting with the magnetic particles, the other one is used for blank contrast. (3) Added 1ml the above
0.42 umol/mL dansylhydrazine solution to the prepared 1mg particles. (4) Incubate the reaction with
continuous rotation at room temperature for 30 minutes. (5) After reaction, place the tube on the
magnetic separator for separation, keep for a longer time to ensure that the separation is carried out
adequately. (6) Take out of 100 L the supernatant by pipette carefully to new tube, then add 900 uL
acetate buffer, 20 mM, PH=5.7 for dilution(10 times), this 10 times dilution as sample supernatant.
(7) Dilute the blank sample 10 times in the same way as sample blank. (8) First scan the sample blank
at the UV spectrophotometer from 200 to 800 nm, find out the peak wavelength. (9) Use this value
as the start excitation wavelength at the spectrofluorometer to debug test parameters (Excitation
wavelength, Emission wavelengt, slit). (10) Test the fluorescence intensity of the above samples with
FLUORMAX-4 spectrofluorometer (HORIBAJOBIN YVON, France) and recorded the data.

5 Biotransformation of Coniferyl Alcohol

(1) Prepare coniferyl alcohol solutions: 0.0036 g coniferyl alcohol dissolved in 100 pL ethanol
and 900 pL 0.1 M pH=5,7 Acetate buffer to make 20 mM solutions. (2) Test free and immobilized
enzyme activity and calculate enzyme amount. (3) Add the reactants to a 1 ml centrifuge tube and
incubate at thermomixer at 30°C 1000 rpm. (4) take 50 uL of the sample at a certain reaction time
(for example 1 h, 2h...), add 50 pL of reference Benzophenone (0.0072 g benzophenone dissolved in
20mL Acetonitrile), mix well and remove the supernatant by magnetic separation. (5) Add 50uL the
above samples to the HPLC machine for testing. (6) Calculate the results.
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The main target of this research work was to develop effectors for laccase catalyzed reaction,
with the aim to introduce some selectivity (e.g. chemical, regio or stereo) or any kind of control to
the laccase catalytic system which is not selective per se. Specifically, we focused our interest on
AtDIRG, a plant dirigent protein as a natural model of laccase effector and on a bio-inspired system
consisting in Magnetic NanoParticles (MNPs) functionalized with oriented laccases.

The recombinant AtDIR6 protein we purified is known to change the fate of laccase-catalyzed
bioconversion of coniferyl alcohol towards the exclusive formation of a single 8-8” dimer: the (-)-
pinoresinol. During this work, we obtained evidences of AtDIR6 activity on ferulic acid (FA),
coniferyl acetate and coniferyl azide, all being natural or synthetic analogues of coniferyl alcohol
with variations on the allylic chain. This represents the first indication that the specificity of AtDIRG,
and by analogy that of all (-)-pinoresinol forming DPs as well as probably that of the enantio
complementary (+)-pinoresinol forming DPs, is not limited to CA itself, layering new ground for
research in biocatalysis.

In our laboratory, it has been previously shown that AtDIR6 stabilizes the CA+e radicals prior
to direct their coupling towards the formation of the (-)-pinoresinol. We know from our new room
temperature EPR studies in solution that AtDIR6 stabilizes the fugacious radicals of the CA
analogues as well. Radical signals varying in intensity from substrate to substrate, observations from
this work open unique possibilities for structure-function relationships studies.

Prior performing the stereoselective radical coupling reaction, how is a dirigent protein
stabilizing (interacting with) these highly reactive species? Previous investigations in our laboratory
on the reactivity of AtDIR6 with the generic ABTS™ radical used as a probe have revealed protein-
radical adducts formation, in particular with tyrosines located in the CA binding cavity.
Unprecedented, our preliminary MALDI TOF mass spectrometry differential analysis of AtDIR6
prior to and after reaction with CA™ radicals suggest that, during the coupling reaction, part of the
protein may be eventually labelled through the formation of two stable adducts. The identification of
such adducts could be a breakthrough in understanding the role of amino acids in the selective
coupling of CA radicals.

In summary, we progressed towards the understanding of the elusive mechanism of radical
coupling promoted by dirigent proteins, laying down the following landmarks: i) allylic hydroxyl
group of coniferyl alcohol is not an essential part for substrate recognition by DP. Carboxylic, aceto
and azido groups at least can substitute for the hydroxyl group of CA and are therefore selectively
introduced in new neo-lignan structures; ii) substrate radicals are stabilized by DP prior coupling; iii)
CA radicals form adducts with DP, potentially labelling residues critical for the reaction. Our results
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not only provide new support information on a perfectly controlled radical coupling reaction, but
also open new possibilities for the use of DP in the field of green synthetic chemistry.

The idea of the construction of an artificial effector of laccase activity is bioinspired from DPs
function. Schematically, DPs provide different chemical environments out of the substrate oxidation
centre of laccase. As a model, we choose MNPs with various surface functional groups a performed
covalent immobilization of laccases precisely controlling the enzyme’s orientation. The specific
orientation of the enzyme’s substrate oxidation center towards the MNP surface, in a close proximity
to the functionalization shell, constitutes an original way to study the impact of different

physicochemical environment on laccase activity.

Particles bearing long aliphatic or short aromatic aldehydes can both serve as platforms for a
reductive alkylation of laccases surface through a lysine group strategically located either next to or
diametrically opposed (>30 A away) to the Cull T1 copper center (i.e. oxidation site). The use of any
of these laccase-functionalized particles for the oxidation of model synthetic (ABTS) or natural (CA)
substrates leads to the same consistent observation: bringing the enzyme’s oxidation center in the
vicinity of the functionalization shell affects laccase activity. It is probable that the physical
proximity of the enzyme’s oxidation center with the particles surface is structurally limiting the
accessibility of the active site to the substrates. However, beyond obvious considerations, a side by
side examination of these different catalysts and their free counterparts points a discrimination of the
phenolic substrate CA by a laccase, the oxidation site of which is exposed to aromatic aldehydes.
Although the fact that benzaldehyde acts as a competitive inhibitor of CA remains to be
independently established (i.e. in solution), the evolution on almost one order of magnitude of the
performance of the different configurations of the catalyst supports an acquisition of a form of

selectivity and validates our initial hypothesis.

The robustness of the enzyme allows performing two successive functionalization reactions to
access azide environment via click chemistry. Changing chemical functions from aldehyde to azide
seems to be accompanied by an effect on the phenolic substrate recognition. This effect might be
more important than it first appears as it seems to partly compensate the structural effect linked to
the creation of an interface between the enzyme oxidation center and the particle’s shell otherwise
significant on the synthetic substrate ABTS. As preliminary as end of project’s experiments can be,
the catalysts’s behavior that they presently reflect would confirm the modulation of the acquired

selectivity we initially postulated.

Recently cyclodextrines have been used in our laboratory in a first attempt to control the
evolution of CA oxidation products.> CDs, somehow mimicking the DPs cavity, protect the neo-
formed dimers from a further oxidation whereas they have no influence on CA oxidation itself. The
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comparative study of the three different laccase-grafted MNPs systems presented here is a first
approach to the modulation of laccase activity through a variation of chemical functions in the

immediate vicinity of the substrate oxidation site.

Prior to this work, immobilization technologies were mainly used for the acquisition of
stabilization and recyclability properties and to the best of our knowledge no research have focused
on the oriented immobilization of enzymes and the effect of the microenvironment on their activity
after immobilization. Beyond the modulation of laccase activity linked to the control of the
orientation of the enzyme at the material’s surface, our results argue for a careful construction of a
structured chemical landscape around the substrate oxidation site. Combined to molecular evolution
of the enzyme this could help to obtain a controllable laccase catalytic system in the future.
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Fungal laccases are robust multicopper oxidoreductases. Perfectly amenable to syn-
thetic evolution, the fungal laccase scaffold is a potential generic for the production
of tailored biocatalysts, which, in principle, can be secreted at substantial levels in indus-
trially relevant organisms. In this chapter, the strategy we have developed for the rapid
production of hundreds of milligram of laccase variants is detailed. It is based on the use
of two heterologous expression hosts: the yeast Saccharomyces cerevisiae for a rapid
upstream screening and the fungus Aspergillus niger for downstream production.
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Methods for screening active and nonactive laccase variants, convenient setups for
enzyme production in both organisms as well as a methodology for efficient purifica-
tion of large amounts of recombinant enzymes are given. The general procedure for
developing new materials for artificial catalysis is also described.

Abbreviations

AA amino acid

Ab-LAC polyclonal anti-lac3 antibody

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
ABTS™ ABTS stable radical cation

AlP alkaline phosphatase

ATA aurin tricarboxylic acid ammonium salt
Bp base pair

BSA bovine serum albumin

DEAE diethylaminoethanol

DNA deoxyribonucleic acid

DTT dithiothreitol

ELISA enzyme-linked immunosorbent assay
FPLC fast protein liquid chromatography
GRAS generally regarded as safe

MWCN multiwall carbon nanotube

MWCO molecular weight cut off

PBST phosphate buffer saline with tween 20
PCR polymerase chain reaction

PEG polyethylene glycol

PES polyethersulfone

pNPP 4-nitrophenyl phosphate disodium salt hexahydrate
PPD p-phenylenediamine

rpm rotation per minute

RT room temperature

SD synthetic defined

SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis
SGZ syringaldazine

SN supernatant

sp signal peptide

ss single strand

STC sodium tris chloride

TFA trifluoroacetic acid

TFF tangential flow filtration
TNC trinuclear cluster

UF ultrafiltration

UNIK single lysine LAC3 variant
UV-vis ultraviolet—visible

YPD yeast extract-peptone-dextrose

€ molar extinction coefficient
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1. Introduction

New technologies for a more sustainable society are urgently needed
(Kates, 2017). Considering the needed change of paradigm from fossil to
renewable feedstock, a selective and efficient conversion of bioresources
is crucial and will have a real impact on the sustainability of our developed
society (Armstrong & Blundell, 2007). A number of current industrial pro-
cesses feature catalytic methods for aerobic oxidation. However, their long-
term use is condemned as reagents such as metal-oxide or chlorine-based
oxidants are often required, generating organic and heavy metal wastes with
safety concerns (Anastas & Warner, 1998). As an oxidant, dioxygen (O,) is
available at no cost and produces no environmentally hazardous
by-products. Therefore, catalytic systems capable of selective oxidation
reactions driven by clean dioxygen reduction with no by-products represent
an important asset to progress toward sustainability.

Nowadays, the principle of using enzymes for large-scale industrial pro-
cesses is well established (Kirk, Borchert, & Fuglsang, 2002; Meyer et al.,
2013; Nestl, Hammer, Nebel, & Hauer, 2014). Limitations to the use of
these excellent (enantio) selective and renewable catalysts, such as good
operational stability or high production costs remain, but are progressively
overcome thanks to the availability of constantly improving molecular evo-
lution, fermentation, and immobilization methodologies.

