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Résumé

La chimie supramoléculaire vise a développer des systemes complexes a partir des briques
de construction interagissant par des forces non covalentes. Elle a été définie comme la « chimie
au-dela de la molécule » par Jean-Marie Lehn.! En général, les interactions impliquées dans
I’élaboration de ces systemes sont de type : liaisons hydrogéne, effets hydrophobes, interactions
van der Waals et électrostatiques.? Il est particulierement important d’étudier les étapes d’auto-
assemblage des édifices supramoléculaires pour en comprendre les propriétés mais aussi pour
pouvoir développer des systemes complexes avec des propriétés reproduisant les systemes
naturelles. 3

L’avantage des polymeéres supramoléculaires est d’obtenir des systemes dynamiques a partir
d’interactions non covalentes qui permettent aux structures supramoléculaires de s’adapter aux
changements de I'environnement, a la réponse aux stimuli et de remplir des fonctions diverses.* Les
structures supramoléculaires comme, par exemple, les microtubules sont vitales.®> Les microtubules
et les filaments d’actine sont des systéemes supramoléculaires présents dans le cytosquelette des
cellules ou ils remplissent des fonctions essentielles. En tant que tels, ils permettent la motilité,
I’autoreproduction et I'auto-guérison des cellules. Pour accomplir ces fonctions, les microtubules et
les filaments d’actine sont maintenus dans des états dissipatifs hors équilibre qui est un état
thermodynamique ol I'énergie est constamment fournie.” Les structures des microtubules oscillent
entre I'élongation et I'effondrement a mesure que le carburant est consommé.® La chimie des
systemes complexes vise a reproduire ce réseau par le développement de systemes complexes
synthétiques.?

Dans cette thése, nous présentons et discutons principalement deux systemes. D’une part,
nous étudions largement un réseau de réactions enzymatiques alimenté par l'adénosine
triphosphate (ATP), et d’autre part, nous montrons un cycle de réaction synthétique pour le contrdle
des propriétés mécaniques d’un hydrogel.

Au Chapitre 2, nous étudions un réseau enzymatique et démontrons la présence d’états
pseudo stationnaires hors équilibré (pNESS) ainsi que le comportement oscillatoire de ce méme
réseau. Le réseau est basé sur la phosphorylation et la déphosphorylation d’'un dérivé peptidique
du péryléne-diimide (PDI).” Le substrat contient une séquence qui est reconnue par deux enzymes,
la protéine kinase cAMP-dépendante (PKA) et la Lambda protéine phosphatase (APP). PKA en

présence d’ATP, le carburant, phosphoryle PDI entrainant la production d’ADP (adénosine
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diphosphate) et de p2-PDI. Ensuite, la déphosphorylation est médiée par APP qui libére du
phosphate inorganique et restaure PDI. Ce cycle de réactions a fait I'objet d’études approfondies
par mes anciens collégues.” Cependant, la production de déchets (ADP et phosphate inorganique®®)
pendant le cycle de phosphorylation/déphosphorylation a nui a la réalisation de multiples états
stationnaires hors équilibrés (NESS). Afin de contourner le probléme, ils ont développé une cassette
de dialyse ou le systeme (c’est-a-dire PDI, PKA et APP) était confiné et les déchets étaient
continuellement retirés. L'ajout de différentes concentrations de carburant a permis d’obtenir
quatre NESS. Comme le but final de ce projet est le développement des matériaux
supramoléculaires, une troisieme réaction est insérée dans le réseau. La réaction, catalysée par une
pyruvate kinase PK, facilite la régénération de I'ATP a partir de I’ADP en présence de
phosphoénolpyruvate (PEP).1° Par conséquent, le carburant est généré in situ en continu a partir de
déchets, car la PEP (pré-carburant) est présente. En effet, la régénération de I'’ATP dépend
directement de la concentration de pré-carburant utilisée. De cette fagon, nous étudions le réseau
enzymatique en fonction du pré-carburant ajouté au systéme. Ainsi, nous obtenons des états
pseudo stationnaires hors équilibrés (pNESS) dans un lot fermé non agité en fonction de la
concentration de pré-carburant. La durée de pNESS passe de 2 a 7 heures lorsque la concentration
de PEP est augmentée (de 0,5 a 2 mM). Le systéme enzymatique est maintenu sous pNESS en raison
de la production continue d’ATP et, par conséquent, de la phosphorylation et de Ia
déphosphorylation constantes de PDI. De maniere inattendu, I'étude du réseau au aussi permis de
montrer que celui-ci présente un comportement oscillatoire. Ces oscillations résultent des cycles de
phosphorylation/déphosphorylation.'*'3 Par conséquent, nous supposons que la présence d’un
réseau de phosphorylation et déphosphorylation avec le control enzymatique de I'activité du PK
induit les oscillations. Ces résultats sont rares et surprenants car les expériences sont effectuées
dans un systeme fermé non agité.

Le Chapitre 3 montre le contrdle des réactions de (dé)phosphorylation par I'insertion d’une
rétroaction négative. Dans la nature, la rétroaction, positive ou négative, sert a calibrer les réactions
et a réguler la production des metabolites.” Ces deux types de rétroaction agissent en améliorant
ou en inhibant les réactions. Le processus d’homéostasie est un exemple clair de régulation de la
température par rétroaction positive et négative dans notre corps.'* Ainsi, un inhibiteur compétitif
de PDI pour l'interaction avec la protéine kinase cCAMP-dépendante PKA est synthétisé. L’inhibiteur
contient une séquence peptidique qui présente un constant d’inhibition dans une range nano

molaire et agit en rivalisant avec le PDI pour 'interaction avec la poche enzymatique.>® En outre,
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le dérivé de pérylene-diimide de la séquence inhibitrice est synthétisé pour obtenir un analogue du
PDI, que nous appelons PDI-Il. Ensuite, la phosphorylation de PDI est effectuée en présence a la fois
de 'inhibiteur de peptide et de PDI-I. Les résultats confirment un profil cinétique différent pour la
réaction de phosphorylation en présence et en absence d’inhibiteurs. Ainsi, nous observons une
tendance différente pour les deux inhibiteurs, en particulier il en résulte une inhibition plus élevée
de la phosphorylation quand PDI-I est ajouté au cycle de réactions. Afin de comprendre si ce
comportement est le résultat du co-assemblage entre PDI-I et PDI/p2-PDI, nous étudions I'auto-
assemblage du systéme par diffraction des rayons X (XRD) et des expériences de ‘self-sorting’. Plus
précisément, le motif obtenu par XRD est similaire pour toutes les espéeces et le mélange d’espéces
présentes dans le systeme. En outre, I'effet de I'ajout de la PDI-l au réseau complexe (ou la
(dé)phosphorylation de la PDI et la régénération de I’ATP ont lieu) est étudié dans des conditions
d’états pseudo stationnaires hors équilibrés (pNESS). La PDI-I est ajoutée au réseau complexe
lorsque le plateau de pNESS est atteint (aprés 2 heures) pour étudier I'effet de I'inhibiteur
concurrentiel. Cependant, au cours des diverses expériences, la précipitation de fibres de longueur
de I'ordre du micrometres est observée. Nous supposons que cela est d0 a de fortes - interactions
entre les substrats PDI-I et PDI/p2-PDI dans le tampon de réaction.

Au Chapitre 4, on développe un matériau de synthese a base de peptide, qui combiné a un
réseau enzymatique, présente une fonction métabolique. La séquence LRRASL, reconnue par la
protéine kinase cAMP-dépendante PKA et la Lambda protéine phosphatase APP, est étudiée pour
le développement d’hydrogels. En particulier, le dipeptide FF, un hydrogelator bien connu?’, est
inséré a différentes positions de la séquence peptidique (C-terminal, N-terminal et les deux
terminus).*® ’ajout du dipeptide augmente I'effet hydrophobe, ce qui entraine un degré plus élevé
d’auto-assemblage. Plus précisément, trois séquences sont étudiées pour comprendre I'effet du
dipeptide sur I'auto-assemblage, sur les propriétés mécaniques du matériau et sur I'interaction avec
les enzymes lorsqu’ils sont situés a des positions différentes. Apres la synthése des dérivés du
LRRASL par synthese peptidique en phase solide (SPPS), la phosphorylation (en présence de la
réaction de régénération de I’ATP) et la déphosphorylation des substrats sont étudiées par étapes.
Une fois que le fonctionnement du systeme enzymatique est confirmé, des expériences
rhéologiques sont menées pour étudier les propriétés mécaniques des hydrogels. La gélification en
présence et en |'absence de réactions enzymatiques est étudiée en surveillant G' et G" au fil du
temps. Les profils cinétiques sont différents pour toutes les expériences effectuées qui se soient

pour la phosphorylation médiée par PKA et ATP, la phosphorylation en présence de la réaction de
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régénération ATP et I'’ensemble du réseau enzymatique en présence de APP. Par conséquent, nous
supposons que I’ATP joue également un rOle dans l'auto-assemblage et dans les propriétés
mécaniques finales de I’hydrogel.*2° Néanmoins, d’autres études et techniques complémentaires,
telles que la microscopie optique et la spectroscopie par dichroisme circulaire, sont nécessaires pour
mieux comprendre la dynamique de l'‘auto-assemblage supramoléculaire. En outre, nous
envisageons que |'étude des états stables non équilibrés conduirait a la réalisation du pNESS dans
un matériau a base de peptides.

Au Chapitre 5, un cycle de réaction synthétique pur est exploré pour obtenir un contréle
cinétique et structurel sur un hydrogel. Le systéeme est basé sur un hydrogelateur a base d’un
saccharide fonctionnalisé avec un aldéhyde, SachCHO.?! La réaction du SachCHO avec la dithionite
de sodium (Na2S;04, DT) produit le respectif o-hydroxy-sulfonate, SachS03™.?? En raison de la
répulsion électrostatique, SachSOs3;™ ne s’auto-assemble pas, de sorte que lorsque de la dithionite
de sodium est ajoutée a un hydrogel SachCHO, le réseau est détruit en 5 minutes. Pour obtenir le
transition gel-sol-gel, le formaldéhyde est utilisé pour régénérer I'aldéhyde d’origine. Cependant, le
formaldéhyde et le dithionite de sodium réagissent I'un avec 'autre, de sorte qu’ils ne peuvent pas
étre ajoutés simultanément. Par conséquent, I'hexamine (HMTA), qui se décompose en
formaldéhyde et en ammoniac par hydrolyse catalysée par acide, et la gluconolactone (GdL) sont
employés pour atteindre un cycle autonome. Le cycle entraine la conversion de I’'hydrogel SachCHO
en SachSOs~, une solution translucide, en environ 5 minutes et la régénération du réseau de gel
(SachCHO) en 30 a 60 minutes. La concentration de gluconolactone influe sur la cinétique du cycle
de réaction, et une concentration plus élevée augmente la cinétique de la décomposition du HMTA,
ce qui accélere le cycle de réaction. En analysant les hydrogels par microscopie confocale et
microscopie électronique a balayage, nous observons que la morphologie des fibres SachCHO
dépend de la méthode de formation de gel. L’hydrogel thermodynamique (formé en chauffant une
suspension de SachCHO suivie d’un refroidissement) est constitué de fibres longues et droites.
Lorsque I’hydrogel est formé par le cycle de réaction, la morphologie dépend de la concentration
de gluconolactone. Ainsi, les fibres formées par SachCHO sont plus courtes et avec des bords
irréguliers, et des fibres en forme d’étoile ou tres ramifiées, plus minces et plus longues provenant
d’un site de nucléation central sont aussi observées. En outre, la concentration en gluconolactone
affecte également les propriétés mécaniques de I’"hydrogel. En général, la rigidité du gel augmente
avec la concentration de GdL. Enfin, SachCHO posséde une propriété appelée synerese, ce qui

signifie qu’elle repousse le solvant sous pression mécanique. Cette propriété est explorée pour
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éliminer les sous-produits du cycle de réaction permettant la réalisation de cycles de réaction
multiples. Ensuite, un gel SachCHO est formé dans une seringue équipée de coton dans le moyeu
de l'aiguille. Les combustibles chimiques (DT, HMTA, GdL) sont ajoutés et le cycle de réaction se
déroule normalement, avec la formation de I’"hydrogel apres 30 minutes. Le piston de la seringue
est pressé, en retirant le solvant avec les déchets. Le cycle de réaction peut étre répété jusqu’a 13
fois.

En conclusion, nous avons exploré deux cycles différents de réaction hors équilibre. Tout
d’abord, nous avons contrélé la polymérisation supramoléculaire du substrat PDI via des
modifications covalentes enzymatiquement catalysé. Ensuite, la mise en ceuvre du systeme avec
une réaction enzymatique supplémentaire qui convertit les déchets en carburant in situ, a permis
de réaliser des états pseudo stationnaires hors équilibrés. De plus, I'étude du réseau enzymatique
a donné lieu a un comportement oscillatoire inattendu. Afin de mieux contréler le cycle des
réactions, un inhibiteur compétitif a été synthétisé. Malheureusement, la précipitation des fibres a
entravé les études approfondies du systeme. Le but final de ce travail de these a été le
développement de matériaux capables d’exécuter des fonctions similaires a celles de la nature.
Ainsi, le comportement du réseau enzymatique a été étudié dans des matériaux a base de peptides.
Enfin, un cycle de réaction synthétique pur a été réalisé dans un hydrogel et nous avons obtenu le
controle sur la morphologie et les propriétés mécaniques de ce dernier en fonction des parametres
réactionnels.

Les études présentées dans ces travaux de doctorats sont un pas de plus dans le
développement des propriétés et fonctions émergentes de synthéses analogues a celles trouvées
dans la nature, dans le domaine de la chimie des systemes complexes. De plus, a notre connaissance,
il existe tres peu d’exemples ou les scientifiques ont poussé leurs systemes complexes vers des états
pseudo stationnaires hors équilibrés ou ou des systemes complexes présentent un comportement
oscillatoire. Enfin, la recherche dont il est question dans cette thése permettra d’approfondir I'étude

de ces comportements afin d’obtenir finalement des matériaux imitant les systemes biologiques.



Summary

Supramolecular chemistry aims at developing complex systems via noncovalent forces and it
has been defined as the “chemistry beyond the molecule” by Jean-Marie Lehn.! Generally, the
interactions involved in the development of such systems are hydrogen bonds, hydrophobic effects,
van der Waals and electrostatic interactions.?

Supramolecular polymers that are held together solely by noncovalent interactions have the
advantage of being responsive as they can assemble/disassemble via external stimuli.* In Nature,
supramolecular structures are vital.> Microtubules and actin filaments are supramolecular systems
present in the cytoskeleton of the eucaryotic cells where they perform essential functions. As such,
they permit motility, self-reproduction and self-healing of cells. In order to carry out these functions,
microtubules and actin filaments are kept under a dissipative non-equilibrium state (i.e., a
thermodynamic state in which energy is constantly supplied).> As such, microtubule structures
oscillate between growing and shrinkage as fuel gets consumed.® Systems Chemistry aims at
reproducing these complex networks through the development of synthetic complex systems.?3

In this thesis, we present and discuss two main systems. On the one hand, we investigated an
enzymatic reactions network driven by adenosine triphosphate (ATP), and, on the other, we built a
pure synthetic reaction cycle to control the mechanical properties of a hydrogel.

In Chapter 2, we achieved pseudo non-equilibrium steady states (pNESS) and an oscillatory
behavior in an enzymatic network. The network is based on the phosphorylation and
dephosphorylation of a peptide perylene diimide derivate (PDI).” The substrate contains a
consensus sequence that is recognized by two enzymes, cAMP-dependent kinase PKA and Lambda
protein phosphatase APP. PKA, in the presence of ATP, phosphorylates PDI resulting in the
production of ADP (adenosine diphosphate) and p2-PDI. The dephosphorylation is mediated by APP,
which releases an inorganic phosphate and restores PDI. This reactions cycle was extensively
investigated by my former colleagues.” However, the production of waste (ADP and an inorganic
phosphate)®® during the phosphorylation/dephosphorylation cycle hindered the achievement of
multiple cycles. In order to bypass the issue, they developed a dialysis cassette where the system
(that is PDI, PKA and APP) was confined and the waste was continuously removed. By adding
different concentration of the fuel, they reached four non-equilibrium steady states (NESS).
Nevertheless, the ultimate goal of the project is to develop supramolecular materials, and, to

accomplish this, a third reaction was coupled to the network. The reaction, catalyzed by a pyruvate
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kinase PK, mediates the regeneration of ATP from ADP in the presence of phosphoenol pyruvate
(PEP), the ‘pre-fuel’.1® Here, the fuel in continuously generated in situ from the waste. The latter is
directly dependent on the concentration of pre-fuel. In this way, we explored the enzymatic
network as a function of pre-fuel added to the system. Interestingly, we achieved pseudo non-
equilibrium steady states (pNESS) in a non-stirred closed batch as a function of pre-fuel
concentration. The duration of pNESS increased from 2 to 7 hours when the concentration of PEP
was augmented (from 0.5 to 2 mM). The enzymatic system was kept under pNESS as a result of the
continuous production of ATP and consequently the constant phosphorylation and
dephosphorylation of PDI. Interestingly, after extensively studying this network, we found this
system exhibited an oscillatory behavior. Oscillations likely arose from the
phosphorylation/dephosphorylation cycles, which has been previously reported in literature.!*™13
Therefore, we assumed that the complex reaction network along with an enzymatic control of the
PK activity is inducing this surprising behavior. These results are surprising as the experiments were
carried out in a non-stirred closed batch.

Chapter 3 presents the control over the (de)phosphorylation reactions through the addition
of a negative feedback. In Nature, positive and negative feedback are used to tune reactions and
regulate the production of metabolites.”> They act by enhancing or inhibiting the reactions. As an
example, homeostasis is a physiological regulation process to control our body temperature
mediated by positive and/or negative feedback.'*

In order to introduce this concept into our enzymatic system, we synthesized a competitive
PDI inhibitor to interact with the kinase PKA. The inhibitor contains a peptide sequence which has
an inhibition constant in the nanomolar range and acts by competing with PDI for the interaction
with the enzymatic pocket.'>1® Additionally, a perylene diimide derivate of the inhibitor sequence
was synthetized to obtain an analog of PDI, that we called PDI-I. Then, the phosphorylation of PDI
was carried out in the presence of both the peptide inhibitor and PDI-I. The results confirmed a
different kinetic profile for the phosphorylation reaction in the presence and absence of inhibitors.
Surprisingly, we observed a different trend for the two inhibitors. When PDI-I was used, a higher
inhibition of phosphorylation was observed. In order to understand if this behavior was the result
of the co-assembly between the different species (PDI, p2-PDI and PDI-I), we investigated the self-
assembly by Powder X-Ray Diffraction (XRD) and self-sorting experiments. The pattern obtained by
XRD are similar for all the species and their 1:1 mixture. The same behavior was observed for self-

sorting experiments. Thus, the species self-assembled in a narcissistic regime (i.e., they only self-
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assembled with themselves). In addition, the effect of the addition of PDI-I to the complex network
(where the (de)phosphorylation of PDI and the regeneration of ATP are taking place) was studied
under pseudo non-equilibrium steady states conditions (pNESS). However, during the experiments,
we observed the precipitation of micrometer length fibers. The latter are most probably the results
of strong -7 and electrostatic forces between the PDI derivatives.

In Chapter 4, we developed a peptide-based material in which we inserted the enzymatic
network. The consensus sequence LRRASLG, recognized by cAMP-dependent protein kinase PKA
and Lambda protein phosphatase APP, was investigated for the development of hydrogels.
Particularly, the dipeptide FF, a well-known hydrogelator!’, was introduced at various positions of
the peptide sequence (C-terminal, N-terminal and both termini).'® The addition of the dipeptide
increased the hydrophobic effect resulting in a higher degree of self-assembly. Specifically, three
sequences were investigated to understand the effect of the dipeptide on the self-assembly, the
mechanical properties of the material, and the interaction with enzymes when located at different
positions. After the synthesis of LRRASLG derivatives by solid phase peptide synthesis (SPPS), the
phosphorylation (in the presence of ATP regeneration reaction) and dephosphorylation of the
substrates were studied stepwise by LC-MS.

Once the operation of the enzymatic system was confirmed, rheology experiments were
conducted to investigate the mechanical properties of the hydrogels. The gelation in the presence
and absence of the enzymatic reactions was studied by monitoring G' and G" over time. The kinetic
profiles were different for all the experiments performed that is for the phosphorylation mediated
by PKA and ATP, the phosphorylation in the presence of the ATP regeneration reaction, and the
entire enzymatic network when also APP was present. Moreover, we observed an increase in the
stiffness of the hydrogel when ATP is present in the network.1®24 ATP may participate directly to the
peptide self-assembly intercalating in the supramolecular structures. Nonetheless, further studies
and complementary techniques, i.e., optical microscopy and circular dichroism spectroscopy, are
needed to better understand the dynamics of the supramolecular self-assembly. Additionally, we
envisage that the study of pseudo non-equilibrium steady states conditions would lead to achieve
pNESS in a peptide-based material.

In Chapter 5, a pure synthetic reaction cycle was explored to achieve kinetic and structural
control over a hydrogel. The system is based on a previously reported saccharide-based, aldehyde-
containing, hydrogelator, SachCHO.%! The reaction of SachCHO with sodium dithionite (Na25,04, DT)

produced the respective a-hydroxy-sulfonate, SachSOs™.?2 Because of electrostatic repulsion,
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SachSO3™ did not self-assemble, so when sodium dithionite was added to a SachCHO hydrogel the
network was destroyed within 5 minutes. In order to obtain the transition gel-sol-gel, formaldehyde
was used to recover the original aldehyde. However, formaldehyde and sodium dithionite react with
each other, so they cannot be added simultaneously. Therefore, hexamine (HMTA), which
decomposes into formaldehyde and ammonia through an acid-catalyzed hydrolysis, and
gluconolactone (acid) were employed to achieve an autonomous cycle. The cycle resulted in
SachCHO hydrogel conversion into SachSOs™, a translucent solution, in approximately 5 minutes and
the recovery of the gel network (SachCHO) in 30-60 minutes. Gluconolactone (GdL) concentration
influenced the kinetics of the reaction cycle, with higher concentration increasing the kinetics of
HMTA decomposition leading to an overall faster reaction cycle. By analyzing hydrogels by confocal
microscopy and scanning electron microscopy, we observed that the morphology of SachCHO fibers
depends on the method of gel formation. The thermodynamic hydrogel (formed by heating a
suspension of SachCHO followed by cooling) consisted of long and straight fibers. When the
hydrogel was formed by the reaction cycle, the morphology depended on the concentration of
gluconolactone. Therefore, the fibers formed by SachCHO were shorter and with irregular edges,
and star-shaped or highly branched, thinner, and longer fibers originating from a central nucleation
site. Additionally, gluconolactone concentration affected the hydrogel mechanical properties. In
general, the stiffness of the gel increased with the concentration of GdL. Finally, SachCHO has a
property called syneresis, meaning that it repels the solvent under mechanical pressure. This
property was exploited so that the by-products could be removed to achieve multiple reaction
cycles. Then, a SachCHO gel was formed in a syringe equipped with cotton in the needle hub. The
chemical fuels (DT, HMTA, GdL) were added and the reaction cycle proceeded normally, with the
formation of the hydrogel after 30 minutes. The syringe piston was squeezed, removing the solvent
together with the waste. The reaction cycle could be repeated up to 13 times.

In conclusion, we explored two different out-of-equilibrium reaction cycles. First, we
controlled the supramolecular polymerization via covalent modifications of a substrate by
enzymatic catalysis. Then, the implementation of the system with an additional enzymatic reaction,
which converts waste into fuel in situ, allowed us to achieve pseudo non-equilibrium steady states.
The ultimate goal of this thesis was to develop materials capable of performing functions similarly
to the ones found in Nature (i.e., self-healing, motility, etc.). Thus, the behavior of the enzymatic

network was investigated into a peptide-based material. Lastly, a pure synthetic reaction cycle was
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presented where we achieved control over the morphology and the mechanical properties of a
hydrogel.

The studies presented herein contribute to the ultimate goal of mimicking Nature in Systems
Chemistry. Additionally, to the best of our knowledge, there are very few examples where scientists
pushed their systems to achieve non-equilibrium steady states and/or where complex systems
exhibit oscillatory behavior. To conclude, the research pursued in this thesis will permit further

investigation of behaviors that will ultimately help us develop ‘life-like” materials.
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Chapter 1 Introduction: Non-equilibrium Supramolecular Reactions Cycles

Chapter 1.

Non-equilibrium Supramolecular Reactions
Cycles

Abstract

Self-assembly systems are ubiquitous in living organisms performing complex functions.
Supramolecular chemistry aims to develop complex functional materials through non-covalent
interactions. Up to now, supramolecular chemists have developed systems that can self-assemble
into distinct structures in their most stable configuration (thermodynamic equilibrium). As a step
further, supramolecular chemists have developed different dissipative supramolecular systems that
can perform transient self-assembly upon addition of a chemical fuel mimicking the self-assembly
processes in the cell. In this chapter, we introduce various chemically-fueled systems present in

literature.
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1.1. General Introduction

Supramolecular chemistry has been defined by Jean-Marie Lehn as “the chemistry beyond the
molecule”.! It aims at developing highly complex chemical systems from components interacting
through noncovalent intermolecular forces (i.e., hydrogen bonding, -7t stacking, van der Waals
interactions, etc.).! Thus, supramolecular self-assembly is highly dynamic and reversible, which
makes these materials structurally different from synthetic polymers built up of covalent bonding.?

Living organisms use supramolecular self-assembly to perform important functions such as
replication, growing, signaling, and cellular transport.> Examples are microtubules and actin
filaments which are part of the cytoskeleton of cells, DNA, ribosomes, etc.?

Up to now, supramolecular chemists have designed and engineered self-assembled
supramolecular polymers capable of responding to various stimuli like pH, light, etc.#2° The
exploration of those interactions over the past decade has led to the emerging field of Systems
Chemistry.'! However, most of the supramolecular polymers synthesized exist at the
thermodynamic equilibrium while in Nature, supramolecular structures perform their function out-
of-equilibrium.

In this Chapter, we discuss the mechanisms of supramolecular polymerization and the
pathway complexity behind the supramolecular polymerization.!> Next, we give examples of
dissipative non-equilibrium structures present in Nature and the state-of-the-art on chemically-

fueled self-assembling systems and materials.

1.2. Thermodynamic States

Molecular self-assembly dynamics arise from the continuous reversible exchange of non-
covalent bonds. The supramolecular structures eventually find their most stable configuration'3, the
thermodynamic equilibrium (#1 in Figure 1.1).2* Nevertheless, when the self-assembly is controlled
by the kinetics of the system, the final morphology depends on the conditions at which the sample
has been prepared and it will be localized at the local energy minima (states #2 and #3 in Figure
1.1).% Thus, the methodologies used to obtain the supramolecular self-assembly permit the location
of the system in a metastable or kinetically trapped state, as well as the development of different
structures and materials. In contrast, living systems perform their function out-of-equilibrium (state

#4 in Figure 1.1); they continuously consume energy to maintain their structures.



Chapter 1 Introduction: Non-equilibrium Supramolecular Reactions Cycles

Hermans and co-workers provided a general classification and description of the four different

supramolecular thermodynamic states (#1, #2, #3 and #4 in Figure 1.1): 12

e Thermodynamic equilibrium: the system resides in the global minimum of the free energy
landscape (state #1 in Figure 1.1). No external energy inputs are required to maintain the
system and no changes are observed with time. The structures at equilibrium are still dynamic
as the monomers continuously exchange with the solution. However, once the state is
reached no further dissipation occurs. This reversibility is necessary for the self-assembly to

reach its most stable configuration.
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Figure 1.1. The Thermodynamic States. Schematic Gibbs free energy landscape. Reproduced from Ref.*?

e Non-dissipative non-equilibrium states (kinetically trapped and metastable states): the self-
assembled system is confined in a local minimum of the energy landscape (states #2 and #3
in Figure 1.1). The time evolution of the self-assembly depends on the shape of the energy
landscape around the minimum. If the energy barrier leading to the thermodynamic
equilibrium is low enough, that is on the same order as ksT (where kg is the Boltzmann
constant and T is the temperature), the system will relax to the most stable state. The state is

referred as the metastable state (state #3 in Figure 1.1). However, when the energy barrier is
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much higher than ksT, the system will be kept in the local minimum for a time longer than the

experimental observation. That is the so-called kinetically trapped state (state #2 in Fig.1.1).

e Dissipative non-equilibrium state: the system requires the continuous flux of energy or matter,
and the removal of the waste products, to be steadily maintained (state #4 in Figure 1.1). If
the energy supply stops, dissipative self-assembled systems will relax spontaneously to the
thermodynamic equilibrium or they will get trapped in one of the non-dissipative non-

16-20

equilibrium states. The dissipative self-assembly represents a new exciting direction

where obtaining non-equilibrium steady-states (NESS) and oscillations are still challenging.