Laccase (EC 1.10.3.2 from plant, fungi, or bacteria) is a particularly
robust and well-studied biocatalyst. This copper-containing enzyme (four
copper ions) couples the oxidation of a wide range of substrates to the neat
reduction of one molecule of dioxygen to two water molecules. In the past
2 decades, a significant number of reports have illustrated the potential of this
enzyme in technological and bioremediation processes (e.g., bleaching, clar-
ification of beverages, detoxification, sensors) (Zucca, Cocco, Sollai, &
Sanjust, 2016), focusing on its stability and efficiency (Alcalde, Ferrer,
Plou, & Ballesteros, 2006; Couto & Toca-Herrera, 2006, 2007), as well as
on its adaptability (plasticity) to difterent reaction conditions (e.g., tolerance
to different organic solvents) (Kunamneni et al., 2008). Recent reviews
address the use of laccases in these different fields (Cannatelli & Ragauskas,
2017; Mate & Alcalde, 2017) as well as in organic synthesis (Cracknell,
Vincent, & Armstrong, 2008; Mikolasch & Schauer, 2009; Riva, 2006;
Witayakran & Ragauskas, 2009) and in biofuel cells, in which they are wired



20 Simeng Zhou et al.

on solid support and serve as the cathodic catalyst reducing dioxygen to water
(Fernandez-Fernandez, Sanroman, & Moldes, 2013; Gutiérrez-Sanchez, Pita,
Vaz-Dominguez, Shleev, & De Lacey, 2012; Jones & Solomon, 2015; Lalaoui
et al., 2016; Le Goft, Holzinger, & Cosnier, 2015; Milton & Minteer, 2017;
Pistone etal., 2016; Pita etal., 2011, 2014; Qiu etal., 2009; Shleev et al., 2005;
Shleev, Pita, Yaropolov, Ruzgas, & Gorton, 2006). Recently, the potential of
laccases for the development of molecular hybrid catalysts has been demon-
strated (Lazarides et al., 2013; Mekmouche et al., 2015; Schneider et al., 2015;
Simaan et al., 2011; Tarrago et al., 2018).

Genes encoding laccases from different origins have been heterologously
expressed with various successes in bacteria, yeasts, filamentous ascomycetes,
basidiomycetes, or plants reaching expression levels of up to a gram per liter
(Alves et al., 2004; Kiiskinen et al., 2004; Record et al., 2002). Both vari-
ation of the cultivation conditions and mutagenesis in a given host can be
used to tune production (Bulter et al., 2003; Mate et al., 2010; Rodgers
et al., 2010). In addition, well-established protein engineering methodolo-
gies are available for modulating enzyme properties such as redox potential,
pH tolerance, and thermostability (Mate & Alcade, 2015). However, it is
noteworthy that a complex posttranslational maturation of the enzyme is
influencing expression of laccases genes as well as the diversity obtainable
among synthetic variants. The two copper-containing redox centers of
laccases—a blue copper site located near the surface (oxidation of substrates)
and an embedded trinuclear copper center (O, reduction) (Fig. 1) (Jones &
Solomon, 2015; Riva, 2006; Solomon et al., 2014; Solomon, Szilagyi,
DeBeer George, & Basumallick, 2004; Tron, 2013)—need to be precisely
inserted within the three cupredoxin domains that are typical of proteins
from the multicopper oxidase family. Moreover, fungal laccases are secreted,
a process involving both enzymatic decorations of the enzyme surface
with sugar moieties (glycosylation) and of the signal sequence by specific
peptidase(s) during secretion. Thus, maximizing the production of fungal
laccase variants requires a careful selection of the initial sequences, highly
secreting hosts and a simple and straightforward selection procedure. Since
the “perfect” host (allowing both selection and production at the same time)
does not exist, best performances are obtained by splitting the process into
two steps: (1) selection of variants (from sequences initially propagated in
Escherichia coli) and (2) production of selected variants, involving each a
specialized heterologous expression host (e.g., yeasts for step 1 and filamen-
tous fungi for step 2).

We have forged our own experience in large-scale production of recom-
binant laccases from the study of isoenzymes originating from the fungus
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(2) O, + 4H* + 40 ——> 2H,0

Fig. 1 Structure and function of laccase. (A) Structural model (ribbon) of LAC3 from
Trametes sp. C30 with amino acids subjected to mutagenesis colored in red; Cu(ll) ions
are depicted as blue spheres. (B) Cartoon of the three cupredoxin domains (D1, D2, and
D3) in the laccase structure; white circle, T1 copper ion; gray circle, T2 copper ion, black
circle, T3 copper ions. (C) Close-up of the copper-active sites; blue spheres: copper ions
annotated T1, T2, and T3. * This sign stands for the presence of a hidden histidine res-
idue coordinated to the T3 copper site. (D) Overall outcome of the catalytic reaction.

Trametes sp. C30 (Robert, Mekmouche, Rousselot-Pailley, & Tron, 2011).
The isoenzyme LAC3, which is the enzyme pivotal to all of our studies since
2005, has been selected from a functional screen of the yeast Saccharomyces
cerevisiae transformants. LAC3, and several of its variants are produced in
the yeast S. cerevisiae in the milligram per liter range (Balland et al., 2008;
Cusano, Mekmouche, Meglecz, & Tron, 2009; Klonowska et al., 2005;
Liu et al., 2014). Further, recombinant laccase production has recently been
scaled up to levels of nearly 1gL ™", through the transformation and subse-
quent optimization of fermentation conditions in the GRAS ascomycete
Aspergillus niger (Mekmouche etal., 2014). Altogether, these works highlight
the potential of combining a generic laccase sequence with yeast and fungal
expression systems for the generation and large-scale production of variants.
Demonstrations of the practical use of this combination can be found in our
most recent works on the production and use of robust laccase-based hybrids
catalysts (Lalaoui et al., 2016; Mekmouche et al., 2015; Robert et al., 2017;
Schneider et al., 2015).

In this chapter, we will detail our methodologies to produce large-scale
synthetic laccases with desired properties for the purpose of developing new
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Fig. 2 General strategy for large-scale production of laccase synthetic variants covering
the construction of variants (mutagenesis), the transformation an screening of laccase
secreting transformants (screening production and activity) and finally the large-scale
production, purification and targeted chemical functionalization (applications, produc-
tion of hybrid catalyst based on laccase).

molecular hybrids for catalysis. The general strategy is depicted in Fig. 2. We
will cover: (1) the construction of variants based on rational (structure guided) or
random (molecular evolution) available mutagenesis methodologies; (i1) the
transformation procedures; (ii1) the screening of laccase secreting transformants directly
on transformation plates containing a chromogenic substrate (e.g., guaiacol)
or in various plate formats and, for nonfunctional variants (i.e., copper-
depleted variants), with a sandwiched ELISA test; (iv) the large-scale production
of laccase variants from reactor-optimized fermentation of A. niger; and
(v) the downstream purification of laccase variants. We will then describe selec-
tive chemical functionalization of the laccase surface with synthetic effectors (tran-
sition metal complexes, macrocycles, organic probes, materials) via robust
protein chemistry methodologies. We will discuss these different steps in
depth by exploring the heterologous production of fungal laccases and their
purification and characterization. Finally, we will provide an overview of
possible applications.

2. Heterologous production of fungal laccases

Engineering of recombinant laccases for targeted oxidative transfor-
mations at desired conditions is a challenging issue.

Despite high production capabilities of fungal strains naturally producing

laccases, heterologous expression of fungal laccase genes is popular because it
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offers possibilities: (i) to overcome the production of several isoenzymes
resulting from the coexpression of multiple laccase-encoding genes usually
found in parental organisms; (i1) to produce laccases from genes poorly
expressed in parental organisms; (iii) to engineer a laccase by random or
rational mutagenesis to improve its properties (e.g., stability vs pH, T°C, sol-
vents). Recent reviews covering laccase engineering are available (Alcalde,
2015; Mate & Alcade, 2015; Pardo & Camarero, 2015; Rodgers
et al., 2010).

As mentioned, our reference enzyme is LAC3, a laccase from Trametes sp.
C 30. Cloning and heterologous expression of laccase Trametes sp.
C 30 cDNAs has been undertaken to select enzymes with high oxidative
capacities. In particular, dac3 (GenBank accession number AY397783),
which encodes a laccase isoform previously undetected in fungal cultures,
has been isolated and successfully expressed in the yeast S. cerevisiae
(Klonowska et al., 2005).

2.1 Cloning

Laccase-encoding sequences (cDNA, synthetic genes) are fused to bacteria/
yeast shuttle vectors that are either commercially available (ex. Gateway™
pYES-DEST52 Vector) or custom (ex. pAK 145, a constitutive yeast expres-
sion vector the construction of which is detailed in Klonowska et al., 2005)
and are propagated in E. coli strain DH5a (F~ A80lacZ AM15 A(lacZY A~
argF)U169 deoR recAl endAl hsdR17(rk~, mk") phoA supE44 thi-
1gyrA96 relAl A7) using standard techniques (Sambrook, Fritsch, &
Maniatis, 1989). Note that the secretion signal (encoding the signal peptide)
to be fused to the sequence encoding the mature peptide is a matter of tun-
ing. Heterologous peptides like the yeast alpha factor sp (Camarero et al.,
2012; Mate et al., 2010) or that of the yeast invertase (Klonowska et al.,
2005) are often chosen to replace the native laccase sp although in our hand
the latter was found to lead to LAC3 secretion as well (Klonowska,
unpublished results). In addition, improvements in the secretion (and there-
fore the production) of laccases have been linked to the accumulation of
mutations in the sp during molecular evolution rounds (Bulter et al.,
2003; Camarero et al., 2012; Mate et al., 2010). We sought both cloning
methods to produce recombinant laccases and variants, i.e., a rational and
a random method (Fig. 3).

2.1.1 Site-directed mutagenesis
Site-directed mutagenesis (Fig. 3A) is the basis for structure and function
studies (Mate & Alcade, 2015). In this view, a 3D structure of the favorite
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Fig. 3 Selected methods for producing variants of laccase. (A) Rational-directed muta-
genesis: (1) mutant strand synthesis containing the targeted mutation; (2) digestion of
template; and (3) transformation of mutated molecule into competent cells. (B) Gap
repair technique: (1) gene of interest and (2) yeast transformed with vector and insert
and homologous recombination to repair the gap.

enzyme or, failing that, a robust model (easily obtainable from web-based
protein modeling platforms like SwissProt, PMP, Modeller, etc.) is highly
recommended. Through site-directed mutagenesis, we have challenged the
plasticity of our favorite enzyme (Klonowska et al., 2005; Liu et al., 2014),
as well as its robustness in electrocatalysis (Balland et al., 2008; Lalaoui
etal., 2016) or in chemo-enzymatic catalysis involving electron transfer from
a transition metal catalyst (Mekmouche et al., 2015; Schneider et al., 2015) or
from photosensitizers (Robert et al., 2017) (see Table 1). Replacement of
selected sequences or codons in the lac3 original coding sequence was
obtained using a commercial kit (QuikChange®, Stratagene™). Mutated
laccase sequences were constructed by designing the appropriate primers
and following the recommendation of the manufacturer (Stratagene).
Recently, we started the construction of single lysine laccase variants of
LAC3 with the intention of obtaining genetically defined, single surface-
located, primary amino group variants amenable for posttranslationally site-
directed chemical modification. A three-step semiempirical strategy was used
in order to achieve the following aims: (i) To replace the only two lysine
residues (K40 and K-) naturally present in the mature sequence of LAC3
(Fig. 1A). Libraries of sequences coding K40Q, M or I and K;1H, A, R,
E (representing natural variations found at positions 40 and 71) were
constructed from which the variant Ky (K40M, K5H) devoid of lysine was
selected: (i) To replace a chosen surface accessible residue by a lysine, for exam-
ple, in the UNIK¢; (R16,K) variant (Lalaoui et al., 2016; Robert et al., 2017).

2.1.2 Yeast recombination

In vivo gene cloning or gap repair is a very efficient and fast method by
which to assemble recombinant DNA in the yeast S. cerevisiae (Fig. 3B). This
method produces, in a single step, propagatable circular DNA by homolo-
gous recombination between a linearized vector (gap) and a linear
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Table 1 Variants of LAC3 engineered by site-directed mutagenesis

Study Characterization

Main Results References

Functional expression E° T1; EPR

in yeast spectroscopy; activity

Characterization of ~ Klonowska
recombinant enzyme et al. (2005)
and comparison with

homologous LAC1

and LAC2 from

Trametes sp. C30

Immobilization of Electrocatalysis;
activity; spectroscopy

LACCASE on

electrode

Characterization of a Balland
self~assembled et al. (2008)
monolayer

immobilized laccase.

R edox-mediated

electrocatalysis

Functional expression Activity
of C- and N-terminus
modified laccases

Characterization and Liu et al.
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C-terminal modified

laccases: depleted

or/and His-tagged.

Effect of glycosylation

pattern on activity

Oriented Molecular biology;
immobilization of spectroscopy;

LAC on electrodes to activity;
maximize direct
electron transfer

electrocatalysis

Efficient direct Lalaoui
electron transfer for et al. (2016)
reduction of

dioxygen using
nanostructured

electrodes modified

with a site-specific

surface modification

laccase (single

covalently bound

pyrene group close to

the T1 center)

Controlled

at the surface of a
fungal laccase

Spectroscopy;
orientation of a graft activity; molecular
biology; covalent
docking; molecular
dynamics simulations

Engineering oflaccase Robert
variants with unique et al. (2017)
surface accessible

lysine residues and

orientated covalent

grafting of a

photosensitizer to

promote

photocatalysis.

Simulation studies fit

well with observed

reactivity
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Fig. 4 Construction of laccase chimeras through yeast homologous recombination of
Trametes sp. strain C30 laccase cDNAs sharing 65%—71% identity. (A) Schematic view
of intermolecular recombination events between the clacl and clac3 parental genes
and the resulting hybrid lac131 gene. Genes are represented by rectangles of variable
lengths and recombinant junctions are represented by vertical black bars. (B) Molecular
models of LAC131 hybrids constructed using the structure of the laccase 2HRG from
Trametes trogii as template. The surface of LAC3 is colored in green; that of LAC1 is col-
ored in pink. Adapted from Cusano, A. M., Mekmouche, Y., Meglecz, E., & Tron, T. (2009).
Plasticity of laccase generated by homeologous recombination in yeast. FEBS Journal, 276,
5471-5480.

overlapping DNA fragment (insert) cotransformed in yeast (Oldenburg, Vo,
Michaelis, & Paddon, 1997; Orr-Weaver, Szostak, & Rothstein, 1983). The
recombination occurs within short homologous sequences between the vec-
tor and the insert. Laccase-encoding sequences sharing 65%—71% identity
(clacl, clac2, clac3, and clac5) have been shuffled in vivo by homologous
recombination in yeast using a clac3 PCR fragment as the repair sequence.
In recombinant sequences, junctions have been found to map within short
stretches of identity varying from 5 to 45 base pairs. Three chimeric laccases
(LAC131, LAC232, and LAC535) have been isolated and characterized
(Fig. 4). This single random mutagenesis step has led to the generation of
variants having extended pH tolerance toward alkaline conditions
(Cusano et al., 2009).

2.2 Transformations

2.2.1 S. cerevisiae

The yeast S. cerevisiae W303-1A (MATa {leu2-3,112 tip1-1 can1-100 ura3-1
ade2-1 his3-11,15}) is transformed with recombinant DNA materials using
either a lithium acetate/ss DNA carrier/PEG protocol (Gietz & Woods,
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2002) or electroporation (Becker & Guarente, 1991). After transformation,
cells are spread on selective media and plates are incubated at 28°C for 4 days.
Below is a brief description of: (1) the preparation of electrocompetent cells;
(11) electroporation; and (iii) plating.

Equipment

1. Temperature-controlled orbital shaker set at 30°C.

Stationary incubator at 30°C.

Electroporation cuvette (sterile).

Electroporator (e.g., Eppendorf Eporator™).

Floor centrifuge.

A

. UV—vis spectrometer.

Buffers and reagents
Sterilization is performed by autoclaving unless otherwise specified.

Standard recipes can be found in Methods in Enzymology.

1. YPD (1% yeast extract, 2% peptone, 2% dextrose) medium.

2. 1M sorbitol in sterile distilled water.

3. Yeast strain (e.g., S. cerevisiae W303-1A).

4. Synthetic dextrose (SD) medium agar.

Example: YNB without AA, 0.67%; dextrose, 2%; adenine, 30 mgL_l;

casein hydrolysate, 0.5%; tryptophan, 40mgL~'; CuSOy, 100 pM; 50mM

succinate buffer pH 5.3; 15gL ™" Agar. Sterile (filtered through @0.2um
filter) adenine, tryptophan, and guaiacol solutions are added postautoclave.

Note that the composition of this medium has been optimized for the selec-

tion of uracyl prototrophs (URA3 marker as part of the expression plasmid)

secreting laccase.

Procedure

* Electrocompetent cells

1. A fresh culture is prepared by growing 5mL of S. cerevisiae strain in
YPD in a 50mL conical tube at 30°C, at 160 rpm overnight in order
to reach an ODgpy =1.3—1.5. The preparation can be started directly
from a plate.

2. The cells are centrifuged at 1500 X ¢ for 5min at 4°C in a precooled
rotor, the pellet is retained and the supernatant is discarded. This step
allows for concentrating the cells.

3. The pelletis resuspended with 5 mL ofice-cold sterile water, vortexing
the cells if necessary.

4. The cells are centrifuged as in step 2, the pellet is resuspended with
2.5mL of ice-cold sterile water.

5. The cells are centrifuged as in step 2, the pellet is resuspended in
1.5mL of ice-cold 1 M sorbitol.
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6. The cells are centrifuged as in step 2, then the pellet is resuspended in

0.1mL of ice-cold 1 M sorbitol to a final volume of approximately
0.15mL. The cells are kept on ice for immediate use, not stored.

Electroporation

7.

Yeast suspension (50 pL) from step 6 is mixed with 2 pg of plasmid
(in 5pL sterile water) in a sterile Eppendort tube.

8. The mixture is transferred to an ice-cold 0.2 cm sterile electropo-
ration cuvette.
9. The cuvette is placed on ice for 5min.

10. The cells are pulsed according to the parameters for S. cerevisiae as
suggested by the manufacturer of the specific electroporation
device used.

11. Ice-cold 1 M sorbitol (1 mL) is added immediately to the cuvette
using a sterile pipette. After mixing gently, the cuvette contents
are transferred to a 15mL sterile tube.

12. The tube is incubated at 30°C without shaking for 1h.

Plating

13. Aliquots (200 pL) of the transformation (either LiAc or electropo-
ration) are plated on SD plates. Transformants are selected for the
appropriate prototrophy resulting from the complementation of
one of the auxotrophies of S. cerevisiae W303-1A after transforma-
tion (corresponding to the selection marker present on the plasmid).

14. Plates are incubated for 23 days at 30°C until colonies form.

15. 10-20 colonies are chosen and streaked onto fresh SD plates. It is

possible to screen for laccase activity/extracellular production by
plating on an activity plate (i.e., containing guaiacol or ABTS),
as will be further discussed in Section 2.3.2.

2.2.2 A. niger
Efficient expression in A. niger requires multiple integrations of the heterol-

ogous sequence to the genome. We are routinely using the strain D15#26
[(pyrG™) (prtT) (phmA)] (Gordon et al., 2000) and plasmids pAN52-4
(EMBL accession number Z32750) for laccase sequence subcloning and

pAB4-1 harboring pyrG as selection marker (van Hartingsveldt, Mattern,
van Zeijl, Pouwels, & van den Hondel, 1987) all obtained from Peter Punt’s
laboratory. The following procedures have been adapted from previously

published works (Mekmouche et al., 2014; Punt & van den Hondel,
1992; Record et al., 2002).
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Fig.5 (A) Description of the gene expression vectors for LAC3 plasmid pAK145-clac3 for
S. cerevisiae expression and plasmid pAN52-clac3 for A. niger expression. The cloning
restriction sites are annotated and signal peptides are indicated as sp (splac3 for
pAK145-clac3 and spglaA for pAN52-clac3). The constitutive promotor is the
untranslated region PgdpA. The terminator gene is trpC. (B) Schematic description of
pAN52-clac3 and pAB4-1 transformation of A. niger [strain D15#26 (pyrg™) (prtT)
(phmA)]. (i) The host strain is sensitive to the antibiotic; (ii) preparation of protoplasts
competent for DNA integration and subsequent regeneration; and (iii) selection proce-
dures for optimal transformation frequencies. From Punt, P. J,, & van den Hondel, C.A.
(1992). Transformation of filamentous fungi based on hygromycin B and phleomycin resis-
tance markers. Methods in Enzymology, 216, 447—457.

a. Construction of a pANS52-laccase expression plasmid

The sequence encoding a laccase of interest (a Mlul/HindIIl PCR
fragment encompassing the sequence coding for the mature LAC3 in
our case) is easily inserted at the BssHII/HindlII sites of the pAN52-4
vector and 1s known as pAN52-clac3 (Fig. 5). In the recombinant mol-
ecule, the sequence encoding the mature laccase is fused to a synthetic
signal sequence (from the glucoamylase gene) and flanked by the 5’
untranslated region of the glyceraldehyde-3-phosphate dehydrogenase
gene (constitutive promoter) and the terminator region of the trpC gene
from A. nidulans. The plasmid is propagated in E. coli (ampicillin resis-
tance) (Fig. 5).