1.3. Supramolecular Polymerization

Supramolecular polymerization can be described as the stepwise reversible assembly of
monomers at the thermodynamic equilibrium, where each step is characterized by the
decrease/increase of Gibbs free energy.!* Here, we discuss two major growth mechanisms,
isodesmic and cooperative. The isodesmic model is defined by the growth of the supramolecular
polymer through a single equilibrium constant (ke) for the entire process (Figure 1.2A). The latter
depends on the monomer, the temperature and the solvent. On the contrary, in the cooperative
supramolecular polymerization the assembly of the monomer passes by two association constants,
ka and ke. The first process is the formation of a nucleus, described by k.. The addition of a second
monomer to the nucleus occurs with a higher association constant, k. (Figure 1.2A). The initial stage
of the cooperative supramolecular polymerization is then characterized by a higher Gibbs free
energy barrier (nucleation); it proceeds by an elongation phase that is a linear isodesmic

polymerization, i.e., constant decrease in the free energy (Figure 1.2B).
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Figure 1.2. Supramolecular Polymerization Mechanisms. (A) Schematic representation of the isodesmic and the
cooperative models for the monomer M. (B) Schematic energy diagrams of an isodesmic supramolecular polymerization
and a cooperative nucleated supramolecular polymerization. The abscissa in the plots represents the size of the
oligomer (i), whereas the ordinate measures the free energy AG® in arbitrary units. Reproduced from Ref.}*

Understanding the process that leads to self-assembled structures can be accomplished via
spectroscopic techniques, such wus UV-Vis, circular dichroism (CD) or fluorescence
spectroscopy.?2223 Recent studies have focused on temperature-dependent experiments more
than concentration-dependent studies because the measurements in the latter case are limited to
the number of data points.?! As reported by Meijer and co-workers, a thermodynamic model can
be used to elucidate the self-assembly pathways that will lead to two different aggregate
morphologies.?! Here, we can clearly see that the free energy landscape offers different
thermodynamic equilibria (with different morphologies) depending on the monomer, temperature,
solvent composition or ionic strength.®

The kinetics of the supramolecular polymerization can be measured by heating-cooling
studies, in which the different aggregation states are monitored with temperature. In some cases,
heating and cooling do not coincide, which is often referred to as hysteresis.* This effect is due to
the presence of large kinetic barriers in the assembly and disassembly process (state #2 in Figure
1.1). Therefore, thermodynamic parameters as well as kinetic parameters are the key to

understanding supramolecular polymerization.
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Supramolecular chemists have used various protocols to localize their systems in different
states of the energy landscape. As mentioned in section 1.1., supramolecular structures can be
confined in non-dissipative non-equilibrium states (#2 and #3 in Figure 1.1). The confinement can
be done by using the same substrate at the same conditions (e.g., pH, solvent, temperature, etc.)*?
and varying the protocol procedures.

Molecular self-assembly, in a non-aqueous solution, happens spontaneously and is an
exothermic process that is favored at lower temperatures. The cooling rate to reach the same final
temperature can be, then, regulated to obtain different self-assemblies. Meijer and co-workers
reported an interesting example where they show the chirality of the assemblies can be controlled
adjusting the temperature profile.?*2® The monomeric solution of S-chiral oligo(p-
phenylenevinylene) (SOPV) at 70°C was cooled down to 0°C (cooling rate 1°C min™) resulting in the
most stable left-handed helical configuration (state #1 in Figure 1.1). However, when the system
was quickly cooled down, right-handed assemblies were obtained (state #2 in Figure 1.1).
Interestingly, the chirality was reverted when the solution was heated at 25°C, showing metastable
assemblies at this temperature (state #3 in Figure 1.1.). Additionally, the pathway complexity in
molecular self-assembly can be regulated by changing the order of addition of the different
components?”-28 or by multi-step non-covalent synthesis.2%:3°

So far, we have discussed the mechanisms of supramolecular polymerization (isodesmic and
cooperative) and how various self-assembly morphologies can be achieved by localizing the system
in different thermodynamic states (states #1, #2 and #3 in Figure 1.1). Thermodynamic and kinetic
studies are important tools for understanding the pathway of supramolecular assembly. In the next
section, we focus on examples of dissipative non-equilibrium natural systems (state #4 in Figure

1.1).

1.4. Dissipative Non-equilibrium State

In Nature, different structures work under dissipative non-equilibrium conditions, such as
microtubules and actin filaments.!! The latter are supramolecular polymers present in our cells,
where, together with the intermediate filaments, they form the cytoskeleton.® The cells need to
rearrange their internal components to grow, divide and adapt to their surroundings. Thus, cell’s
varied functions depend on the behavior of the three components of the cytoskeleton.?!

Microtubules, actin filaments, and intermediate filaments are dynamic and adaptable well-
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organized structures. The spatiotemporal control is organized by the flux of chemical fuels, the
reactions network and feedback loops, which regulates the molecular self-assembly of these
supramolecular polymers. These features allow the structural rearrangement of cells in a wide range

of different structures requiring a continuous supply of energy.3?
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Figure 1.3. The cytoskeleton. (A) A cell in culture has been fixed. Microtubules are shown in green and actin filaments
in red. (B) The dividing cell shows its spindle microtubules (green) and surrounding cage of intermediate filaments (red).
The DNA in both figures is labeled in blue. Reproduced from Ref.?

Microtubules are highly dynamic polymers of the protein tubulin (Figure 1.4).33 Tubulin is a
heterodimer composed of a-tubulin and B-tubulin, bound together by non-covalent bonds. Each
subunit can bind one molecule of GTP (guanosine triphosphate). The nucleotide on the B-tubulin
can be either GTP or GDP (guanosine diphosphate). Microtubule assembly generates a hollow
cylindrical structure of 13 protofilaments, each composed of heterodimers stacked head to tail and
folded in a tube (Figure 1.4).3 Microtubules are the largest and the stiffest structure present in most
animal cells, as a result of the multiple interactions between the subunits.?

The polymerization is driven by an exchange of GDP for GTP in free tubulin. GTP-tubulin
polymerization is a thermodynamically favored process.3* The activation, inside the microtubule
structure, of a catalytic cleavage side leads to the hydrolysis of GTP into GDP and Pi (inorganic
phosphate). Then, GDP-tubulin causes the microtubules to shrink (Figure 1.4B). Nevertheless, GDP-
tubulin by itself does not polymerize. The hydrolysis of GTP happens only on the assembled
structures resulting in a high-energy assembly composed of GDP-tubulin. However, the exchange

GDP-GTP occurs only with the free tubulin and not the assembly.
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Microtubules are dynamically unstable as they undergo rapid conversion between growing
state and shrinking state.?® This switching behavior is essential for microtubules to perform vital cell
functions. These functions rely on out-of-equilibrium states. Dissipative states cannot be sustained
if the energy supply (GTP) stops. Thus, if GTP is consumed, the system will relax to the
thermodynamic state.

@ GTP-tubulin - @D GDP—tubulin

%% GTP ?
2K c;-op‘Sj &

Rescue

—_—
Catastrophe

Figure 1.4. Microtubules. Schematic representation of dynamic instabilities during microtubule polymerization.
Reproduced from Ref.3¢

Similarly to tubulin, actin binds and hydrolyzes the nucleoside triphosphate, ATP (adenosine
triphosphate).? Actin filaments are right-handed helices of actin subunits assembled head-to-tail
(Figure 1.5A).%7 In the presence of ATP, ATP binds to the filaments, which leads to polymerization.
When ATP is hydrolyzed to ADP (adenosine diphosphate), the energy of the phosphate bond
cleavage is kept inside the structure, as in GDP-tubulin assembly. Then, when the filament binds to
ADP, it depolymerizes. At a certain subunit concentration, the filament cycles between growing and
shrinking (Figure 1.5B), while the total length remains unchanged. In this so-called ‘steady state’ the
system is constantly consuming ATP to remain out-of-equilibrium.

The vital functions expressed by eucaryote cells (i.e., motility, self-reproduction, signaling) are
performed out-of-equilibrium and require a continuous supply of energy (fuel). In addition, chemical
fuels are controlling the spatiotemporal self-assembly of these supramolecular polymers.
Microtubules and actin filaments are only two examples of the complex supramolecular network

present in Nature.
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Figure 1.5. Actin Filaments. (A) Actin filaments are helical polymers of the protein actin. They are flexible structures

organized into a variety of linear bundles. In (i) a single actin filament is shown. (B) The actin filaments maintain constant
their length by a continuous net flux of subunits through the polymer, known as treadmilling. Reproduced from Ref.?

Nature is a source of inspiration for systems chemists. However, synthesizing networks that
are capable of reproducing functions similar to those found in Nature is nontrivial. In the following
sections, we describe a few examples of chemically-fueled systems and highlight the issues

scientists are currently facing.

1.5. ATP-Fueled Systems

ATP is essential for many cell functions including transport work, mechanical work (i.e., muscle
contraction) and chemical work (i.e., synthesis of macromolecules).?®3° ATP contains the purine
base adenine and the sugar ribose, which together form the nucleoside adenosine, and a tail
consisting of three phosphates (PO4).> The phosphates are well-known high-energy molecules
meaning that the energy released during the hydrolysis of ATP (30.5 kJ mol™) makes it the primary
energy currency for cells.*® Humans turn over the mass of their body weight in ATP every day, as a
result of a very efficient ADP/ATP recycling system.?

ATP is essential in cell signaling (Figure 1.6).> The communication network requires
phosphorylation/dephosphorylation processes, where the phosphate group can be transferred
from ATP to a molecule or an enzyme, causing the modification of its shape and the production of
a signal. At the same time, the phosphate group can be cleaved (by a phosphatase) restoring the
initial state. Thus, ATP can be used as a trigger or a chemical fuel for the control of the self-assembly
of supramolecular polymers and the development of complex reactions networks. Figure 1.6 shows

only part of the enzymatic reactions and human diseases ATP is involved in.
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Figure 1.6. ATP Word Map. This is part of the wide signaling network where ATP play a fundamental role. ATP is the
target of various drugs, as it is involved in many enzymatic cascades. Reproduced from Ref.*!

Recently, Walther and co-workers published an extensive overview on ATP-fueled self-
assembling systems and materials reported so far in Systems Chemistry.*? Here, we report examples
where ATP triggers the self-assembly and is consumed during reactions to push the system out-of-
equilibrium.

One of the first points they highlighted was the lack of nucleotide recognition, for instance
between ATP, GTP, ADP and GDP in order to reach orthogonal responses in multicomponent
mixtures. This type of selectivity could be achieved in systems with multiple binding-sites, such as
RNA or DNA aptamers.*** In this direction, Szostak and co-workers developed a RNA-based
aptamer capable of distinguishing ATP from ADP, AMP or adenosine.*® However, extremely sensitive
systems are still a challenge. Therefore, ATP-fueled enzymatic systems (i.e., protein kinases) are the
best method to reach control and selectivity over reactions.

The first example is an insightful work by Stupp and co-workers.*® They developed a peptide-
based system where the self-assembly was controlled by two enzymes, a protein kinase A (PKA) and
an alkaline phosphatase (AP) (Figure 1.7A). The enzymes triggered the phosphorylation and the
dephosphorylation, respectively, of the serine residue present in the peptide sequence
(KRRASVAGK[C12]-NH2). The peptide formed a hydrogel resulting from the formation of
intermolecular B-sheet. When PKA was added the phosphorylation of the structure induced the
disassembly of the supramolecular nanofibers and, consequently, disrupted the hydrogel (Figure
1.7B). Upon treatment with the phosphatase, the filamentous nanostructures were restored as a

result of the dephosphorylation of the peptide sequence (Figure 1.7B). The use of a

10
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kinase/phosphatase system was previously reported for the control of a supramolecular hydrogel.*°
And it represents a very useful approach to obtain selectivity and control over the supramolecular
assembly. In addition, the authors included a therapeutical application where the supramolecular
polymerization and depolymerization was used to control the release of drugs, specifically,

doxorubicin (DOX).%°
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Figure 1.7. Self-assembly of a Peptide-based Phosphorylation and the Dephosphorylation System. (A) Reaction
scheme for the conversion of the peptide derivative into the phosphorylated analog by protein kinase A and the restore
of the initial structure mediated by alkaline phosphatase. (B) Disassembly upon treatment with PKA and its reassembly
upon treatment with AP. The vial inversion test shows the formation of a hydrogel of the peptide derivative without
exposure to PKA (1) and after exposure to PKA (2). Reproduced from Ref.*

Another interesting system was reported by Aida and co-workers where they described
protein-based nanocarriers, resulting from the self-assembly of chaperonin GroEL mutant. >! The
chaperonin, in living systems, releases proteins after refolding them by a conformational change
fueled by the hydrolysis of ATP. The polymerization of the monomer units of GroELcys, appended
with zwitterionic merocyanine (MC), to form GroELwmc (Figure 1.8) was previously described by the
group.>? Next, the incubation of ATP for 30 minutes resulted in a mixture of monomer, dimer and
trimer of GroELmc.

Additionally, the ATP-responsive system was used for intracellular drug delivery; the surface
was functionalized with a boronic acid derivative, which facilitated entry in the cells. When inside,
the hydrolysis of ATP led the disassembly of the nanotubes and released the drug. This example
points out the importance in the design of some sort of sensitivity in the supramolecular structures.

Particularly, biological sensing capability is key attribute to achieve materials that can mimic the

11
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ones observed in Nature. The latter is a key point to obtain ‘life-like’ materials able to perform such

processes and interact with biological systems.
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Figure 1.8. Protein-based Nanocarriers. Representation of the preparation from mutant GroELc,s and Mg?*—mediated

NT

supramolecular polymerization of GroELwc, forming a nanotube (NT), and its ATP-fueled scission. Reproduced from
Ref.>!

Another approach for the investigation of ATP-fueled systems was developed by George and
co-workers.>®> The system was based on helical assemblies of naphthalenediimide (NDI)
chromophores functionalized with zinc coordinated dipicolylethylenediamine (NDPA). First, they
investigated the interaction of the supramolecular building block with different adenosine
phosphates (APs). The binding with AMP (adenosine monophosphate) or ADP or ATP induced a
change in the chirality of the supramolecular polymer (Figure 1.9A). The different assemblies of
NDPA with APs were studied by circular dichroism (CD) spectroscopy, and showed that the
interactions were stronger in the presence of ATP compared to ADP and AMP (Figure 1.9B).
Additionally, a change in the supramolecular chirality was observed. Specifically, AMP and ADP
formed left-handed helices while ATP imparted the formation of right-handed helices. Interestingly,
the assemblies displayed a competitive replacement of AMP or ADP by ATP. The behavior of NDPA-
ATP stacks was analyzed in the presence of a phosphatase, which dissociates ATP into adenosine
and inorganic phosphates. ATP was first converted to ADP and then, AMP. This resulted in a reverse

CD signal followed by a loss of the supramolecular chirality (CD signal equal to zero) (Figure 1.9B).

12
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Figure 1.9. Helical chiral-induced assemblies of NDPA with adenosine phosphates. (A) Molecular structure of
naphthalenediimide (NDI) chromophores functionalized with zinc coordinated dipicolylethylenediamine (NDPA) and the
representation of the supramolecular helices in the presence of ATP, ADP and AMP. (B) Representation of helicity
reversal in NDPA assembly via competitive binding of multivalent adenosine phosphates. Stepwise dynamic helix
reversal experiments performed by sequential addition of ATP to NDPA-AMP (red) and NDPA-ADP (green) assemblies.