Site-directed mutagenesis can be directly performed on this expres-
sion vector. Kj, a variant of LAC3 devoid of lysine was constructed
starting from pAN52-clac3 expression plasmid (unpublished).
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b.

Transformation of A. niger

A. niger D15#26 is transformed by the pAN52-lac plasmid along
with the pAB4-1 plasmid that houses the auxotrophic marker pyrG
(cotransformation) as described by Punt and van den Hondel (Punt &
van den Hondel, 1992; van Hartingsveldt et al., 1987). Stable pyrG"
transformants resulting from recombination at the pyrG locus are
selected for uridine prototrophy. Cotransformants with multiple ran-
dom integration of the laccase-encoding sequence in the A. niger
genome are selected for laccase activity.

Equipment

1. Malassez cell counting chamber.

2. Microscope.

3. Temperature-controlled orbital shaker.
4. @90mm Petri dish plates.
Buffers and reagents

1.
2.

10.
11.

A. niger [strain D15#26 (pyrg™) (prtT) (phmA)].

Trace elements (1000 X) solution: 76 mM ZnSOy, 178 mM H;BO;,
25mM MnCl,, 18mM FeSO,, 7.1mM CoCl,, 6.4mM CuSQO,,
6.2mM Na,MoOy, 174mM EDTA.

. Complete medium: 70 mM NaNQOj; 3.7mM KCl, 11 mM KH,HPO,,

2mM MgSQOy, glucose 1% (w/v), trace elements (1 X), 10 mM uridine;

ZgL_1 casaminoacid; 5gL_1 yeast extract.

Solid minimum medium: 70mM NaNO,, 3.7mM KCIl, 11mM

KH,HPO,, 2mM MgSOy, glucose 1% (w/v), trace elements (1 X)

15gL~" agar. Make the final solution 50mgL~" CuSO,, 5H,0, and

0.2mM ABTS from sterile stock solutions prior to gelification (hard-

ening) if a laccase activity detection is desired.

Vector pAB4-1 containing the pyrG selection marker.

STC bufter: 1.2M sorbitol; 10mM Tris—HCI, pH 7.5, 50mM

CaCl,-2H,0, 35mM NaCl.

CaCl, buffer: 0.27 M CaCl,-2H,0; 0.6 M NaCl.

PEG bufter: 60% PEG 4000; 10mM Tris—HCI, pH 7.5; 50mM

CaCl,-2H,0.

pAN-52-lac.

Glucanex from Sigma (L1412).

ATA (aurin tricarboxylic acid ammonium salt, 1020 mM, MER CK).
Trace elements stock solution: 76 mM ZnSQO,, 178 mM H;BOs,

25mM MnCl,, 18mM FeSO,, 7.1mM CoCl,, 6.4mM CuSOy,,

6.2mM Na,MoOy, 174mM EDTA.
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12.

Minimum medium: 70 mM NalNOs, 7mM KCI, 200mM Na,HPO,,
2mM MgSQO,, 50gL ™" glucose, 50mgL ™" CuSO,, 5H,O. Then add

1%o of trace element stock solution and adjusted to pH 5 with a 1 M

citric acid solution.

13. Tween 80—water: 10 drops of tween 80 in 10 mL of water.
14. Sterile 1 M citric acid.
Procedure

*  Generation of protoplast

Protoplasts generation is generally the basis for fungal transformation:

it is followed by a PEG/CaCl,-mediated DNA uptake.

1.

250mL of complete medium is inoculated in a 1L conical flask at a
final concentration of 2 x 10° sporesmL ™" (described in Section 2.2.2,
Mass production of spores) and incubated with shaking at 150 rpm
(24h) at 30°C.

. The spent medium is filtered through sterile miracloth. The collected

mycelium is washed with CaCl, buffer, resuspended in CaCl, buffer
(5g mycelium in 50mL buffer) containing Glucanex (500 mg)” and
incubated at 30°C for 2h in an orbital shaker (80rpm) (Li, Tang,
Lin, & Cai, 2017).

. The protoplast suspension is then filtered through sterile miracloth,

gently resuspended in the same volume of cold STC bufter and
centrifuged at 1026 X ¢ at 4°C for 15min. Protoplasts should be
visualized as a small white strip at the bottom of the tube.

. The supernatant is carefully decanted and the protoplasts are

resuspended in 25mL of cold STC buffer. The suspension is then
centrifuged at 1478 x g at 4°C for 10 min.

. After removing the supernatant the protoplasts are resuspended in

1mL of cold STC butfter, and kept on ice. At this stage, the number
of protoplasts (with an appropriate dilution) is estimated by counting
them with a Malassez cell counting chamber under a microscope. The
count should be between 10 x 10" and 10 x 10® protoplastmL ™",

* Transformation of protoplasts

6.

In a cell culture tube, 1pL ATA, 10pg of pAN-52-lac, 2pg of
pAB4-1 and 150pL of protoplasts are mixed well and incubated
for 30min at RT.

* The enzyme mix used for cell wall digestion originally used in the reference publication is no longer

available. Satisfactory results have been obtained with the Glucanex preparation from Sigma that is
therefore used as replacement.
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7. PEG buffer (850 pL) is added, mixed well, and the suspension is incu-
bated at RT for 20 min.
8. After adding 10mL STC bufter, the suspension is centrifuged at
1864 X ¢ at 4°C for 10min and the supernatant is removed.
9. The protoplasts are resuspended in 1 mL of STC bulffer.
* Plating and selection
10. About 50pL of solution from step 9 are plated on solid selective
minimum medium (9 90mm Petri dish plates) and incubated for
4 days at 30°C. Note that it is possible (and easy) to screen for
laccase-secreting transformants already at this stage by plating trans-
formants on ABTS- containing plates. See Section 2.3.2 for further
details.
e Mass production of spores
It is necessary to obtain spores (from the parental strain or from trans-
formants) for conservation (storage) as well as for the initiation of further
steps of screening and enzyme production.

Equipment

1. Stationary incubator set at 30°C.
2. Large (J150mm) Petri dish plates.
3. Miracloth filter.

4. Malassez cell counting chamber.

5. Microscope.

Buffers and reagents

1. Solid minimum medium: the same composition as above is used for
transformants selection.

2. 500mL physiological water supplemented with 10 drops of tween 80.

3. 1L of'sterile water in a 1L Erlenmeyer flask.

Procedure

1. Minimum medium agar plates are prepared. About 15 large plates should
be necessary for generating enough spores to inoculate 8 L of culture in a
bioreactor.

2. Platingis carried out, using about 50 pL of spores stock solution per plate,
and these are incubated for 10 days at 30°C to allow vegetative growth
and a subsequent sporulation. A 1-L Erlenmeyer flask full of sterile water
is placed in a top bench incubator chamber to maintain a humid atmo-
sphere and prevent plates from drying out over time.

3. After 10 days, the dark spores are collected with 10mL of saline/tween
80 solution per plate and filtered through a sterile film (Miracloth) to
eliminate traces of agar and mycelium debris.
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4. A few microliters of a known dilution of the sample is introduced to a
Malassez cell counting chamber, and the number of spores is estimated
under a microscope.

5. The spores can be stored in 15% of glycerol saline solution and kept at
—80°C until further use.

2.3 Screening for laccase secreting transformants in
S. cerevisiae and A. niger

Clone-to-clone variations in expression and/or secretion levels are high
both in S. cerevisiae and in A. niger. It is therefore important to reach trans-
formation frequencies allowing screening on a sufficient number of clones
(typically a few tens to several hundred in the case of libraries) in order to
select the best secretors. Laccase secretors are selected either for their ability
to oxidize a laccase substrate (e.g., using an activity test with ABTS or
guaiacol) or for their specific reaction with an antilaccase antibody (immu-
nodetection is especially useful in the case of production of nonactive
enzyme, such as a T1-depleted enzyme). Screening tests can be performed
on activity plates (primary screening) and thereafter on liquid cultures of iso-
lated clones for both organisms. Deep-well plates and microtiter plates are
adapted to the cultivation of A. niger and S. cerevisiae transformants,
respectively.

2.3.1 Screening of clones from deep-well or microtiter plate cultures

This is a convenient method for rapid screening of a large number of parallel

liquid cultures of transformants from both S. cerevisiae and A. niger.

a. Cultivation of S. cerevisiae transformants in microtiter plate

Equipment

1. Floor centrifuge (equipped with microplate holder).

2. Rotary incubator.

Buffers and reagents

1. Sterile SD medium (see Section 2.3.1).

Procedure

1. A 96-well microtiter plate is filled with 300 pL of SD medium.

2. Each yeast colony is inoculated with a sterile toothpick.

3. Cells are grown for 3 days at 30°C.

4. Analiquot of 10 pL of this cell suspension is taken and inoculated 300 pL
of fresh SD medium.

5. The culture is grown for 24h at 30°C.



34

Simeng Zhou et al.

6. Cells are pelleted at 3000rpm for 2min, and the supernatant (SN) is
retained in a clean microtiter for measuring activity and protein concen-
tration (see Section 2.3.3).

b. Cultivation of A. niger transformants in deep-well plates

Equipment

1. Polypropylene 24 deep-well plates (Whatman INC, Piscataway, USA).

2. DBreathable sterile sealing film (Breathseal, Greiner Bio-One).

3. Shaking incubator.

4. Malassez cell counting chamber.

5. Microscope.

Buffers and reagents

1. Trace elements stock solution (see Section 2.2.2, part b).

2. Minimum medium: 70mM NaNO5;, 7mM KCI, 200 mM Na,HPO,,
2mM MgSO,, 50gL ™" glucose, 50mgL ™" CuSO,, 5H,O. Then add
1%o of trace element stock solution adjusted to pH 5 with a 1 M citric
acid solution.

3. Tween 80—water: 10 drops of tween 80 in 10 mL of water.

4. Sterile 1 M citric acid.

Procedure

1. Samples of stored spores, prepared according to the protocol of
Section 2.2.2 (mass production of spores), are thawed.

2. Each well of a 24 deep-well plate (containing 3mL of sterile minimum
medium) is inoculated at final concentration of 1 x 10° sporesmL ', and
100 pL of sterile tween 80—water is added to each well to avoid adhesion
of spores.

3. The deep-well plate is covered with a breathable sterile sealing film.

4. Incubation is carried out for 6 days at 30°C with orbital shaking set at
200rpm. The pH is adjusted daily to 5.0 with 1 M citric acid. White balls
of mycelium start to be visible after 3 days of culture (Fig. 6).