Reproduced from Ref.>

In 2017, George and co-workers®* implemented the helical system with the use of two
complementary enzymes, a hexokinase (HK) and a creatine phosphokinase (CPK). The hexokinase
consumes ATP while the creatine phosphokinase restores ATP (Figure 1.10). As previously
described, the self-assembly of the supramolecular building block with ATP rather than ADP exhibits
a change in the supramolecular chirality. Thus, they achieved temporal changing in the helical

conformation as a function of concentration of enzymes and substrates.

13
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Figure 1.10. Enzyme-responsive Helical handedness of supramolecular polymer. Molecular structure of NDPA and CD
spectra of the opposite helical conformations formed by NDPA upon interaction with ATP and ADP. Enzymatic reaction
pathways | and Il are controlled by creatinine phosphokinase (CPK) and hexokinase (HK), respectively. Reproduced from
Ref.>*

Maiti et al.?° described the formation of vesicles by the stabilization of C1sTACN-Zn?* surfactant
aggregates with ATP. The surfactant was composed by a polar chain Ci6 and a head group of 1,4,7-
triazacyclononane-Zn?* (TACN-Zn?*) and it aggregated into micelles. In the presence of ATP, the self-
assembly was favored; thereby, yielding bigger aggregates (vesicles) with higher stability. In order
to reach a dissipative state, the authors examined the system in the presence of potato apyrase.
The enzyme hydrolyzed ATP into AMP and inorganic phosphates, releasing the chemical energy
stored in the molecule. Therefore, the hydrolysis of the fuel (ATP) leads to the destabilization of the
vesicles. In Figure 1.11 the transient formation of vesicles is represented.

In this system, the lifetime of the self-assembled structures was control by the hydrolysis rate
of ATP. As such, transient behavior of the supramolecular structures was achieved, which is
determined by the fuel present in the system. Indeed, the non-equilibrium self-assembled state can

be maintained as long as ATP was not consumed.

14



Chapter 1 Introduction: Non-equilibrium Supramolecular Reactions Cycles

ATP

_H N N
) MN‘RZ'N . (_g_o <1
C,eTACN-Zn2* </ry\7 & hlog M

Self-assembled m M
f ™o siate K 000 W o

o O =1 QOO n=3
povees | ."""w.,, Potato apyrase AMP ATP
Building blocks m
® ©
A & j} .
© & o i
O AMP + 2P, . / T i Decay phase

Figure 1.11. Transient Formation of Vesicles by the Stabilization with ATP. Schematic representation of the dissipative
self-assembly of vesicles. Reproduced from Ref.?°

As previously stated, cells reach spatial organization by localizing molecules and reactions at
the surface of compartments.® The compartmentalization is a powerful tool that Nature uses to
discriminate reaction cycles and avoid cross-reactivity between undesired molecules.> Thus, many
synthetic systems are now confined into vesicles, droplets, etc., but pushing these processes out-
of-equilibrium remains challenging.

Mann and co-workers reported a model for novel bioreactors and synthetic cells by using
peptide-based coacervate droplets as membrane-free organelles.>® In 2018, Spruijt and co-workers
developed a coacervate droplets system based on an enzymatic reaction network.®” The
coacervates were formed by liquid-liquid phase separation of Poly--lysine (pLys). Two enzymes
were present in the system, a hexokinase and a pyruvate kinase. The enzymes controlled the
turnover of ATP by regulating the concentration of the substrates, D-glucose and pyruvate,
respectively. D-glucose was necessary for the production of ATP while pyruvate was produced and
converted by the hexokinase. Thus, the assembly and the disassembly of the system was governed
by the presence of ATP/pLys (coacervate droplets) or ADP/pLys (droplets dissolution). Interestingly,
the switch between condensation and dissolution was governed by the concentration of the
enzymes and substrates concentration. They reported six transition cycles for the system after
which the system was inhibited by the accumulation of waste. This work represents an elegant way

to reach spatiotemporal organization of supramolecular systems.
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Figure 1.12. Coacervate Droplets system based on an Enzymatic Reaction Network. (A) Schematic illustration of the
enzymatic reaction network. (B) Repeating additions of phosphoenolpyruvate and D-glucose show that the system can
switch multiple times between condensation and dissolution states. Reproduced from Ref.>’

So far, we have discussed several examples of ATP-fueled systems and materials present in
the literature. ATP is used as a template to induce the self-assembly of supramolecular structures.
In addition, under dissipative conditions, ATP represents a tool to control the lifetime of self-
assembled structures.

In the following section, chemically-fueled synthetic systems are presented and we discuss

challenges that are still open in the field of Systems Chemistry.

1.6. Chemically-Fueled Dissipative Systems

Recently, we reviewed chemically-fueled dissipative self-assemblies reported so far in
literature.”®® We focused on systems where no biological elements were involved, such as
DNA%*453960 - enzymes>7192061-63 or where no pH change*®*%> or redox reaction®® % were
employed. We discussed only synthetic reaction cycles where bonds are made or broken via

synthetic means. The desired reaction cycles were divided into:

e Cat (1): spontaneous deactivation of the self-assembly by the solvent (i.e., hydrolysis by

Water);17'18'69_78

eCat (2): the same chemistry was used to activate and deactivate the self-assembling

molecules;”®8!

e Cat (3): a catalyst acted on one specific step of the reaction cycle.??78>
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The synthetic chemically fueled systems from 2010 until now will be presented and discussed

in a chronological order.
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Figure 1.13. Timeline of Chemical Reaction Cycles. See description a-h) in the main text. Reproduced from Ref.>®

In 2010, van Esch and co-workers performed the first synthetic example of chemically-fueled
supramolecular system using a methylation reaction to activate a small molecule building block
(Figure 1.13a, Cat. 1).*” Dibenzoyl-(L)-cystine (DBC), which is soluble in aqueous media at a pH above
its pKa (c.a. 4.5), was used as substrate. The carboxylic acids of DBC were converted by methyl iodide
(Mel) to the corresponding methyl esters, which reduced the electrostatic repulsion and lead to
fiber self-assembly. The hydrolysis of the esters back to the acid form caused disassembly of the
fibers and regenerated DBC. The cycle was repeated by addition of multiple aliquots of fuel (Mel).
However, over time, the production of waste hampered the reaction cycle.

In 2015, the reaction cycle was improved by the use of dimethyl sulfate (DMS) as methylating
agent (Figure 1.14A), and the transient gelation could be obtained (Figure 1.14B).!® The lifetime of
the resulting gels could be controlled by the amount of fuel added. The same reaction cycle was
later used to control the clustering of carboxylic acid-decorated colloids.®® This
methylation/hydrolysis approach demonstrated the first chemically fueled transient formation of a

molecular hydrogelator between assembling and non-assembling states.
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Figure 1.14. Chemically fueled transient self-assembly. (A) Representation of the reaction cycle. The carboxylate groups
on the inactive monomer react with the fuel, DMS, to produce methyl esters, active structures that self-assemble. (B)
The reaction cycle at pH 11 showing the transition sol-gel-sol of the system. Reproduced from Ref .8

In 2014, Fyles and co-authors reported a chemically fueled transport membrane system.”® The
dissipative assembly of the transport system involved a thiol-thioester exchange to activate a
mercaptan precursor (Figure 1.13b, Cat. 2). The resulting thioester product formed conducting
channels within bilayer membranes. The activity was studied and proved by voltage-clamp
experiments, which showed the flow of ions through the transport system. The system was
elegantly designed in such a way that the inactive precursor was reestablished via intramolecular
lactam formation through the nucleophilic attack of the amine to the thioester.

One year later, Nitschke and co-workers reported a chemically fueled metal-templated self-
assembly of supramolecular structures (Figure 1.13c, Cat. 3).%2 They studied the disassembly of a
Cu-based pseudorotaxane, by selective displacement of bipyridine after addition of
triphenylphosphine (PPhs). Then, the initial substrate was restored via an oxidation-reduction
reaction involving pyridine n-oxide and a rhenium catalyst to generate triphenylphosphine oxide
(O=PPhs). Thus, they demonstrated the uptake and release of fullerene from a macrocyclic host.
Interestingly, the rate of disassembly was easily controlled due to its catalytic nature and the
authors were able to repeat the cycle up to six times.

Boekhoven and co-authors, in 2017, described a chemical reaction network driven by
dicarboxylic acid activation to obtain a transient anhydride (Figure 1.13d, Cat. 1), using the common
coupling agent EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide).”® The experiments were
performed in aqueous media where the anhydride was hydrolyzed to recover the starting non-
activated building block. The transiently formed anhydride self-assembled into hydrogels forming
fibers and colloids. The phase separation was achieved one year later from the same group by

applying the same chemistry to fatty acids.’”? The anhydride product (linking together two fatty
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acids) phase separated into droplets and consequently, as the anhydride was protected from the
surrounding aqueous environment, the hydrolysis rate of the anhydride was delayed.”3.

Recently, Grétsch et al.”® extended the application of carboxylic acid activation to gold and
iron oxide nanoparticles (Figure 1.15). The EDC system has been used in different examples and

applications thanks to its broadly applicable functional group and the easily purchased

fuels.7L,74.75,77,78

EDC EDC
NHS NHS EDU
H+ H+
Activation Activation
Deactivation Deactivation
NHH+S H,0 N|:i+8 H,O

lo}
o)
=

| i ;
EDC = ~ o~ EDU= "W 9™~ NHS = o0

Figure 1.15. Chemical Reaction Cycle driven by the Hydrolysis of EDC. The carboxylates on a gold nanoparticle
(precursor) react with EDC and NHS to form the corresponding esters (activated product). Depending on the amount of
EDC added, the precursor is partly or fully activated. Reproduced from Ref.”®

In 2018, Fletcher and co-workers developed a transient self-replicating system employing a
catalytic metathesis reaction (Figure 1.13e, Cat. 2).8% In a bi-phasic system, a water-soluble alkene
reacted with a hydrophobic alkene through metathesis using the second—generation Grubbs
catalyst. The product self-assembled into micelles, which physically enhanced the reactivity
between the hydrophobic and hydrophilic substrates in an autocatalytic fashion by increasing the
contact area between the immiscible part. The surfactant then reacted with itself through cross-
metathesis, to form the water-soluble/inactive thermodynamic product. It’s important to note that
the transient cycle could be repeated.

Recently, Das and co-workers®® presented a chemically fueled system where an amphiphile
(C18H) containing a eighteen-carbon chain (C18) coupled to a histidine residue (H) was used as a

substrate for the esterification in the presence of 4-nitrophenol (Figure 1.13f, Cat. 3). This
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esterification step led to the transient formation of a hydrogel. The ester hydrolysis, catalyzed by
the vicinal histidine, yielded the soluble molecules. Thus, the self-assembled structures were
catalyzing their own disassembly, analogous to microtubule structures. To study the system further,
Das and co-workers used the C18H molecule for the co-assembly with a similar amphiphile with C18
stearoyl and L-phenylalanine amino acid appended with nitrophenol (C18-FNP).8* The co-assembly
of C18H and C18-FNP occurred in the reaction media and gave helical structures (Figure 1.16). The
vicinity of pendant phenylalanine-nitro groups linked by ester bonds (in C18-FNP) to the histidine
(in C18H), allowed for the cleavage of the ester linkage by histidine causing the subsequent
disassembly of the helices. The lifetime of the assemblies could be controlled by various

substituents of the phenol group.

=
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Figure 1.16. Representation of the substrate F-NP induces the co-assembly driving the formation of helical
nanostructures (marked with an asterisk). The presence of histidine in the molecular structure augments the catalytic
rates and the disassembly leading to the release of NP. Reproduced from Ref.3*

Recently, George and co-workers used a dynamic imine bond to form a charge-transfer
surfactant that self-assembled into fibers (Figure 1.13g, Cat. 3).%85 Upon the addition of an aliphatic
primary amine (fuel), the substrate was activated leading to an amphiphile. The deactivation of the
monomer was regulated by a lipase (enzymatically) and by pH variation (tuning imine stability and
reactivity). The equilibrium of the imine bond towards the inactive substrates could be shifted by
using various hydrolysable esters (e.g., y-butyrolactone, B-butyrolactone or e-caprolactone), as the
pH of the solution is decreased with a time delay. By substituting the fully aliphatic tail of primary
amine with an ester-containing alkyl chain, the ester bond could be hydrolyzed in the presence of a
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lipase; thereby, rendering the building block inactive and generating a transient system. In both
cases, the lifetime of the assembled state could be controlled by the lipase concentration, changing
the amount and/or nature of the hydrolysable ester.

In 2019, Fletcher and co-workers showed a chemically fueled bi-phasic self-replicator.®! The
chemistry relied on a disulfide exchange between a water-soluble disulfide and octanethiol (Figure
1.13h, Cat. 2). The thiol reacted with the amphiphile, giving a hydrophobic disulfide and inactive
hydrophilic thiolate. This system showed (physical) autocatalytic and transient behavior due to the
surface-active properties of the transient amphiphile. The cycle could be repeated when hydrogen
peroxide was added to the solution causing reactivation of the thiolates into water-soluble
disulfides. Steady states of the assemblies was sustained by continuously suppling the oxidizing
agent.

In 2020, Singh et al.?® described a new out-of-equilibrium system based on a sugar-based

aldehyde-containing hydrogelator. This system will be discussed in detail in Chapter 5.

Overall, systems chemists have a plethora of reactions that can be explored for the
development of new synthetic chemically-fueled systems. There are several limitations that
currently plague Systems Chemistry.”® One of the biggest problems is waste, which halts the
reaction cycle. In most systems, multiple reaction cycles cannot be achieved due to the inhibition of
side-products. Over the past 10 years, only a few solutions to this impending issue have been
proposed, such as the use of a dialysis membrane®! or the precipitation of waste®¢®’,

In the same way, an elegant system has been recently developed by Kim and co-workers.®
They reported a pH-responsive transient self-assembly process driven by a gaseous mixture
composed of CO; (the fuel) and argon (or compressed air) as the carrier gas. The monomer (the
organic dye methyl orange MO) was activated via the formation of carbonic acid in solution from
the mixed flow of CO, and argon. The activation induced the self-assembly of transient
microstructures. The initial monomer was recovered with time. The authors demonstrated that
multiple cycles could be obtained via sequential additions of the fuel. In this case, the waste was a
gas, which leaves the system and does not inhibit subsequent reaction cycles. Nevertheless, the
system per se is more a switch than an actual transient assembly. Because CO; was flowed for about
2 minutes in order to permeate the solution. Based on the amount of fuel added, the ‘switch’

(disassembly/assembly) could last 2, 4 or 6 minutes. Moreover, CO, was leaving the system as gas,
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thus the microstructures became inactive as soon as the fuel was completely evaporated, and this

was directly proportional to the amount of CO; injected at the start of the reaction.
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Figure 1.14. Transient self-assembly driven by gaseous fuels. (A) Schematic representation of a pH-responsive transient
self-assembly process. (B) Gas flow controlled transient microstructures formation over repeated cycles without
significant loss of efficiency. Reproduced from Ref.®

Contrary, in the same work, a transient self-assembly was achieved by pH change in the
presence of trichloroacetic acid (TCA) and triethylamine (TEA). TCA activated the monomer MO
leading to the protonation and the formation of microcrystals. With time, TEA catalyzed the
deprotonation and the recovery of the initial inactivated monomer. The lifetime of the self-

assembled structures depended on the ratio between TCA and TEA.

Secondly, the chemical fuels themselves can be improved as they are quite reactive and
degrade slowly under the conditions.}”?87072 The use of an unreactive ‘pre-fuel’ that can be
converted in situ into a more reactive species is definitely an approach that chemists are
investigating more and more. This transformation would be done catalytically or by reacting with a
second pre-fuel or directly with waste. Another approach would be using a catalyst that brings the
substrate and fuel together to achieve high selectivity. Examples of recycling waste and/or use of a

pre-fuel are described in Chapter 2 and 5.

The third important point is the control over the kinetics of the involved reaction(s). In most
of the cycles designed so far, the deactivation reaction rate was solvent-mediated, and therefore,

difficult to control.1”187072 This drawback of spontaneous deactivation is also observed in systems

22



Chapter 1 Introduction: Non-equilibrium Supramolecular Reactions Cycles

with carefully synthesized fuels that drive the assembly (or disassembly).” The use of catalysts, such

as Ruthenium?® and Grubbs®? catalysts, is a good approach to control cycles at each reaction step.

1.7. Energy Costs of Chemically-fueled Self-assembly

Up to now, the systems previously described are transient systems. This transient behavior
can be described as: i) activation of the monomer and polymerization into defined structures, ii) a
short plateau and iii) deactivation and disassembly of the supramolecular structures. The transient
self-assembly can be associated to a disassembly-assembly-disassembly transition. However, in a
few systems the assembly gets transiently deactivated. Therefore, we observe a transient
disassembly.57:68

Recently, a great effort has been made to classify these systems into well-defined cases in
order to understand how fuels can be used to control the self-assembly.82 Four classes have been

identified®:

e Templated self-assembly: the fuel activates the monomer inducing self-assembly into
a more thermodynamically stable structure. Then, the polymer dissociates restoring
the initial monomer. In the chemical conversion of fuel to waste, no energy is
dissipated;

e Templated self-assembly under dissipative conditions: the fuel templates the
energetically favored self-assembly process. However, compared to the first class, the
fuel is slowly degraded by external conditions (i.e., reactants, enzymes) and converted
into waste. The waste is no longer templating the assembly, which leads to the
disassembly of the structure. The fuel to waste transition leads to a temporary
alteration of the energy landscape;

e Dissipative assembly (kinetic symmetry): compared to the previous two classes, in this
case, the self-assembly process and the fuel consumption are coupled. That is, the
energy stored in the fuel is used to shift the equilibrium (disassembled to assembled
structure). In this class, kinetic symmetry is installed, thus the main species present is
the thermodynamically most stable one, i.e., the assembled structure.®® Energy is
continuously being dissipated, as long as fuel is not fully consumed, but overall, the

system is governed by thermodynamic stabilities.
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e Driven self-assembly (kinetic asymmetry): in this class, the species in the system
preferentially drive the cycle in one direction, that is fuel to waste conversion.® The
fuel activates the monomer, and the deactivation is kinetically favored in the
assembled state. The stationary concentrations reached in kinetic asymmetry are
different from those at thermodynamic equilibrium. Therefore, as for microtubule
structures, waste formation maintains the stationary non-equilibrium composition of

the network.

This classification goes from thermodynamic controlled templated self-assembly to non-
equilibrium systems. Nature performs spatiotemporal dynamic functions with the use of complex
structures and dissipative processes. This organization is not possible at thermodynamic equilibrium
and requires a continuous flow of energy. The comprehension of dissipative processes is essential
and it has recently attracted more and more systems chemists.289! In the process of designing
similar functions in synthetic systems, it is crucial to assess the kinetic asymmetry. As such, the
energy released by the consumption of fuel can drive the cycle towards a specific direction, inducing
(dis)assembly of supramolecular structures.88°2 A review of the literature clearly shows a lack of
kinetic studies, which is crucial to understanding these systems. Specifically, systems chemists tend
not to separate the kinetics of the self-assembly from the ones of the reactions network. The latter

are essential for understanding the full complexity of these systems.
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1.8. Aim and Outline of the Thesis

In this introduction we described the work that has been achieved so far in Systems Chemistry.
Particularly, we stressed the role of ATP as trigger to control the assembly of supramolecular
polymers and develop dissipative complex systems. Next, we discussed chemically driven synthetic
systems focusing on what has been reported until now and the issues that are still present in the
field.

In Chapter 2, we implement a previously reported enzymatic cycle®! with the addition of an
enzymatic reaction. The latter permits the continuous regeneration of fuel (ATP) in situ from waste.
The investigation of the system lead to non-equilibrium pseudo steady states where the network
was constantly pushed out-of-equilibrium as the fuel was regenerated. Interestingly, we observed
an oscillatory behavior due to the multisite phosphorylation network.

Each reaction cycle released side-products, which affected the system. In Nature, by-products
are used to control reactions and the production of metabolites. These processes are known as
positive/negative feedback. In Chapter 3, we envisaged the regulation of the enzymatic activity
using a competitive inhibitor. The inhibitor competed with the substrate for the interaction with the
enzyme resulting in a negative feedback. Moreover, the inhibitor was designed to reach co-
assembly between the different species present in the system. The formation of these
supramolecular polymers will allow amplification of signals when a local stimulus is applied. Indeed,
the self-assembly of the inhibitor with the substrate results in a negative and positive regulation of
the enzymes present in the network, augmenting the communication inside the net.

The ultimate goal of this thesis is the development of ‘life-like’ materials. In Chapter 4, we
designed and synthesized hydrogelators based on the peptide consensus sequence recognized by
the enzymes present in the network. Then, the insertion of the reactions cycle in the material was
investigated. In order to understand how the mechanical properties of the gel are affected by the
enzymatic system, rheology experiments were carried out.

Finally, in Chapter 5 a non-equilibrium reaction cycle was explored to achieve kinetic and
structural control over a hydrogel. Treating the hydrogel, a sugar-based aldehyde-containing
substrate, with sodium dithionite, a formaldehyde releasing molecule and a hydrolysable lactone
led to its complete dissolution within a few minutes and its re-formation in less than one hour. The
final material properties could be controlled by the amount of catalyst added.

Lastly, Chapter 6 summarizes the results obtained and an outlook for further research on the

development of non-equilibrium reaction cycles.
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Chapter 2.

Pseudo Steady States and Oscillations in a
Complex Enzymatic Network under batch
conditions

Abstract

In this Chapter, we show that long-lived (pseudo) steady states of up to 7 hours can be
achieved in a chemically fueled phosphorylation/dephosphorylation network. We build on a
previously reported enzymatic system and incorporate a new step that turns a waste product (ADP)
back into a chemical fuel (ATP) by using a ‘pre-fuel’. This approach has resulted in non-equilibrium
steady states by varying the concentration of pre-fuel added to the system. The amount of pre-fuel
is correlated to the production of fuel and the dynamics of the phosphorylation and
dephosphorylation network. Additionally, we report the emergence of batch oscillations arising

from the network, which surprisingly persist even under non-stirred conditions.
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2.1. Introduction

In Chapter 1 we have discussed important steps that have been achieved in the past years in
the field of Systems Chemistry. Much of the work that has been reported so far is inspired by Nature
and the delicate balance of complex networks. Such networks in our cells are crucial for signaling,
motion, self-reproduction and many other vital functions.”? Adenosine triphosphate (ATP) is a
crucial source of energy to keep and sustained all the dynamics in the cell. The consumption of ATP,
its hydrolysis to ADP and an inorganic phosphate and its recycling are central for the control of basic
processes of life.3 Enzymes are macromolecules of crucial importance for biological functions and
they regulate signal transduction by coupling unfavorable processes with the hydrolysis of ATP
(energetically favorable).* For cell regulation, for example, enzymes as kinases or phosphates are
used for the phosphorylation or dephosphorylation, respectively, of substrates or enzymes.> These
processes permit the communication between different parts of the cell and the transmitting of the
signal from one cell to the other. Additionally, enzymes are involved in the regulation of different
dissipative supramolecular structures, such as microtubules or actin filaments that are sustained by
constant addition of chemical fuels (GTP and ATP, see Chapter 1). Indeed, microtubules are kept
steadily under non-equilibrium by guanosine triphosphate (GTP) turnover, allowing the
simultaneous formation and shrinkage of tubules structure.® Therefore, microtubules result into a
stiff material capable of changing its mechanical properties and adapting to environment changes.
This adaptation is important, among others, for the motility and self-reproduction of cells.
Understanding these processes (i.e., cell’s signaling, self-organization and reproduction) is essential
for the engineering of new synthetic supramolecular systems.’

In our group, an enzymatic reaction network has been previously developed.® The system is
based on the phosphorylation and the dephosphorylation of a symmetric peptide derivative of
3,4,9,10-perylenediimide (PDI in Figure 2.1, half of the molecule is presented). The core of the
substrate is a widely used building block in supramolecular chemistry; the perylene diimide
derivative derives from perylene-3,4,9,10-tetracarboxylic acid diimide (PDI). The scaffold self-
assembly can be controlled through n-m stacking, electrostatic interactions and the hydrophobic
effect.® The substrate PDI contains the consensus sequence LRRASLG which is recognized by the
cAMP-dependent protein kinase A (PKA) and the lambda phosphatase (APP).1° The two enzymes
operate at the serine residue of the peptide sequence. In the presence of ATP (fuel), PKA can
transfer one phosphate group from the adenosine phosphate to the serine residue causing the

phosphorylation of the substrate and leading to, first p-PDI (monophosphorylated) and,
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consequently, to p2-PDI (diphosphorylated). The phosphate groups are, then, cleaved by APP
recovering the initial dephosphorylated substrate. The dephosphorylation p2-PDI->PDI passes
through the formation of the monophosphorylated p-PDI. Each phosphorylation and

dephosphorylation cycle produces ADP and an inorganic phosphate Pi, from the hydrolysis of ATP.
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Figure 2.1. Enzyme-controlled Supramolecular Polymerization. PDI (half is shown) is phosphorylated at the serine
residue of the peptide sequence by a protein kinase A (PKA) in the presence of ATP (fuel), leading to p-PDI
(monophosphorylated) and p2-PDI (diphosphorylated). ATP is hydrolyzed to ADP. The dephosphorylation is performed
by the APP (scissors) yielding inorganic phosphate Pi and restoring PDI. PKA has three binding sites: for the LRRASL
(green), the ATP (blue) and for LRRApPSL (red). Reproduced from Ref.®

The phosphorylation of the substrate PDI introduces negative charges onto the molecule; 4*
for PDI (electrostatic interactions) and nearly zwitterionic 4*/3.3” for p2-PDI. The resulting stability
and structure of the supramolecular polymer is affected. Besides that, the self-assembly of the
derivative PDI is driven by the presence of a core of perylene diimide. The latter consists of a rigid
polycyclic scaffold substituted with two amide groups at the 3,4- and 9,10- positions, creating a flat
and rigid m-conjugated system. The substrate is prone to self-assemble in aqueous media via -
7 stacking and hydrophobic effect.®!! Overall, we can reach the control of supramolecular

polymerization by (de)phosphorylation of PDI.
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2.2. Previous Studies from our group

The effect of the phosphorylation on the self-assembly of PDI was first studied by UV-Vis
spectroscopy. PDI dissolves in the reaction buffer at mM concentrations, giving a pink solution that
remains stable over time. UV-Vis spectra of PDI shows a wide absorption in the range between 400
to 620 nm due to the SO—>S1 electronic transitions of the core with maxima at 504 and 540 nm
(Asoanm and Asaonm). The variation between the 0-0 and 0-1 transitions (Ao-1/Ao-0) was used to
elucidate the self-assembly process (an increase of the ratio indicates further aggregation of
assemblies; the value for monomeric species in solution is about 0.65).° Specifically, the lack of
vibronic progression of monomeric PDIs and the ratio Aspsnm/Asa0nm of 1.46 indicate that PDI self-
assembles into helical stacks through n—n stacking (H-aggregation).%'112 Upon addition of PKA and
ATP, a decrease of the two maxima (Figure 2.2A) and an increase of the ratio Aspsnm/Asaonm to 1.65
(Figure 2.2B) were observed. The overall increase of the ratio suggested that p2-PDI assemblies
grow into bigger structures.

In the second place, the system was studied by circular dichroism (CD) spectroscopy. PDI
displays an asymmetric positive couplet at the main absorption band of the chromophore (black
line in Figure 2.2C) characteristic of right-handed P-helical assemblies. Surprisingly, the
phosphorylation to p2-PDI induces the inversion of the CD signal to a negative couplet (red line in
Figure 2.2C) indicating the formation of left-handed M-helical assemblies.'31>
The UV-Vis and CD spectroscopy studies revealed that the phosphorylation of the substrate PDI to

p2-PDI, not only induces further aggregation but it shows also the inversion of the supramolecular

chirality of the assembly.
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Figure 2.2. Phosphorylation induces Changes in the Supramolecular Polymerization. (A) UV-Vis spectrum of a 200 uM
PDI solution (optical path 1 mm) during phosphorylation triggered by PKA (0.13 uM) and ATP (400 uM), showing the
evolution of the two maxima at 504 and 540 nm. (B) Time course ratio Asosnm/Assonm during phosphorylation; the data
are extracted from the spectrum A. (C) CD spectrum of 200 uM PDI (black line) and p2-PDI (red line) solutions (optical
path 1 mm). Reproduced from Ref.%
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My former colleagues showed three different types of experiments outlined in Figure 2.3: A)
a stimuli-responsive experiment where the phosphorylation and dephosphorylation are completely
decoupled, B) a transient self-assembly experiment, where a single shot of fuel leads to enhanced
assembly followed by disassembly, and C) different non-equilibrium steady states (NESS) that
depend on the concentration of ATP maintained in a membrane reactor. | will now briefly describe

each of these three types of experiments.