5. Atthe end of the culture, 1 mL of culture medium is filtered and analyzed
for activity of production.

6. All cultures and analysis are carried out in triplicate.

2.3.2 Screening of laccase producing transformants on petri dish plates
Activity plate screening is based on the oxidation of chromogenic phenolic

or nonphenolic laccase substrate. A colored halo (brownish and greenish

for guaiacol and ABTS oxidation, respectively) developing with time

around isolated colony attests for the secretion of active laccases (Fig. 7).
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Fig. 6 Deep-well plate culture of laccase producing A. niger transformants. (A) View of
the breathable film covering the plate during cultivation. (B) Aspect of a 3mL culture of
A. niger in minimum medium supplemented with glucose and oligoelements after
6 days of growth at 30°C. Each well corresponds to the growth of a single transformant.
The presence of white balls attests for the development of the fungus.

Fig. 7 Activity plates: guaiacol oxidation by yeast laccase producing variants (A) and
ABTS oxidation by A. niger laccase producing variants (B).

This procedure is a particularly powerful primary screen applicable to a large
number of clones at the same time directly on transformation plates, as the
chromogenic substrates included in the selective media (ABTS or guaiacol)
is nontoxic to transformants. Moreover, for colonies of similar size, both
the extent of the halo and the color depth are indicative of differences in
secretion levels and/or in specific activities (library screening).
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Equipment

1. Stationary incubator set at 30°C.

2. Regular Petri dish plates.

Buffers and reagents

1. Solid minimum medium for A. niger. Same composition as above for
transformants selection. Make the solution SOmgLfl CuSOy, 5H,0,
and 0.2mM ABTS final from sterile stock solutions prior to gelification
(hardening).

2. Solid SD medium for S. cerevisiae: YNB without AA, 0.67%; galactose,
2%; adenine, 30mgL~'; casein hydrolysate, 0.5%; tryptophan,
40mgL™"; CuSO,, 100pM; 15gL ™" agar; 50mM succinate buffer pH
5.3. Add 500pLL ™" guaiacol prior to gelification (hardening).

Procedure

1. Activity ABTS minimum medium plate is used for the selection of
A. niger transformants. About 50 pL of transformants solution are applied
per plate, followed by incubation for 4 days at 30°C. Development of a
green halo around a colony, visible to the eye, attests for active laccase
secretion.

2. SD medium plates are used for the selection of S. cerevisiae transformants.
200 pL of transformants are spread per plate, which are incubated for
2-3 days at 30°C until colonies form. Development of a green halo
around a colony attests for active laccase secretion.

2.3.3 Screening of activity on 96-well plate

96-Well ABTS plate screening is an easy way to follow laccase activity.

Equipment

1. Three 96-well microtiter plates.

2. Microtiter plate reader.

Buffers and reagents

1. Buffer A: ABTS solution (5mM final) freshly prepared in any buffer
compatible with laccase activity and ABTS stability. We routinely use
100mM acetate buffer pH 5.7 or Britton and Robinson buffer for
extended pH studies.

Procedure

1. The ABTS activity assay is based on the rate of production of the chro-
mophoricradical cation ABTS ™ at 414nm (6=3.5x 10* Lmol ' ¢cm™'
at pH 6.0).

2. The enzyme concentration is determined by the method of Bradford
colorimetric assay on microtiter plates (protocol from furnisher).
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Generally, Bradford assays are performed on 150 pL of nondiluted SN.
The laccase protein concentration is estimated from a standard curve
obtained from BSA solution (bovine serum albumin from 0 to
80ugmL ™).

3. Supernatants are diluted with bufter A (dilution factors are SN/20 and
SN/40).

4. 20pL of SN at an appropriate dilution is added to 180pL of buffer
A solution to initiate the reaction (final volume 200 pL). The specific
activity of the laccase enzyme is calculated from the initial rate of the
absorbance increase at 414 nm within 5s of shaking, at 30°C. Kinetics
are followed for 1h within 30s intervals with a microtiter plate reader
(Fig. 8).

5. The specific activity of laccase toward ABTS is described as the number
of micromoles of ABTS oxidized per minute per milligram of enzyme.

Note

1. This test is perfectly amenable for determining the enzymatic parameters
of pure laccase as previously exemplified (Cusano et al., 2009).

2.3.4 ELISA screening

Sandwich ELISA, a variant of ELISA, is a highly sensitive technique for sam-
ple antigen detection. It allows quantification of the antigen between two
layers of antibody molecules: the capture layer and the detection layer.
An immobilized polyclonal anti-LAC3 antibody (multiepitope recognition)
is used to capture the antigen. The same polyclonal biotinylated anti-LAC3

Fig. 8 Microtiter plate assay for laccase-mediated ABTS oxidation. The green color
attests for laccase activity. Adapted from Cusano, A. M., Mekmouche, Y., Meglecz, E., &
Tron, T. (2009). Plasticity of laccase generated by homeologous recombination in yeast.
FEBS Journal, 276, 5471-5480.
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Fig. 9 Scheme of the “Sandwich ELISA” technique. The coated polyclonal antibody anti-
LAC3 (Ab-LAC3) captures the antigen (LAC3). The secondary antibody, the same poly-
clonal biotinylated anti-LAC3 antibody (Ab-LAC3-biotin) serves for detection. The detec-
tion is made possible with the enzyme conjugate AlP-Streptavidin. The substrate pNPP
(4-nitrophenyl phosphate disodium salt hexahydrate) is hydrolyzed into a colorimetric
product detected at 405 nm.

antibody serves for the detection (Fig. 9). This method is particularly suited
to the detection of low-activity or inactive laccase variants. The advantage of
this method is that the antigen does not need to be purified before analysis.
Equipment
1. 96-Well microplates coated for ELISA.
2. Any microplate reader.
3. Multichannel precision pipettes.
Buffers and reagents
1. Coating buffer: 0.2 M sodium carbonate/bicarbonate, pH 9.4.
2. Capture antibody: antilaccase antibody Ab-LAC (Thermo Fisher)
diluted in coating bufter.
3. PBST washing bufter: 0.1 M phosphate, 0.15 M sodium chloride, pH
7.2 containing 0.05% tween 20.
4. Blocking bufter: 2% (w/v) BSA in PBST washing bufter.
5. Standard dilution bufter: purified laccase diluted in blocking buffer.
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6. Detection antibody: biotinylated polyclonal Ac-LAC antibody.
7. Biotin-secondary antibody.
8. Enzyme conjugate: Streptavidin Alkaline Phosphatase (Jackson
Immuno Research).
9. Substrate: pNPP (Sigma S0942).
10. Glycine bufter: 0.1 M glycine, pH 10.4, with 1mM MgCl, and 1 mM
ZnCl,.
Procedures

The steps are as follows:
Antibodies preparation (capture and detection)
1. Purification of Ab-LAC: following procedure from manufacturer
(Thermo Scientific 89952).
2. Biotinylation of Ab-LAC: following the protocol of a Biotin Protein
Labeling Kit (Sigma Aldrich).
3. Dilute to 2mgmL ™", adding an equal volume of glycerol (final con-
centration: 50%), and store at —20°C.
Surface preparation
4. The capture antibody is diluted (20,000 X) in coating buffer.
5. 100 pL of diluted capture antibody is added to each well; the micro-
plates are then covered and incubated overnight at 4°C.
6. Discarding the solution, the plates are washed three times with
200 pL per well of PBST washing buffer.
7. 200pL of blocking buffer is added per well, the plates are then cov-
ered and incubated for 1h at RT.
Antigen capture
8. The blocking bufter is discarded and 100pL of sample or
standards (100-2000 pg) is added. The plates are incubated for 1h
at RT.
9. The solution 1s discarded and the plate washed three times with
200 pL per well of PBST washing bufter.
10. The biotinylated detection antibody is diluted 5000-fold in
blocking buffer.
11. To each well is added 100 pL of diluted biotinylated detection anti-
body, the plate is then covered and incubated for 1h at RT.
12. The solution is discarded and the plate is washed five times with
200 pL per well of PBST washing bufter.
Detection and quantification
13. The enzyme conjugate AlP-Streptavidin is diluted 1000-fold.
14. 100 pL of the diluted AlP-Streptavidin is added to the plate, which
is then covered and incubated for 1h at RT.
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15. After removing the solution, the plate is washed seven times with
200 pL per well of PBST washing buffer.

16. The substrate solution is prepared: one tablet of pNPP (5 mg) is used
in 10mL of glycine buffer.

17. The plate is incubated at RT until the desired color intensity is
reached. Ideally, a clear gradient is obtained with the variable con-
centrations of standard used.

18. The absorbance at 405 nm is recorded with a plate reader to estimate
the amount of bound antigen from the standard curve established
from different concentrations of pure LAC3 antigen.

2.4 Fermentation in A. niger

As stated earlier, the production of laccase and variants is carried out in 5 or
10L bioreactors following production procedures already described
(Mekmouche et al., 2014; Record et al., 2002). Prior to the fermentation,
it is necessary to produce a sufficient stock of spore allowing an inoculum of
2x10° sporesmL ™" for 10L culture: this is described below.

2.4.1 Preparation of spore inoculum and storage
See Section 2.2.2.

A stock of stored spores is thawed to prepare the inoculum, and as many
plates as necessary for a 10 L culture are prepared. Usually, 15 plates are nec-
essary to inoculate a 10L fermentor.

2.4.2 Production in bioreactor and growth parameters
The initial growth parameters are presented in Table 2. Parameters such as
agitation or addition of antifoam are adjusted daily. Specific activity, O, con-
sumption, and protease activity are measured routinely (Mekmouche
et al., 2014).

Growth conditions in a 10L bioreactor have been described previously
(Mekmouche et al., 2014). The recombinant enzyme is the major secretion

Table 2 Typical growth parameters for heterologous expression of fungal laccase in
A. niger

Inoculum Size
Parameters Aeration (VWM) Spore (mL™") pH Glucose (gL™") Rotation (rpm)

1.2 2x10° 5.5 50 200—600
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Fig. 10 Time course of laccase production during up-scaled fermentation. SDS-PAGE
(7.5%) is stained with Coomassie blue. 10mL of culture supernatant were loaded per
well as a function of cultivation time (from 0 to 184h); M: molecular weight markers
in kDa. Adapted from Mekmouche, Y., Zhou, S., Cusano, A. M., Record, E., Lomascolo, A.,
Robert, V., et al. (2014). Gram-scale production of a basidiomycetous laccase in Aspergillus
niger. Journal of Bioscience and Bioengineering, 117, 25—27 with permission.

product: it is therefore possible to follow the time course of production of
the enzyme simply by loading an SDS-PAGE with extracellular culture
medium (Fig. 10).

3. General purification procedure and characterization

Purification of laccase variants can be obtained easily following a pro-
tocol adapted from Cusano et al. (2009) based on four steps: (1) filtration to
eliminate the mycelium, (2) concentration, (3) capture (anionic exchange),
and (4) polishing (gel filtration), altogether allowing for a satisfactory level of
homogeneity (Fig. 11).