A Stimuli-responsive B Transient state C Steady states
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Figure 2.3. From Stimuli-responsive to NESS conditions. (A) Stimuli-responsiveness: the addition of ATP and PKA to a
solution of PDI results in p2-PDI and a change in the supramolecular structure. A second stimulus is needed to recover
the initial non-phosphorylated structure (i.e., the addition of APP). (B) Transient state: the addition of ATP to a batch
containing PKA and APP, leads to a transient change of the supramolecular assembly. (C) Supramolecular non-
equilibrium steady states (NESS): the system is kept in a dissipative steady state by continuous influx of ATP. Reproduced
from Ref 2

Stimuli-responsive. The differences in the CD spectra between PDI and p2-PDI assemblies
allowed to track the wavelength in time in the range between 475 to 500 nm. Phosphorylation and
dephosphorylation were studied separately; as shown in Figure 2.4, the addition of ATP and PKA to
a PDI solution induced a progressive change in the CD signal. The spectrum shows that a plateau
can be reached over time, indicating the conversion of PDI to p2-PDI. The latter was also verified by
LC-MS. Then, APP is added to p2-PDI solution causing a fast decrease of the ellipticity to the initial

value in agreement with full dephosphorylation and recovery of PDI.
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Figure 2.4. Stepwise Phosphorylation/Dephosphorylation. Time course CD measurements of a 200 uM PDI solution
during stepwise phosphorylation/dephosphorylation (optical path 1 mm, 400 uM ATP, 0.13 uM PKA, followed by 0.3
UM APP). Reproduced from Ref.®

Transient Self-assembly. After establishing the stepwise phosphorylation and
dephosphorylation of the substrate PDI, ATP was added to a PDI solution, containing PKA and APP.
The addition of fuel to the system led to the full cycle PDI - p2-PDI = PDI, as shown in Figure 2.5A.
A fast increase followed by a slower decrease in the ellipticity occurs upon addition of a shot of ATP,
indicating the transient formation of the supramolecular polymer (transient formation of the
species p-PDI and p2-PDI). The increase in the ellipticity is driven by ATP and, as the fuel is
consumed, the system relaxes back to its thermodynamic state PDI. The transient self-assembly of
p2-PDl is controlled by the rates of phosphorylation and dephosphorylation, which are dictated by

the dynamics of the network (as we will describe in more detail below).
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Figure 2.5. Transient state and Refueling. (A) Time course CD measurement (A = 499 nm, optical path 1 mm) following
the batch addition of ATP (2 mM) to a 200 uM PDI solution containing PKA (0.13 uM) and APP (0.2 uM). (B) Time course
CD measurement (A = 499 nm, optical path 1 mm) after refueling the system with a second shot of ATP (2 mM). The
plateau represents the accumulation of p2-PDI. Reproduced from Ref.®

Non-equilibrium Steady States (NESS). Others have shown the possibility of obtaining
multiple transient self-assembly cycles by refueling the system.'®'° Moreover, to achieve non-
equilibrium steady states (NESS, Figure 2.3C) each PDI molecule needs to go through many
phosphorylation/dephosphorylation cycles. Thus, a second aliquot of ATP was added to the same
solution. Unfortunately, only the phosphorylation to p2-PDI was obtained without any recovery of
the initial PDI structure (Figure 2.5B). By looking at the enzymatic cycle, we can observe that from
each phosphorylation and dephosphorylation, 2 molecules of ADP and Pi are produced as waste by
the consumption of two equivalents of ATP. As noted before, the inorganic phosphate Pi is an
inhibitor of APP2°, hampering the dephosphorylation of p2-PDI and poisoning the system. The latter
is a general issue in supramolecular fueled systems when they are studied in (semi)batch reactors
(see Chapter 1).

In the current system, the problem was solved by using a dialysis membrane to flow fuel and
remove waste. A continuous flow device was developed to compartmentalize the system into a
dialysis cassette (Figure 2.6A); the dialysis membrane (MCWO = 2kD) was chosen to allow the
passage of ATP, ADP and Pi. In this way, it was possible to remove waste (ADP and Pi) and to refuel

the system by flowing fresh ATP solution.
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Figure 2.6. Continuous Flow device and Non-equilibrium Steady States. (A) CAD design of the continuous flow device
based on a clamped dialysis cassette. The average gap between the membranes d; is 1.9 mm, the width of the flow
chambers d; is 5.1 mm. (B) Different non-equilibrium steady states (plateau regions, #1-4), characterized by different
molar fractions of the three species PDI, p-PDI, p2-PDI (by LC-MS analysis) were obtained by flowing different
concentration of ATP, fuel. Reproduced from Ref.®

In Nature, dissipative supramolecular systems (i.e., actin filaments) are kept under non-
equilibrium conditions by constant fuel/waste exchange. Here, by flowing different concentrations
of ATP solution, various non-equilibrium steady states (NESS) were reached (Figure 2.6B).
Specifically, PDI was injected into the central chamber and aliquots were taken in time to track by
LC-MS the evolution of the system. A flow of 1 mM ATP in chambers flanking the dialysis cassette
led to the first NESS (#1 in Figure 2.6B) in which all three species (PDI, p-PDI, p2-PDI) are present. It
is important to highlight that while ATP is consumed, the phosphorylation and dephosphorylation
reactions are continuously occurring. The constant flow of ATP kept the NESS for 20 hours.
Interestingly, a second NESS was reached by increasing the concentration of ATP to 2.5 mM (#2 in
Figure 2.6B). In this case, the mole fraction is composed almost exclusively by p2-PDI. Then, the
third state (#3 in Figure 2.6B) was attained by flowing fresh buffer restoring the initial PDI. The latter
is actually the nearly reaching the thermodynamic equilibrium, since no fuel is present. Finally, by
flowing 5 mM solution of ATP, a new NESS was reached (#4 in Figure 2.6B); in the central chamber
the main species is p2-PDI.
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The NESS conditions cannot be explained as simple shifting chemical equilibria as described
by Le Chatelier’s principle. Indeed, the three species in the system are not in equilibrium and can
only interconvert in the presence of the two enzymes and ATP. Le Chatelier can be applied in the
self-assembly of PDI to PDI polymers and, equally for the polymerization of p2-PDI. Nevertheless,
in the network, the chemical reactions between PDI and p2-PDI are irreversible and therefore the

system does not equilibrate. Thus, the principle cannot be applied to our system.

So far, we have presented the system developed in our laboratory by Sorrenti et al.® and they
have shown for the first time non-equilibrium steady states (NESS) in an artificial supramolecular
system. The system is based on the phosphorylation and dephosphorylation of the substrate PDI.
This work represented the starting point of this thesis where the final objective is the achievement
of ‘life-like’ materials, capable of exhibiting new behaviors such as the ones found in Nature.
Specifically, we envisaged the development of a metabolic hydrogel based on the previously
described enzymatic network; the possibility of reaching different non-equilibrium steady states

(NESS) would likely lead to interesting properties and functions.

2.3. Model system: Synthesis and Supramolecular Polymerization

From this point onwards, the work performed during the current PhD project is described. In
the first place, we synthetized a new batch of the substrate PDI, following the procedure of the
previous work (detailed description is reported in Experimental section 2.13).% The supramolecular
behavior of the synthetized substrate was studied by UV-Vis, DLS and CD spectroscopy; these values
were then compared to the ones of the previous work.

Temperature-dependent UV-Vis experiments were performed to compare the
supramolecular polymerization of the synthesized PDI with the one of the substrate previously
reported. A decrease of the ratio Aspsnm/Assonm Was observed upon heating from 283 to 368 K,
indicating partial disassembly of the polymer (Figure 2.7A). In addition, consecutive heating/cooling
runs of 230 uM solutions (5 consecutive heating/cooling measurements at 1 K/min) were
completely reversible. As previously shown, the ratio Asosnm/Assonm can be described with a T-
isodesmic (equal-K,,) polymerization model. The following equation can be derived from the

model?®:

39



Chapter 2 Pseudo Steady States and Oscillations in a Complex Enzymatic Network under batch conditions

(Rpol_Rmon)2 R
=Ty T Rmon Eq.1
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Rops (T) =

where R,ps (T) = Asosnm/Assonm at a given temperature (T), R,, corresponds to the ratio
(As04nm/Asa0nm)pol for the fully polymerized PDI (value that we get from the fitting), R,,,,,, corresponds
to the ratio (Asosnm/Ass0nm)mon for monomeric PDI ( set to 0.65) and R is the gas constant (8.314
J-mol™-K™?). Equation 1 was used to fit the data (Figure 2.7B) and obtain the AH (the molar enthalpy
related to the formation of the non-covalent interactions in the supramolecular polymerization) and
the T, (concentration dependent melting temperature, defined as the temperature for which the

degree of polymerization a is 0.5), see Table 2.1.

Table 2.1. Thermodynamics parameters for PDI. Thermodynamics parameters for PDI supramolecular polymerization
in reaction buffer compared to the previously reported values for the substrate.

Sample AH (kJ-mol?) T, (K) DPy (298 K) K., (10°M?)

PDI (230 uM) -38.72+£0.18 346.9+0.11 2.48 1.59

PDI (previously
reported 230 uM?) -36.96 £ 0.23 358.5+0.11 2.77 2.14

In addition, the degree of aggregation can be calculated using the following equation:

a = Robs— Rmon Eq 2
Rpol_Rmon

Equation 2 was then used to calculate the degree of aggregation (Figure 2.7C). The latter can be

used to obtain DPy (average stack length) and the equilibrium constant (K,,) at 298 K:

1

DPy (1) = 7= Eq. 3
_1)2—
Koo(T) = [(2DPn-1)%-1] Eq. 4

4Cr
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Figure 2.7. Thermodynamics of Supramolecular Polymerization. (A) Temperature dependent UV-Vis spectra of a 230
1M PDI solution in the reaction buffer in the presence of ATP (920 uM, 4 eq.) recorded at 283, 298, 323 and 363 K
(quartz cuvette, optical path 1 mm). The arrows indicate the evolution of the two peaks (Asosnm, Assonm). (B) Ratio
Asoanm/Asaonm as a function of temperature calculated over five consecutive heating/cooling runs recorded between 283
and 368 K at 1 K interval (heating rate 1 K min™%, optical path 1 mm). The red solid line corresponds to the fitting. (C)
Temperature-dependent degree of aggregation, a(T), of PDI corresponding to the curve in panel B, calculated by using
equation 2. The red line represents the theoretical a(T) for the isodesmic model calculated by using the values of AH

and T, obtained by the previous fitting.

The results obtained (Table 2.1) indicate that PDI polymer synthesized in this batch behaves
similarly to the previous reported one. Moreover, dynamic light scattering (DLS) was used to assess
the dimension of the polymer. The experiment was performed for 230 uM PDI solution in the
reaction buffer; the resulting slope D (Figure 2.8) of the linear fitting of the correlation I" g? was

used to obtain the final radius (Ry) of the assembly by following the equation:

kT
Ry = P Eq.5

where kj indicates the Boltzmann constant (1.380688-:107% m? kg s™2 K™2), T is the temperature (293
K) and u is the viscosity of the solvent (buffer, 0.001 Pa)?2. The resulting value is R,; =511 + 15 nm;

the latter is comparable to the one found in the previous work (Ry = 440 nm £ 10 nm).
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Figure 2.8. Dynamic Light Scattering (DLS) of PDI polymer. DLS measurement: relaxation I' versus the square of the
scattering vector g for 230 uM PDI solution in the reaction buffer at 293 K. The corresponding slope D, resulting from
the linear fitting (red line) is apply to equation 5. Ry for PDI assembly is calculated to be 511 + 15 nm.

So far, we have shown that the new synthesized batch of PDI behaves similarly to one
previously described. The supramolecular polymerization was studied in the first place. However,
we also wanted to validate that the phosphorylation and dephosphorylation of the substrate was

reproducible.

2.4. Stepwise Phosphorylation and Dephosphorylation

We performed a stepwise phosphorylation and dephosphorylation of PDI in the presence of
the enzymes PKA and APP. The composition of the network was studied by LC-MS. Firstly, the
phosphorylation of PDI to p2-PDI was performed in the presence of PKA and ATP and secondly, an
aliquot of APP was added to recover the initial substrate PDI. The LC-MS spectra showed the
conversion to p2-PDI upon phosphorylation (Figure 2.9A) and the dephosphorylation to PDI after
the addition of APP (Figure 2.9B). These results confirmed that the new batch of PDI could indeed
be phosphorylated and dephosphorylated. The phosphorylation occurs in about 2 hours when 2
equivalents of ATP are added (similarly to what reported in the previous work®) while the

dephosphorylation takes place within minutes.
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Figure 2.9. Phosphorylation and Dephosphorylation of PDI. LC-MS spectra of a 200 uM PDI solution in the presence of
ATP (400 uM, 2 eq.), (A) after complete phosphorylation to p2-PDI triggered by the addition of 0.13 uM PKA and (B)
after dephosphorylation to PDI triggered by the addition of APP (0.06 uM).

Lastly, we studied the system by CD spectroscopy. As shown in Figure 2.10, upon
phosphorylation of PDI to p2-PDI (red line) we observed the inversion of the CD signal, indicating

the change in the chirality of the supramolecular assembly, which is again in line with our previous

report.®
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Figure 2.10. CD spectra of PDI and p2-PDI. CD spectra of 200 uM PDI (black line) and p2-PDI (red line) solutions (optical
path 1 mm). The phosphorylation to p2-PDl is triggered by the addition of PKA (0.13 uM) and ATP (400 uM, 2 eq.).

So far, we have studied and demonstrated the supramolecular polymerization of the new

synthesized batch of PDI and its behavior in the enzymatic network by performing stepwise
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phosphorylation and dephosphorylation of the substrate. The results were found to be

reproducible, and therefore we could continue to build on this system.

2.5. Fuel (ATP) Regeneration in situ from Waste (ADP)

In section 2.2, we discussed about non-equilibrium steady states (NESS) in an artificial
supramolecular polymer. Moreover, we presented an elegant way to solve the waste problem; 2
molecules of ADP and inorganic phosphate Pi are produced after each
phosphorylation/dephosphorylation causing the inhibition of further cycles. The confinement of the
system inside a dialysis membrane reactor allowed the continuous flow of ATP and removal of
waste. The latter permits the achievement of four different non-equilibrium steady states. However,
to make a free-standing NESS gel, the latter approach would not work, since the diffusion times (and
formation of internal gradients) would be prohibitive. Thus, we had to make a step back and find a
different solution to be able to reach different NESS by varying the influx of fuel.

In the first place, we studied the effect of ADP and Pi to the phosphorylation and
dephosphorylation reactions, respectively. Until now, the latter were assumed from the
literature?%23, but they had not been experimentally investigated in the PDI system. Generally, in
Nature many enzymatic systems use their products as a negative and/or positive feedback to reach
a better control over the specific reactions. This subject will be explored in more detail in Chapter
3. For now, we just need to consider simple competitive inhibition. In this case, ADP can interact
with one of the pockets of PKA and act as a competitive inhibitor for ATP, causing the inhibition of
the phosphorylation. In the same way, Pi is competing with p2-PDI for the interaction with APP. To
study the effect, we run simple tests through LC-MS by adding 10 equivalents of ADP (Figure 2.11A)
and Pi (Figure 2.11B) during the phosphorylation and dephosphorylation of the substrate PDI and

follow the evolution of the mole fraction of p2-PDI over time.
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Figure 2.11. ADP and Pi Inhibition. (A) LC-MS spectrum evolution of the phosphorylation of a 200 uM PDI solution
containing 400 uM ATP and 0.13 uM PKA (black line) and with further addition of 10 eq. of ADP (blue line). (B) LC-MS
spectrum of the dephosphorylation of a 200 uM p2-PDI solution containing 0.065 M APP (black line) and with further
10 eq. of Na3PO, (Pi).

Interestingly, the effect of a 10-fold excess of ADP is much larger to the overall
phosphorylation compared to the one of Pi to the dephosphorylation. These experiments were
carried out to qualitatively investigate the inhibition of by-products of the reactions cycle. Generally,
in the presence of 10 equivalents of ATP the phosphorylation takes place in 1 hour (black line in
Figure 2.11A). The further addition (blue line in Figure 2.11A) of 10 equivalents of ADP impedes the
conversion to p2-PDI. However, comparing the effect on the dephosphorylation we can observe
that PDI is quickly restored (half-life = 25 min.). The presence of an excess of Pi (10 eq.) is leading to
the 0.5 conversion to the dephosphorylated substrate and after 100 minutes the values are reaching
a plateau as no further dephosphorylation is occurring.

In both cases, the data confirmed the inhibition of the phosphorylation and
dephosphorylation by respectively the ADP and the inorganic phosphate. One possible solution we
explored was to use a phosphate-specific resin PiBind (Novus Biologicals), which is commonly used
in removing phosphate contaminants in buffer. Unfortunately, upon addition of PiBind to a solution
of PDI, a pink precipitate formed instantaneously. As we do not know the exact composition of the
resin, we can only assume this is due to electrostatic interactions between our substrate and the
resin. Since there are very few other approaches to scavenge or recycle Pi, we focused more on the

removal of ADP.

45



Chapter 2 Pseudo Steady States and Oscillations in a Complex Enzymatic Network under batch conditions

As already discussed in Chapter 1, ATP is the main source of energy in our body and its
recycling is vital for cell’s functions. Glycolysis is a metabolic pathway where glucose is consumed
over a series of reactions with the overall production of two molecules of pyruvate and two
molecules of ATP.! Specifically, in the last reaction, a molecule of phosphoenolpyruvate (PEP) serves
as the substrate for the conversion of ADP to ATP. The reaction is catalyzed by pyruvate kinase and
it requires one K* and 2 Mg?* cations as cofactors.?* The first step is the nucleophilic attack of the
PEP phosphorus atom by B-phosphoryl oxygen of ADP. In this step, enolpyruvate is released while
ATP is formed. In the second step, enolpyruvate tautomerizes to pyruvate (Py). The synthesis of
ATP is due to phosphate transfer and the consequently conversion to enol-ketone. In our study, we
decided to couple this specific ATP regeneration pathway to the existing
phosphorylation/dephosphorylation network (Figure 2.12). Therefore, ATP (fuel) will be produced
in situ from the ADP (waste), by catalytically consuming ‘pre-fuel’ (PEP).

The ADP + PEP - ATP + Py reaction has been already reported for protein synthesis?>%°,

30,31

and the formation of coacervates3?

supramolecular assemblies

Figure 2.12. Enzymatic Network implemented with ATP Regeneration. PDI (green) is phosphorylated to p2-PDI (red)
by a protein kinase (PKA) in the presence of ATP. ATP is produced by the transfer of a phosphate group (purple) from
phosphoenolpyruvate (PEP) to ADP, releasing pyruvate (Py). The reaction is catalyzed by a pyruvate kinase PK. p2-PDI
is dephosphorylated by Lambda phosphatase (APP), recovering the initial structure PDI.
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The ATP regeneration reaction was firstly studied in the reaction buffer by 3P NMR. The
production of ATP was followed by the formation of peaks at -5.0, -10.0 and -18.0 ppm,
characteristics of the respective phosphates y, o, p of ATP.3® The NMR spectra were recorded for
ADP (Figure 2.26 in Appendix 2.16), ADP and PEP (Figure 2.27 in Appendix) and after addition of the
enzyme pyruvate kinase PK (Figure 2.28 in Appendix). The ATP formation was confirmed after the
addition of PK to the substrates at 25°C in the reaction condition. For the NMR measurements, the
buffer was prepared without the further addition of Mn?* to avoid the paramagnetic effect of the
ion. Indeed, many attempts were made as lowering the [Mn?*] and/or augmenting the [EDTA] to
take advantage of the NMR for the enzyme kinetics study. However, by changing the buffer
concentration we ended up changing the kinetics of PKA and APP. Therefore, NMR spectroscopy

was not the most appropriate technique to explore the ATP regeneration reaction kinetics.

2.6. ATP Regeneration Kinetics

In order to obtain the enzyme kinetics for the ADP to ATP conversion catalyzed by pyruvate
kinase PK, we used an assay kit (Sigma Aldrich). The latter provides a direct procedure for measuring
the pyruvate kinase activity. Specifically, a coupled reaction with a fluorescent peroxidase substrate
yields a colorimetric product (A = 570 nm) when interacting with pyruvate, released as side product
during the reaction ADP to ATP. Thus, the absorbance value at 570 nm is directly proportional to
the pyruvate produced. However, for our purpose, the protocol was modified and adapted to our
working conditions. The detailed procedure is described in the Experimental section 2.13.

Firstly, a calibration curve was made for a direct correlation between the absorbance at 570
nm and the pyruvate concentration, generating 0 (blank), 2, 4, 6, 8 and 10 nmole/cuvette standards
(Figure 2.29 in Appendix 2.16). Once the calibration was done, we proceeded with sample
preparation for the assay reaction. In order to measure the pyruvate kinase activity, we operated at
conditions that were the closest to the ones of the complex system (that are the reaction buffer pH
7.5 at 25 °C, pyruvate kinase, ADP and PEP purchased from Sigma).

Velocity measurements were made to determine the apparent Michaelis constants (K,,) for
ADP and PEP. The experiments were performed by tracking the change in the absorbance at 570 nm
over 40 minutes, that corresponds to the amount of pyruvate produced. The Michaelis-Menten
kinetics were obtained assuming that after mixing the enzyme and the substrate, a steady state is

reached in which the concentration of the complex enzyme-substrate remains constant. K, for PEP
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and ADP were determined at saturating concentrations of one of the two substrates
([enzyme]<<[substrate]). In Figure 2.13, the Michaelis-Menten kinetics are reported; the enzyme

activity over different concentrations of PEP and ADP is correlated by the function:

max S+ KM Eq' 6
where v is the reaction rate (rate of formation of product), S is the concentration of a substrate,
Umax represents the maximum rate achieved by the system, happening at saturating substrate

concentration, K, is numerically equal to the substrate concentration at which the reaction rate is

half of v, 4-
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Figure 2.13. Enzyme Kinetics study for Pyruvate Kinase. (A) Variation of the activity of pyruvate kinase with PEP
concentration in the presence of 2 mM ADP. (B) Variation of the activity of pyruvate kinase with ADP concentration in
the presence of 2 mM PEP. All the data were recorded by UV-Vis spectroscopy in a quartz cuvette (optical path 1 mm).

From the fit of Equation 6 to our experimental data, we obtained the values of K,, for ADP
and PEP, 1.24-10™> M and 1.15-107*M respectively. Comparison of kinetically determined constants
with literature is difficult as each study is conducted at different pH in specific buffer reaction
conditions.3* The K, values found are in agreement with most of the range reported in literature.34
36 Reynard et al.3 for instance, extracted K,, for ADP and PEP, as 2.1-10™* M and 3.2:10™°> M, from
the corresponding Lineweaver-Burk plot. However, the experiments were carried out in a different
reaction buffer (varying pH from 8 to 9, with an excess of K*, 0.1 M) and using lower and various

concentrations of saturating substrate (from 0.5 to 0.8 mM).%°
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The goal of these measurements was to get the enzymatic activity of pyruvate kinase using
our specific experimental conditions. It has been reported how the changing in pH is affecting the
K, values for both substrates (i.e., the augmentation in the apparent Ky for PEP from 0.3 mM at pH
5.9 to 2.3 mM at pH 8.35).3” Moreover, the concentrations of K* and Mg?* are vital for the optimal
activity. It has been demonstrated the optimal activity of PK for [K*] = 50 mM and [Mg?*] = 13.5
mM.343% In our case, the buffer contains 10 mM Mg?* (from MgCl,) and K* is present in the form of
phosphoelnolpyruvate monopotassium salt. K* is directly involved in the acquisition of the active
conformation of the enzyme, enhancing the affinity for PEP and ADP.

The kinetics study of pyruvate kinase in the reaction conditions resulted in the determination
of Michaelis-Menten parameters. Nonetheless, we must stress that the final enzyme activity is
affected by tiny changes in the environment conditions. So far, we have shown that ADP can be
recycled to ATP; the latter would solve our waste inhibition problem (Figure 2.11). In addition, the
enzyme activity was explored in the working buffer conditions, confirming the Michaelis constants
values as reported in literature. Next, we study the phosphorylation/dephosphorylation of PDI in

the presence of the ADP to ATP conversion catalyzed by the pyruvate kinase.

2.7. Stimuli-responsive Phosphorylation/Dephosphorylation

The stimuli-responsive phosphorylation/dephosphorylation of the substrate PDI was done by
stepwise addition of PKA and APP, respectively. Firstly, the system was studied by LC-MS. The first
spectrum was obtained (Figure 2.14A) for a 100 uM PDI solution, containing 1 mM PEP and 0.06 uM
PK. The peaks at 555.68 and 740.45 represent the [M + 4H*] and [M + 3H*] of PDI molecule. This
shows that neither PK nor PEP react with PDI, as expected. Secondly, the addition of 200 uM ADP
and 0.13 uM PKA led to the phosphorylation of PDI to p2-PDI. As shown in Figure 2.14B, the peaks
at 595.88, 793.85 and 1190.04 represent the [M + 4H*], [M + 3H*] and [M + 2H*] of the
phosphorylated substrate p2-PDI. That means there was successful conversion of ADP to ATP in the
presence of pre-fuel PEP followed by phosphorylation of PDI to p2-PDI. Ultimately, the
dephosphorylation back to PDI was done by the addition of 0.5 uM APP. The spectrum (Figure 2.14C)
shows the recovery of the initial substrate with peaks at 555.68 [M + 4H*] and 740.45 [M + 3H"].
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Figure 2.14. Stimuli-responsive Phosphorylation/Dephosphorylation. (A) LC-MS spectrum of 100 uM PDI solution in
the presence of PEP (1 mM) and PK (0.06 pM). (B) LC-MS spectrum after addition to (A) of ADP (200 M) and PKA (0.13
pM). The generation in situ of ATP is leading to the phosphorylation of PDI, and its conversion to p2-PDI. (C) After
addition of APP (0.13 uM), PDI is restored. All the spectra were recorded in the reaction buffer at 25°C in a LC-MS glass
vial with a 400 pL glass insertion.

These results confirmed the stepwise phosphorylation/dephosphorylation of the substrate
PDI and, in particular, they demonstrate the integration of the new enzymatic reaction with the
previous described network. Interestingly, in our body the pyruvate kinase is regulated by a protein
kinase A; glucagon and epinephrine activate the protein kinase which causes the phosphorylation
and the deactivation of the pyruvate kinase. Nevertheless, among our studies we did not observe
any interference between PKA and PK, although they were present in the same batch.

Additionally, we analyzed the system by CD spectroscopy. In the first place, we excluded any
effect of the pyruvate, that is released during the ATP regeneration reaction, on the CD signal. The
control was run for a 200 uM PDI solution containing an excess of pyruvate (10 mM) and the effect
of pyruvate was checked at 499 nm for few hours (as shown in Figure 2.30, Appendix 2.16). Overall,
we did not observe any change in the CD spectrum. Then, we proceeded the investigation of the
network with stimuli-responsive experiments followed by CD spectroscopy.

As previously discussed, the phosphorylation induces a change in the supramolecular chirality
of the assembly, from right-handed to left-handed helices, indicative of
phosphorylation/dephosphorylation. Thus, the ellipticity at 499 nm was followed by time course CD
measurements (Figure 2.15). In the first example (Figure 2.15A), PKA was added to the system,
containing PDI, PEP, PK and ADP after 3 h, causing the increase of the CD signal due to formation of

p2-PDI. In the second experiment (Figure 2.15B), PKA was added to the batch PDI solution
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containing PEP, ADP and PK at time zero. The augmented CD signal due to the phosphorylation of
the substrate PDI to p2-PDl is slightly different compare to Figure 2.15A. This difference is the result
of the concurrent ADP to ATP conversion and the phosphorylation of the substrate, consuming ATP
while for the first experiment PKA is added when ATP is already present in the solution. Ultimately,
the dephosphorylation was investigated (Figure 2.15C). The APP was added when the ellipticity
value reached a plateau, that means PDI has been converted to p2-PDI. The addition of the
phosphatase caused a rapid decrease of the signal, confirming the dephosphorylation of p2-PDI
back to PDI. However, as shown in Figure 2.15C, the CD signal cannot be completely restored
because of the continuously regeneration of ATP, which in time permits further phosphorylation of

the substrate. For all the experiments, an aliquot was taken to validate the (de)phosphorylation of

PDI by LC-MS.
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Figure 2.15. Stimuli-responsive studies by Circular Dichroism spectroscopy. (A) Time-course CD measurement of 100
1M PDI solution in the presence of PEP (500 uM), ADP (200 uM), PK (0.1 uM). After 1h PKA (0.13 uM) is added leading
to the formation of p2-PDI. (B) Time-course CD measurement of 100 uM PDI solution in the presence of PEP (500 uM),
ADP (200 uM), PK (0.1 uM) and PKA (0.13 uM). (C) Time-course CD measurement upon addition of APP (0.13 uM) at t
=300 min. to the p2-PDI solution recovering the initial PDI structure.

2.8. Non-Equilibrium Pseudo Steady States

So far, we have investigated the complex enzymatic network by stepwise
phosphorylation/dephosphorylation of PDI. Specifically, we reported the ATP regeneration reaction
coupled to the previously studied network. In this manner, we demonstrated the generation of fuel
directly in the system. Also, we showed that the three enzymes (PKA, APP and PK) can work
together. In this complex network while PDI is phosphorylated and dephosphorylated by PKA and
APP, respectively, ATP is consumed and regenerated by a pyruvate kinase in the presence of

phoshoenolpyruvate, PEP. It is for that reason we have been referring to PEP as ‘pre-fuel’ because
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is used indirectly. The PEP concentration is identical to the maximum amount of ADP that can be
converted to ATP. And so, PEP concentration is also limiting the phosphorylation of PDI. Therefore,
we can suppose that by varying the concentration of PEP, different non-equilibrium steady states
will be reached.