3.1 Purification procedure

3.1.1 Assay procedures

Although several substrates are regularly used for laccase activity determina-
tion, we will here describe only the syringaldazine (SGZ) colorimetric assay
for volumetric activity determination and an electrophoretic colorimetric
assay based on phenylenediamine (PPD) oxidation (zymogram).

a. SGZ assay procedure

Equipments

1. UV-vis spectrophotometer.

2. Disposable cuvettes of 1.5mL.



Fig. 11 Initial steps for the purification of recombinant laccases produced in A. niger. (A) Setting for the filtration of the cultivation medium
through a Separ (SEFAR MEDIFAB 30-170/54) filter allowing for the elimination of the mycellium; (B) tangential ultrafiltration and concen-
tration of 10L of cultivation medium (UF cartridge regenerated cellulose cutoff 30kDa from Millipore); and (C) NaCl gradient elution of laccase
on a DEAE column (2.5 x 25cm?) loaded with the ultrafiltrate.
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Buffers and reagents

1. Syringaldazine stock solution: $mgmL ™" in MeOH.

2. Buffer A: 100mM sodium acetate pH 5.7.

3. Bradford reagent (Millipore).

Buffers and reagents

1. The SGZ activity assay is based on the rate of production of the
corresponding quinone at 525nm  (¢=65,000Lmol”' Lem ™)
(Bauer & Rupe, 1971).

2. The laccase concentration is determined by two colorimetric methods.
The first method is the Bradford colorimetric assay (Bradford, 1976) and
the second one is based on oxidized T1 absorption (when enzyme is
purified) at 610nm (e=5600Lmol ' Lem ™) (Simaan et al., 2011).

3. For routine assay a working concentration of 88 pM of syringaldazine is
used. Laccase is added at an appropriate concentration to bufter
A solution in the disposable cuvette to a final volume of 970 puL.

4. The addition of 30pL of SGZ initiates the reaction. The volumetric
activity of the laccase enzyme is calculated from the initial rate measure-
ment of the absorbance increase at 525nm, followed over the time
course of 2min.

5. The specific activity of laccase toward SGZ is described as the number of
micromoles of SGZ oxidized per minute per milligram of the laccase.

b. Zymogram assay procedure

It may be convenient to visualize laccase distribution in protein samples

throughout purification. Beside (or in addition to) protein staining and immu-

nodetection, laccase conversion of chromogenic substances to colored com-

pounds is sensitive and quick. Laccase activity is easily detectable in gel after

protein separation on a regular PAGE-SDS gel, providing any denaturation

of the protein sample is avoided prior to loading the gel (i.e., no reducing

agent is present in the loading buffer and no heat treatment has been used).

Equipment

1. SDS-PAGE gel (e.g., 7.5%).

2. Electrophoresis apparatus.

Buffers and reagents

1. Modified Laemmli sample buffer: 4% SDS, 20% glycerol, 0.004% brom-
ophenol blue, and 0.125 M Tris—HCI, pH approx. 6.8.

2. Bufter A: 20mM acetate buffer pH 3.6.

p-Phenylenediamine.

4. Butfter B: 100mM phosphate bufter pH 7.5.

W
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Procedure

1.

SR

6.
7.

Protein samples are diluted in modified Laemmli sample bufter (no
reducing agent) and then loaded onto a PAGE SDS: it is important
not to heat the protein sample.

The PAGE-SDS gel is run under appropriate conditions.

The gel is soaked in bufter A for 10 min.

The gel is rinsed three times with buffer A.

The gel is soaked in a freshly prepared solution of PPD (2mgmL ™" in
buffer A) until color is developed. The reaction is quenched by soaking
the gel in buffer B.

Rinse the gel three times with buffer B.

Extensively wash with water prior to (short-term) storage.

3.1.2 Laccase purification procedure
Equipment

1.

W

10.
11.

Vacuum filtration setting (e.g., 110mm Buchner funnel+5L flask
+ vacuum pump).

Filters (SEFAR MEDIFAB 30-170/54).

High speed floor centrifuge, centrifuge tube.

Ultrafiltration apparatus (e.g., Prep/Scale Spiral-Wound Ultrafiltration
Modules: TFF-2. MWCO 30kDa 150mL working volume).

. High flow rate peristaltic pump (e.g., Cole Palmer Masterflex I/P Easy-

Load Pump).

Empty glass gravity chromatographic column 2.5x25cm” (e.g.,
Econo-Column® Bio-Rad).

Size-exclusion chromatographic column (e.g., HiPrep™ 26/60
Sephacryl® S-300 HR, GE Healthcare).

Centrifugal concentrator 30,000 MWCO PES (e.g., Vivaspin
20 Sartorius).

Stirred-cell ultrafiltration apparatus (e.g., Amicon) with 30,000
MWCO PES membranes.

UV—vis spectrophotometer.

FPLC apparatus equipped with double wavelength detection 280 and
610nm (e.g., Akta purifier 10, GE Healthcare).

Buffers and reagents

1. Buffer C: 20mM phosphate bufter pH 6.0.

2. Bufter D: 20mM phosphate bufter pH 6.0, 300mM NaCl.
3. Buffer E: 20mM phosphate bufter pH 6.0, 200mM NaCl.

4.

Syringaldazine stock solution: $mgmL ™" in MeOH.



Production and manipulation of blue copper oxidases 45

5.

ABTS solution: buffer containing 5mM ABTS, freshly prepared. It is
possible to use any buffer compatible with laccase activity and ABTS sta-
bility. We generally use 100mM acetate bufter pH 5.7 or Britton and
Robinson bufter for pH studies.

Procedure

1.

Filter the A. niger dark brown fermentation medium (typically 10L) on
a Buchner funnel equipped with a low porosity filter (SEFAR MED-
IFAB 30-170/54) under vacuum. Wash the mycelium several times
(three to five times) with a minimum volume of buffer A (for a total
volume representing 10% of the initial cultivation volume).

. Concentrate the filtered medium using an ultrafiltration apparatus

equipped with a MWCO 30kDa membrane down to the minimal vol-
ume (depends on apparatus and membrane specifications, usually
~200mL for a 2.3sq. ft. membrane) at a flow rate compatible with
the maximum operated pressure recommended by the membrane man-
ufacturer (flow rate of ~3Lmin"'). At this stage, most of the dark
brown material goes to the permeate tank and the intensity of the
blue-green color of the retentate visually translates laccase production.

. Add 50mL of DEAE-Sepharose resin previously equilibrated with

buffer C to the retentate (batch process). Allow binding under slow
magnetic stirring for 1h at 4°C.

. Pour the DEAE slurry into an empty glass chromatographic column

2.5 x 25cm” and pack it by gravity.

. Wash the resin with 250 mL bufter C. Depending on the laccase variant

the resin should be more or less intensely blue colored.

. Connect the column to a low flow peristaltic pump and elute laccase by

sharply raising the ionic strength of the bufter. Laccases derived from
LAC3 produced in our laboratory elute usually with 50-75mL of
buffer D (containing 300mM NaCl) at a flow rate of 2mLmin .
The presence of colorless laccase variants (e.g., delta T1) may be con-
firmed by immunodetection.

. Protein concentration is evaluated by Bradford assay and laccase

concentration is determined by UV—vis spectroscopy (€s10nm =5600L
mol ' em™ ).

. Ifnecessary the protein concentration of the sample is adjusted to max-

imize loading of size-exclusion chromatography.

. An appropriate volume of sample is applied to the top of a

preequilibrated (buffer E) 2.6 X 60 cm® Sephacryl $-300 HR. column
(or equivalent) connected to a FPLC system. Gel filtration is carried
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10.

11.

out at a flow rate of ImLmin~" (buffer E) collecting 5mL fractions.
Progress is followed with detectors set at 280 and 610nm. Repeated
injections are necessary given the size of the sample obtained after
DEAE. Fractions with a ratio between 14 < A»500m/A¢10nm < 16 and
an activity within 20% of the peak fraction are pooled (Fig. 12).
Pooled fractions are exchanged with bufter A to remove NaCl using a
30-kDa cutoft ultrafiltration membrane in a stirred-cell filtration unit
(e.g., Amicon). The sample is concentrated to 10mgmL ™" and 10%
of glycerol (v/v) is added to the solution.

The sample is filtered under a sterile atmosphere using a 0.2 pm filter;
500 pL is then dispensed to 1mL aliquots in cryotubes which are then
stored at —20°C for long-term storage.

Representative yields for several laccase variants are presented in Table 3.

Yields and catalytic properties for LAC3 and UNIK variants (unique lysine

variants) are twofold higher than those of the K, variant (no lysine). Even-

tually, yields are markedly higher than those obtained in S. cerevisiae (about
40 times for LAC3 heterologous production) (Table 3).
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Fig. 12 Typical S300 chromatogram obtained for LAC3. Two wavelengths (280 nm solid
line, 610nm dashed line) are selected to follow the elution.

Table 3 Typical purification yields obtained for various LAC variants

LAC3 UNIK;61 UNIK; 57 Ko

Production 8L 8L 8L 8L

40,000UL"! 28,000UL"! 25,000UL"" 8900UL™!

Purification 900 mg 700 mg 600 mg 400mg

170Umg ™" 160Umg ™" 160Umg ™" 90Umg ™"
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Notes

1. Filtration of the cultivation medium may lead to a rapid browning of the
solution. This is probably a manifestation of laccase activity consecutive
to a reoxygenation of the solution during the elimination of the O,-
consuming A. niger mycelium.

2. After ultrafiltration (step 2), the volume of the retentate is the minimal
one that can be obtained, as it is constrained by the volume of the
cartridge and tubings. It is usually necessary to rinse the system one
or two times with a minimal volume of 200mL. This variation of
the volume does not aftect the capture of the enzyme on an anionic
exchanger.

3. At each step of the purification process, a small aliquot is taken out to
load on SDS-PAGE, measure the protein concentration (Bradford assay
and T'1 absorbance for the last step) and the specific activity.

4, Applications

Over the past few years, efforts have been made to investigate alter-
native routes for the oxidation of organic compounds and to perform selec-
tive catalytic chemical transformations. To date, these reactions are highly
important at an industrial level and the current processes are among the most
polluting ones. Appearing as highly promising sustainable alternatives to tra-
ditional catalysts, artificial enzymes often combine a transition metal catalyst
moiety with a protein environment (Diéguez, Bickvall, & Pamies, 2018;
Schwizer et al., 2018). Inspired from this new field, we recently engaged
ourselves in studying interactions between laccase and devices or materials.
We study three types of interactions: (i) bimolecular; (ii) oriented covalent;
and (ii1) oriented supramolecular (Fig. 13).

We have recently described the first examples of catalytic systems
combining the O,-reducing power of a laccase with the catalytic power
of inorganic moieties represented either by a palladium-based water-soluble
catalyst (aerobic oxidation of veratryl alcohol) or a ruthenium-based com-
plex (photo-induced oxidation of styrene compounds) (Fig. 14). In both
cases, substrate is oxidized under mild conditions by the inorganic moiety
probably redox cycling, via the enzyme, with the four-electron reduction
of dioxygen into water. In these hybrid systems, the enzyme and the inor-
ganic catalysts form functional bimolecular systems and O, acts as a renew-
able, cheap, and clean oxidant.
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Fig. 13 General strategy for producing hybrid catalysts. Three cupredoxin domains (D1,
D2, and D3) represent the laccase structure. White circle, T1 copper atom; gray circle, T2
copper atom; and black circle, T3 copper atoms. (A) Bimolecular interaction; (B) oriented
covalent interaction; and (C) oriented supramolecular interaction between laccase and
heterogeneous material.
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Fig. 14 Hybrid catalysts combining inorganic or organic moieties with the powerful oxi-
doreductase laccase. (A) Interaction of small photosensitizers with laccase to promote
photo-induced oxidation of alkenes to epoxides; (B) laccase as a palladium oxidase. Pri-
mary alcohol oxidation mediated by the Pd/laccase/O, system under mild conditions;
(C) controlled polymerization of coniferyl alcohol mediated by B-cyclodextrin with fun-
gal laccase; and (D) supramolecular interaction of a pyrene-grafted laccase and MWCNT
electrode to promote oriented direct electron transfer.
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4.1 General procedure for an oriented covalent grafting

of the laccase surface
4.1.1 Preparation of laccase variants for single-site anchoring
The well-known topography of laccases makes them easy material for
surface-targeted modification. The design of variants for surface-targeted
AA functionalization is addressed in Section 2.2.1. Briefly, a single lysine
(K) residue 1s precisely positioned at the surface of a lysine-less variant
through site-directed mutagenesis. The variants created this way are
designed UNIK.

4.1.2 Reductive amination of lysine

Highly selective modifications of primary amino groups present at the sur-
face of proteins can be obtained under mild conditions. The chemical mod-
ification of UNIK variants is adapted from the procedure described by
McFarland and Francis (2005). The primary amino group of lysine present
at the surface of UNIK is reacted with an aldehyde-containing molecule
under reducing conditions. Two recent publications from our group
describe a strategy for achieving a controlled orientation in the grafting of
the surface of a fungal laccase (Lalaoui et al., 2016; Robert et al., 2017).
The grafting procedure of two molecules is detailed hereafter. The first
molecule is an original 2,2,2-trifluoro-N-(4-oxo-butyl)-N-(1-pyren-4-
ylmethyl-1H-[1,2,3]triazol-4-ylmethyl)-acetamide reactant (compound 1,
Fig. 15) synthesized to favor the anchoring of laccase variants on carbon
nanotubes containing electrodes through supramolecular interaction. This
molecule features: (i) an aldehyde moiety for reductive amination and
(i) a pyrene moiety favoring interaction with the electrode material.
Fig. 14A summarizes a schematic view of this multifunctional platform.

: B Oy
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Fig. 15 (A) Artistic view of a multifunctional molecule as a graft for laccase. (B) Structure
of the 2,2,2-trifluoro-N-(4-oxo-butyl)-N-(1-pyren-4-ylmethyl-1H-[1,2,3]triazol-4-ylmethyl)-
acetamide reactant (compound 1).
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Fig. 16 Structure of compound 2 [(bpy),Ru(fimbzl)][PFsl,-2H,O (fimbzl=4 ([1,10]
phenanthroline[5,6-dlimidazol-2-yl)benzaldehyde).

The second molecule is an original heteroleptic ruthenium(II)—poly-
pyridine-type complex with one of the bipyridine ligands containing a fused
imidazole motif and a benzaldehyde (compound 2, Fig. 16).

This complex has been selected for the following reasons: (i) its ability to
photoreduce laccases upon visible light excitation (Schneider et al., 2015;
Simaan et al., 2011); (ii) its intense absorption band in the visible spectrum
at Amax = 450nm (€4500m = 14,500 L cm ! m01_1) (Kalyanasundaram, 1982)
which does not overlap the 4,,,,, =605 nm of the T1 Cu(Il) site of laccases;
and (iii) its fluorescence properties (Ao, =450nm, A, =600nm).

Equipment
1. 1.5x 150 cm” glass chromatography column.
2. Sephadex® G-25 fine (GE Healthcare).
3. Peristaltic pump (e.g., Gilson).
4. Centrifugeable ultrafiltration devices, 30,000 MWCO PES (e.g.,

Vivaspin 20, Sartorius).

5. Floor centrifuge and centrifuge tubes.

6. UV-—vis spectrometer.

Buffers and reagents

1. Buffer A: 20mM sodium phosphate bufter pH 6.0 containing 10%
glycerol.

2. Bufter B: 25mM sodium phosphate bufter pH 7.4 containing 100 mM
sodium formate.

3. Bufter C: 50mM sodium acetate buffer pH 5.5, 100 mM NaCl.

Buffer D: 50 mM sodium acetate buffer pH 5.5.

5. Custom aldehyde-donor molecule (e.g., compound 1 or compound 2).

»

Prepare a 3 mM stock solution in buffer A. This solution can contain up
to 30% DMSO to solubilize the molecule of interest.
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6. Water-stable [Cp*Ir-(bipy)(H,O)]SO,4 complex (Ir catalyst) synthesized
as previously described (McFarland & Francis, 2005). Prepare a 14mM
stock solution in deionized water, aliquot, and store at —20°C.

Procedure

1. A 200 pM stock solution of laccase is prepared in buffer B, the concen-
tration being based on the oxidized T1 absorption at 610 nm.

2. Ina 5-mL round bottom flask equipped with a Teflon magnetic stirring
bar, 625 uL of laccase, 417 pL of the custom aldehyde-donor molecule,
and 90pL of Ir catalyst are combined, adjusting to a final volume of
2.5mL with buffer A. The reaction is carried out for 72h with perma-
nent stirring at RT. The solution is then concentrated to 1mL with a
centrifugeable ultrafiltration device.

3. The 1mL mixture is loaded onto a G-25 gel filtration column
preequilibrated with bufter C (5 CV) for desalting and bufter exchange.
Elution is carried out with a linear flow of 1 mLmin~ ' of buffer C, col-
lecting 500 pL fractions. Fractions containing laccase are identified with a
colorimetric assay (ABTS or SGZ oxidation), pooled, and concentrated
to 250 pL with an ultracentrifugation device (Vivaspin 20, 4500 rpm).

4. The concentrated protein solution is exchanged with buffer D (to remove
NaCl) prior to analysis.

Notes

1. During the grafting procedure, laccase is solubilized at neutral to basic
pH. In these conditions, laccase is reversibly inactivated and easily
reduced by the formate-containing solution as testified by the loss of
the characteristic blue color of the oxidized T1 copper site. The
G25 column allows for the elimination of the excess of unreacted
aldehyde and reduction catalyst and thus a progressive reoxidation of
laccase (reapparition of the blue color) can be observed as elution
progresses.

2. For photosensitive molecules, the desalting column (G25) and the 5-mL
balloon are covered with a piece of black plastic to avoid any light-
induced processes.

4.1.3 Evaluation of the grafting

The efficiency of grafting can be evaluated simply by use of UV—vis spec-
trophotometry, providing the graft absorbs at a wavelength clearly distinct
from the transition at 4,,,, =605nm characteristic of the T1 Cu(II) site of
laccases. For example, compounds 1 and 2 have each an intense absorption
band at, respectively, A,.c=345nm ((33,50,"1,:37,500Lmol_1 cm_l) and
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Amax =450nm (€4500m = 14,500 Lmol ™' cm_l). Therefore, the Ay, graft/
Ajmax laccase ratio reflects well the grafting efficiency. With transition
metal-containing complexes (like compound 2) the metal/Cu ratio in the
grafted enzymes (therefore the efficiency of the grafting) can be deduced
from inductively coupled plasma mass spectrometry (ICP-MS) analysis.
Compounds 1 and 2 being also fluorescent molecules, their grafting to
the laccase surface can be visualized after electrophoresis on an SDS-PAGE
gel under appropriate irradiation. However, this method is not quantitative.
Ultimately, confirmation of the grafting location can be obtained by mass
spectrometry analysis of peptides produced by trypsin digestion of the
grafted laccase and separated by HPLC (UV—vis or fluorescence detection).
A potential grafting at the amino terminus can be evaluated by AA sequenc-
ing (Edman degradation).

Equipment

RP-C18 HPLC column (150/4) (e.g., Nucleosil Macherey Nagel).
Desalting columns (e.g., PD-10 Amersham).

HPLC equipped with UV/fluorescence detector.

UV—vis spectrometer.

7.5% SDS-PAGE gel.

Electrophoresis apparatus.

Thermomixer (e.g., Eppendorf).

. Digital gel imaging system (e.g., UVITEC Cambridge).

Buffers and reagents

Buffer A: Britton and Robinson bufter pH 5.0.

Bufter B: 250 mM Tris—HCI, 4mM EDTA, 6 M guanidine, pH 8.5.
Dithiothreitol (60-fold molar excess over disulfide bridges) in buffer F.
2-lodoacetamide.

Bufter C: 125mM of NH,HCO; pH 8.0.

Trypsin.

HPLC solvent A: water 0.1% TFA.

HPLC solvent B: acetonitrile 0.1% TFA.

Procedure

©Ne U E e

A

e UV-vis spectrometry analysis
1. Solutions of both unreacted and functionalized laccases are prepared
in bufter A at a convenient concentration (=50 pM). The spectra of
both laccase solutions (Fig. 17) are recorded. The number of grafted
molecules per laccase can be deduced from the A345,m/ Agosam and
Ays00m’ Asosnm ratios for compounds 1 (Fig. 15) and 2 (Fig. 16),
respectively.
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Fig. 17 UV-vis spectra of unreacted and grafted laccases. Dashed line, unreacted LAC3;
solid dark line, UNIK grafted with compound 1; and solid gray line, UNIK grafted with
compound 2. Adapted from Lalaoui, N., Rousselot-Pailley, P., Robert, V., Mekmouche, Y.,
Villalonga, R., Holzinger, M., et al. (2016). Direct electron transfer between a site-specific
pyrene-modified laccase and carbon nanotube/gold nanoparticle supramolecular
assemblies for bioelectrocatalytic dioxygen reduction. ACS Catalysis, 6, 1894 — 1900;
Robert, V., Monza, E., Tarrago, L., Sancho, F., De Falco, A., Schneider, L., et al. (2017). Probing
the surface of a laccase for clues towards the design of chemo-enzymatic catalysts.
ChemPlusChem, 82, 607—614.

*  SDS-PAGE analysis

This method is qualitative and highlights the grafting of a fluorescent

probe at the surface of the enzyme. Under the conditions of electrophoretic
migration, unbound molecules will not follow the same profile as laccase

because compound 1 is uncharged and compound 2 is positively charged.

1.
2.

A 7% SDS-PAGE gel is prepared.

Samples are heat denatured according to standard SDS-PAGE elec-
trophoresis protocol.

The gel is loaded with unreacted enzyme and grafted laccase samples
(5 pg/well).

After electrophoresis, the gel is examined under irradiation at the
appropriate wavelength to excite the fluorophore. Thereafter, the
gel is stained with Coomassie Blue and examined under white light
irradiation. An example of analysis of samples subjected to reductive
alkylation with compound 2 is given in Fig. 18.

*  Mass spectrometry analysis

In case the graft is a transition metal complex the exogenous metal

(graft)-to-laccase ratios can be confirmed by analyzing the metal content
of the grafted enzymes by ICP—MS. Eventually, the precise location of the
graft at the surface of enzymes can be confirmed by MALDI-TOF-MS
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Fig. 18 Representative separation of grafted enzymes on a 7% SDS-PAGE gel. Left panel:
white light irradiation (Coomassie blue staining); right panel: UV irradiation (360 nm). M:
molecular weight markers. Apparent masses are expressed in kDa. Lane 1: 1-UNIK161
(5maq); lane 2: UNIK161 (5mg); lane 3: 1-LAC3 (5mg); and lane 4: LAC3 (5mg). Adapted
from Robert, V., Monza, E., Tarrago, L., Sancho, F., De Falco, A., Schneider, L., et al. (2017).
Probing the surface of a laccase for clues towards the design of chemo-enzymatic catalysts.
ChemPlusChem, 82, 607—614.

analysis of trypsin peptides. Samples are prepared according to a procedure
adapted from Kharrat et al. (1998).

1.

The modified enzyme solution at a desired concentration is placed
in a 1-mL microtube.

Prior to digestion, the protein is reduced with an excess of
dithiothreitol (DTT) (60-fold molar excess over disulfide bridges)
in bufter B for 20h at 40°C, under nitrogen and in the dark.

. S-alkylation of the protein is carried out by adding an excess of

2-iodoacetamide (threefold molar excess over DTT). This mixture
is maintained under constant gentle stirring at room temperature for
20 min using a thermomixer.

The S-alkylated protein is desalted on a PD-10 column
preequilibrated with buffer C.

The alkylated protein is digested with trypsin (5%, w/w) for 20h in
buffer A at 37°C.

The resulting peptides are purified by HPLC equipped with a
RP-C18 column.

Example of conditions: injection of 50—100 pL of sample; elution is
monitored both by UV—vis (4 =280 and 450 nm) and by fluores-
cence (A =450nm) with the following elution program
(Table 4). Peaks displaying fluorescence are collected and submitted
to MALDI-TOF analysis (Microflex II (2008) Bruker).
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Table 4 Elution conditions for the separation of peptides digested from modified
laccase

Time (min) Solvent A Solvent B Flow Rate (mLmin~")
0 100 0 1
45 50 50 1
50 50 50 1
55 0 100 1
60 0 100 1

4.2 Hybridization with materials

The development of new processes for a sustainable chemistry lies at the
heart of the great challenges for tomorrow. In heterogeneous catalysis or
supported catalysis, major breakthroughs are expected in terms of func-
tionalization and surface modification as well as in the development of
nanocatalysts. Along with these developments, immobilization of enzymes
on solid supports for various applications (biosensors, medical fields, biocat-
alyst carriers, biofuel cells, etc.) has gained a spectacular growing interest as
judged by the number of reviews published in this field (Bernal,
Rodriguez, & Martinez, 2018; Bezerra, de Farias Lemos, de Sousa, &
Gongalves, 2015; Gorecka & Jastrzgbska, 2011; Hartmann & Dirk Jung,
2010; Milton & Minteer, 2017; Singh, Tiwari, Singh, & Lee, 2013;
Zhou & Hartmann, 2013). As for synthetic catalysts, many advantages arise
from immobilization, such as improved stability, reusability, and localiza-
tion. Additionally, the architecture, the chemical nature, and mechanical
properties of the solid support can be tuned to improve enzyme efficiency.
Indeed, there is growing interest in achieving a comprehensive view of pro-
cesses that control all mechanistic aspects related to stability, efficiency, and
selectivity of reactions catalyzed by these systems that are often much less
controlled than in homogeneous catalysis. Molecular biology has also facil-
itated strategies of enzyme immobilization (Bernal et al., 2018), techniques
that include entrapment, encapsulation, physical adsorption, ionic binding,
affinity and, most recently, covalent attachment. Covalent binding of an
enzyme to appropriately functionalized surfaces can prevent leaching.
The ultimate aim is to understand fundamental synthesis and processing con-
cepts in order to tailor materials fully controlling all involved mechanistic
aspects.

We aim at developing such materials. Enzyme electrodes for example
represent promising electrocatalytic biomaterials for bioenergy conversion.
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By combining methodologies described above (i.e., large production of a
site-directed variant of laccase followed by an oriented postfunctionalization
of the enzyme surface), we have obtained a homogeneous population of
pyrene-functionalized laccase m-stacked at a MWOCNT material. The
resulting biocathode is robust and operates at high catalytic current densities
(up to 3mA cm ™ 2). Compared to our previous attempt based on His-tagged
laccases (Balland et al., 2008), the precise control of the orientation of our
fungal laccase during its immobilization on an electroactive surface has hel-
ped to maximize the rate of direct electron transfer between the electrode
and the enzyme (Lalaoui et al., 2016). We are also studying the effect of
the orientation of the enzyme grafted at the surface of superparamagnetic
particles on particles activity (Lu Ren, unpublished data).

5. Conclusions

Fungal laccases are known to be particularly robust catalysts.
A significant number of reports have focused on the application of this
eco-friendly enzyme in many applications. Improving the productivity of
heterologous systems is a challenging task from fundamental to practical
points of views. In this chapter, an overview of the large-scale production
of laccase variants, their purification, and their use in different applications
has been given. Exploring the plasticity of laccase through mutagenesis and
expression in the yeast S. cerevisiae, it is efficient to use the GRAS organism
A. niger for mass production of chosen variants. Precisely controlled chem-
ical postfunctionalizations of the enzyme surface are leading to new
biohybrid catalysts or materials with unprecedented performances regarding
laccase function.
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Effecteurs de la séectivitédans les ré&ctions catalysees par la laccase

Ré&umeé Les laccases sont des oxydases multi-cuivre produites par des champignons, des bacté&ies ainsi que des

plantes et des insectes. Ces enzymes couplent la réluction du dioxygene aquatre éectrons/quatre protons a
I'oxydation de divers substrats, soit des mol€ules organiques, soit des ions méalliques. Largement utilisé dans

diverses applications biotechnologique pour leurs proprié&és rélox, les laccases sont, en retour, peu séectives en

ce qui concerne 1’oxydation de leurs substrats. Dans cette éude, nous nous sommes concentrés sur les moyens

d’apporter une certaine sélectivité dans les réactions catalysées par la laccase en utilisant des effecteurs. Une

proténe dirigeante de plante (AtDIR6) a d'abord éééudié& comme modée naturel. La DP AtDIRG6 a la capacité
de diriger la biosynthése st&éoséective du (-) - pinoré&inol apartir d'un monolignol. Ici, nous avons exploréla

spe&ificitéde substrat de AtDIR6 en utilisant des substrats analogues al‘alcool coniféylique avec des variations

sur la chame allylique. La spectroscopie RPE a &éutilisé pour sonder la stabilisation des radicaux par AtDIRG.

Finalement, nous avons étudié la possibilité que le radical de 1’alcool puisse former des adduits covalents avec

AtDIR6. Nos résultats fournissent non seulement plus d'informations sur le mé&anisme des DP, mais ouvrent

éjalement de nouvelles possibilité pour I'utilisation des DP dans le domaine de la chimie verte. Dans une seconde

partie, des nanoparticules magné&iques (MNP) fonctionnalisées en surface ont &éutilisés comme mimes bio-

inspiré de DP. Deux variants de laccase offrant deux orientations opposéees du site d'oxydation du substrat ont &&
immobilisées sur des MNP portant difféents groupements fonctionnels (ex. un aldéayde, un azide) ala surface des

particules. L'activitédes laccases orientées ala surface a éécomparé& adeux substrats modées diffé&ents: 'ABTS

et I'alcool conifé&ylique. A travers cette &ude, nous apportons des preuves que I’activité d’une enzyme non sélective

peut &re fortement biaisée par le micro-environnement propos€autour de son site actif. Nos travaux peuvent

constituer la base de nouvelles recherches visant a établir un systéme efficace d’oxydation contr@ées.

Mots-clés: laccase, proténe dirigeante, AtDIR6, nanoparticules magnéiques, immobilisation, séectivité
effecteurs.

Effectors of selectivity in laccase catalyzed reactions

Abstract: Laccases are multicopper oxidases produced by fungi, bacteria as well as plants and insects. These
enzymes are coupling the neat four electrons/four protons reduction of dioxygen to the oxidation of various
substrates, either organic or metal ions. Widely used in a variety of biotechnology applications for their redox
properties, laccase are, in return, poorly selective as regards their substrates oxidation. In this study we focused on
ways to bring some selectivity in laccase catalyzed reactions using effectors. A plant dirigent protein (AtDIR6) was
studied first as a natural model. AtDIR6 has the ability to direct the stereoselective biosynthesis of the (—)-
pinoresinol from a monolignol. Here, we explored the substrate specificity of AtDIR6 using substrates analogue to
coniferyl alcohol with variations on the allylic chain. EPR spectroscopy was used to probe the stabilization of
radicals by AtDIR6. Eventually, we studied the possibility of the coniferyl alcohol radical to from covalent adducts
onto AtDIR6. Our results not only provide more insights into DP mechanism, but also open new possibilities for
the application of DP in the field of green chemistry. In a second part, surface functionalized magnetic nanoparticles
(MNPs) were used as bio-inspired mimics of DPs. Two laccase variants offering two opposite orientations of the
substrate oxidation site were immobilized onto MNPs harboring different chemical functional groups (e.g. aldehyde,
azide) at the particles surface. The activity of the surface oriented laccases was compared with two different model
substrates: ABTS and coniferyl alcohol. Through this study we bring evidences that the activity of a non-selective
enzyme can be substantially biased by the micro-environment proposed around its active site. Our work can be the
basis for new researches to establish an efficient system for controlled oxiations.

Keywords: laccase, dirigent protein, AtDIR6, magnetic nanoparticles, immobilization, selectivity, effectors
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