The study of out-of-equilibrium steady states is particularly interesting as there are only few
systems reported to our knowledge that have shown non-equilibrium steady states (NESS) and it
would be a fascinating behavior to study in materials. For instance, many systems were described
where the transient gel-sol-gel is achieved but until now there are very few examples where systems
are pushed far enough to reach NESS.23® Recently, Deng et al.3® described multiple transient
dynamic steady states (DySSs) in fuel-driven DNA nanostructures. The system is based on a
previously engineered ATP-driven DNA polymerization.3® Interestingly, DySSs result from the
autonomous switching of multiple building blocks (DNA polymers with different lengths) and the
lifetime is controlled by the ATP fuel concentration. This is an important step in programming
reaction networks in Systems Chemistry. Nevertheless, we investigated conditions to achieve non-
equilibrium steady states in our synthetic system. This study will permit the implementation of NESS
into materials, in order to reach higher levels of complexity and programmability.

First, the out-of-equilibrium steady states were studied by CD spectroscopy and we will refer
to them as pseudo steady states, since the experiments were performed under closed unstirred
batch conditions (quartz cuvette, optical path 1 mm).

In Figure 2.16 three different non-equilibrium pseudo steady states (pNESS) are shown. For
each spectrum the only parameter we are varying is the concentration of ‘pre-fuel’ PEP. The increase
of PEP concentration is indeed leading to a longer plateau that means, with time, more ATP is
regenerated in the system and the phosphorylation reaction is still competing with the
dephosphorylation. Specifically, to a 100 uM PDI solution containing PEP, PKA (0.13 uM), APP (0.06
puM), and PK (0.014 uM), we added 100 uM ADP after 1 hour. In the three experiments, the
difference we want to highlight is the amount of PEP present in the solution; we worked at 0.5
(Figure 2.16A), 1 (Figure 2.16B) and 2 mM (Figure 2.16C). These conditions were chosen because we
wanted to push the system out-of-equilibrium by constantly regenerating ATP and promoting the
phosphorylation of PDI.

The three pNESS are the result of the conversion ADP to ATP. After the addition of ADP, the
phosphorylation of PDI to p2-PDI takes place; ADP is converted to ATP by the pyruvate kinase and
ATP is consumed by PKA to phosphorylate the substrate. ATP is hydrolyzed to ADP that is again
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converted to ATP by PK. The latter reaction is strictly dependent on the presence in the solution of
PEP. Hence, once the CD signal reaches a plateau, the ATP regeneration is still working, and it will
take place until PEP is present in the batch. Once PEP is consumed, the dephosphorylation
dominates over the phosphorylation and PDI is restored (decrease of the CD signal). Note that for
these experiments the concentration of APP was drastically decreased (as compared to stimuli-
responsive experiments, see Figure 2.14 & 2.15) as the dephosphorylation reaction is faster (kpp =

4.95-10' s71) than the phosphorylation (keka = 2.93 s71); this was a necessary balance to achieve

pNESS conditions.
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Figure 2.16. Supramolecular Pseudo Non-Equilibrium Steady States. (A) Time-course CD measurement (optical path 1
mm) of a 100 uM PDI solution containing PKA (0.13 uM), PK (0.014 uM), APP (0.006 uM), PEP (0.5 mM). (B) Time-course
CD measurement (optical path 1 mm) of a 100 uM PDI solution containing PKA (0.13 pM), PK (0.014 uM), APP (0.006
p1M), PEP (1 mM). (C) Time-course CD measurement (optical path 1 mm) of a 100 uM PDI solution containing PKA (0.13
pM), PK (0.014 puM), APP (0.006 M), PEP (2 mM). In the CD spectra we can observe three different pseudo non-
equilibrium steady states (plateau regions, #1-3). For all the experiments, ADP (100 uM) is added to the reaction mixture
after 1h. The data reported in the figure represents the mean of 3 independent experiments where the ellipticity is
monitored at 499 nm each 2 minutes (points show averages; the shaded violet area shows the standard deviation).

Next, we investigated the pNESS conditions in more detail by LC-MS. The latter permits to
follow the formation of the three species (PDI, p-PDI and p2-PDI) over time. Solutions were
prepared using the same reaction conditions as for the CD experiments and again the pNESS were
studied at different concentrations of PEP (0.5, 1 and 2 mM). The LC-MS samples were prepared in
a glass vial with a glass insertion (V= 300 pL) and the mass spectra were tracked each hour. From
each experiment, we deconvoluted the mass to obtain a qualitative result of the mole fraction of
each species presents in the system. We could confirm the three pNESS, similarly to the ones

obtained by CD spectroscopy, by studying the mole fraction of p2-PDI over time.
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Figure 2.17. Supramolecular Pseudo Non-Equilibrium Steady States. LC-MS spectra of a 100 uM PDI solution containing
PKA (0.13 uM), PK (0.014 uM), APP (0.006 M), ADP (100 uM) at different concentration of PEP 0.5 mM (A); 1 mM (B)
and 2mM (C). In the LC-MS spectra we can observe three different pseudo non-equilibrium steady states (plateau
regions, #1-3). The p2-PDI mass area is deconvoluted to obtain the mole fractions of the species over time. The data
reported in the figure represents the mean of 3 independent experiments (points show averages; the shaded violet area
shows the standard deviation).

Overall, pNESS were observed both using CD spectroscopy and LC-MS; in both cases, we found
three different pseudo non-equilibrium steady states (#1-3). The duration of the plateau (pNESS) is
directly correlated to the concentration of pre-fuel, PEP. The latter dictates also the production of
ATP and thus the phosphorylation of PDI to p2-PDI. The decrease of the CD signal, meaning
dephosphorylation of p2-PDI (decrease of p2-PDI mole fraction) to PDI, occurs when PEP is
consumed. To confirm that what we observed is the actual dephosphorylation of the substrate and
it is not the result of any denaturation of the enzymes (PKA and PK), we ran a control experiment.
To the NESS solutions, after 40 hours, a shot of ADP (20 eq.) and PEP was added and an increase of
the CD signal was observed, confirming the activity of both enzymes, PKA and PK (Figure 2.31 in
Appendix 2.16).

Once we established and integrated the ATP regeneration reaction in the enzymatic network,
we hypothesized and envisaged the achievement of NESS. However, finding the optimal
experimental conditions was not-trivial. We hope that our approach will be adopted in other ATP-
fueled systems.193949 Additionally, the investigation of NESS conditions opens the door to

chemically-fueled network that are contained within materials resembling an artificial metabolism.
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2.9. Oscillatory behavior of the Enzymatic Network

In Chapter 1, we underlined the objective in Systems Chemistry to reproduce emergent
behaviors using reaction networks.*#2 So far in this chapter, we described and investigated an
enzymatic network capable of achieving different NESS by mean of pre-fuel concentration.
Nevertheless, the system, which involves a phosphorylation/dephosphorylation cycle, is more
complex than expected.

Biochemical systems, like our cells, are generally seen as systems at a steady state, maintained
by a continuous flux of intermediates. That means that cells change their states only as a response
to external stimuli. However, the molecular processes are intrinsically rhythmic or periodic.

The majority of cellular regulatory processes are enzymatic and the
phosphorylation/dephosphorylation reactions are essential for the cell signaling, motility, and
reproduction. These covalent modifications affect directly proteins, changing their enzymatic
activity or their binding affinity. These cycles have been predicted to exhibit ‘ultrasensitivity’.*344 In
the complex network of our cells, the activity of the molecular processes is regulated by internal
and external signals. Therefore, the sensitivity of these processes to the regulation of such signals
is an important function for the system. Specifically, with the term ‘ultrasensitivity’ we describe a
sensitivity greater or less that to be expected from the Michaelis-Menten response (hyperbolic).
This behavior is interesting as it is a pre-requisite for biochemical networks to generate oscillations
or show bistability.*>#¢ Ultrasensitivity occurs for cascades of phosphorylation cycles, for multiple
phosphorylation sites or in case of product inhibition of the kinase or the phosphatase. Remarkably
ultrasensitivity can be generated by multisite phosphorylation; it has been demonstrated that an
oscillatory network can arise from a dual-phosphorylated cycle coupled with a feedback.*’

Multi-site phosphorylation is a widely studied process.**>! The chemical modification
mediated by a kinase and a phosphatase are typically assumed to be processive or nonprocessive.
In a processive catalysis, before releasing the product, the enzymes carry out two phosphorylations
and two dephosphorylations. Instead for nonprocessive catalysis, the enzymes release the
monophosphorylated substrate, and a new interaction is needed to proceed with the fully
(de)phosphorylation. Oscillatory dynamics can arise when these processes are installed, typically
when the two enzymes operate with opposite mechanisms (processive or nonprocessive).>° This
behavior is ubiquitous in cell biology as in signaling cascades involving feedback loops.

Surprisingly, while exploring various pNESS conditions we stumbled upon oscillatory behavior

(Figure 2.18). The oscillations arise from periodic phosphorylation and dephosphorylation reactions.
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Figure 2.18. Oscillations of the Reactions Network. Time-course CD measurement at A = 499 nm exhibiting oscillatory
behavior. Conditions: PDI (100 uM), PEP (1 mM), PKA (0.3 uM), APP (0.006 M), PK (0.14 1M), ADP (0.1 uM). The data
reported in the figure represents the mean of 3 independent experiments (black line shows averages; the shaded violet
area shows the standard deviation).

The experiments were carried out by time-course CD spectroscopy (Figure 2.18). In particular,
we noted that the system was sensitive to the variation of the concentration of Lambda
phosphatase and ADP. Indeed, by decreasing the ADP concentration by 3 orders of magnitude we
increasingly observed oscillations.

The first experiments were performed under closed unstirred batch conditions as before
(quartz cuvette, optical path 1 mm). This made us worry that the changes in the CD signal were due
to inhomogeneities in the cuvette. Therefore, we implemented various stirring mechanisms inside
the cuvette to actively mixed the solution during the experiments. In a first attempt, we utilized a
peristaltic pump: a needle was insert into the quartz cuvette and small bubbles were pumped from
the bottom to the top of the cuvette, enabling a continuous mixing of the solution. However, we
suspected that constant bubbling of air over many hours would have affected the result of the
experiments (i.e., interaction and interference of enzymes activity, or drying of the solution). Thus,
we decided to use a paper clip as stirrer for such narrow environment. A tiny piece of paper clip was
coated with silver or gold (by sputter coating). The exact same oscillations conditions were
repeated; and remarkably, the oscillatory behavior was again observed for all the reported
experiments (i.e., unstirred, mixed with a peristaltic pump, stirred with Ag or Au coated paper clips).

Figure 2.18 shows the periodical oscillation of the system, measured by CD spectroscopy; each
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reported value (black) represents the mean of the different experiments performed, and the area
(violet) the standard deviation.

This emergent behavior is still quite surprising as a batch oscillator in non-stirred conditions is
very rare. Rondelez and co-workers programmed oscillations in a DNA network.>? They used small
DNA templates in which they encoded the network, and they obtained the expected behavior. This
approach highlights the programmability of DNA strains and the difficulty in reproducing complex
biochemical reactions in synthetic systems.

From previous work in our group, we knew that self-assembly can play an important role to
achieve positive and/or negative feedback in a chemically-fueled reaction cycle.> Specifically, in the
latter work, we found that cooperative self-assembly can lead to positive feedback, whereas
formation of micron-sized colloids can lead to negative feedback. It was therefore not unreasonable
to assume such a coupling in the current system. As a negative control experiments, we repeated
the oscillating experimental conditions with ‘kemptide’, that is, the peptide sequence LRRASLG
found it the two ‘arms’ of PDI recognized by the enzymes PKA and APP. Surprisingly, oscillations

were also observed for the kemptide experiments (Fig. 2.19).
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Figure 2.19. Oscillations of the Reactions Network. Mole fraction of pkemptide over 23 hours measured by LC-MS
spectrometry. Conditions: kemptide (100 uM), PEP (1 mM), PKA (0.3 uM), APP (0.006 M), PK (0.14 uM), ADP (0.1 puM).
The experiments were performed in a glass vial with a glass insert and run in triplicates. The data reported in the figure
represents the mean of 3 independent experiments (points show averages; the shaded violet area shows the standard
deviation).
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The oscillatory behavior arises from a very complex network. Initially, we explained such
behavior as a result of multi-site phosphorylation. However, the experiments conducted with the
‘one arm’ kemptide (LRRASLG) demonstrated that the system is more complex than expected. The
periodic oscillation of the network can be the consequence of an internal regulation of the activity
of pyruvate kinase by the kinase and the phosphatase. The phosphorylation of pyruvate kinase
catalyzed by PKA could possibly act as a negative feedback on the ATP regeneration reaction. The
phosphorylation is inhibiting the enzymatic activity of PK. Then, APP dephosphorylates PK restoring
the enzymatic activity. This regulatory process is well-known in the glycolysis pathway.>*

During the stepwise and pNESS experiments, we did not observe the inhibition of PK activity.
This might be due to the higher concentration of ADP, which is a substrate for PK and, thus, is
competing with PKA. Nevertheless, the exhaustive comprehension of an oscillatory behavior is non-
trivial. The system presents cycles of phosphorylation and dephosphorylation where substrates can
negatively and/or positively controlled the enzymatic activity and where the enzymes themselves

cause a negative loop.

2.10. Mathematical Modelling of the Enzymatic Network

In the previous publication from our group, we reported a mathematical model based on a set
of ordinary differential equation ODEs describing the network formed by the enzymes PKA and APP
using mass action kinetics. The model resulted in a network of 55 chemical species, including free
substrates, enzymes and products and the different enzyme-substrate complexes. The set of 55
ODEs was implemented in MATLAB to obtain the temporal evolution of the concentrations of all the
species. However, the model took into account all the binding and inhibition arising from the
different interactions with a total of 103 reactions happening in the network.

In order to describe the pNESS and the oscillatory behavior of the network, containing the ATP
regeneration reaction, we decided to start from this model. In a first attempt, we tried to simplify it
by studying all the reactions involved, removing the inhibition of ADP (as the ADP to ATP conversion
reaction is present in the system) and by considering the inhibition of inorganic phosphate Pi null
(as the concentration of APP is decreased by one order magnitude). Nevertheless, the outcome
started to be more complex than expected.

We therefore introduced several simplifications. Firstly, we only consider the phosphorylation

of PDI (P) as PDI->p2-PDIl. Therefore, we did not take into account the formation of the
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monophosphorylated p-PDI. Secondly, we assumed that the three enzymes PKA, PK and APP are

operating at rate constants ki, k> and k3, therefore discarding their true (more complicated)

mechanism. And additionally, the enzyme function and concentration were used implicit in the rate

constants. In Figure 2.20 the species and the simplification of the enzymatic network are illustrated

and the set of ordinary differential equations ODEs resulting from the network are reported in Table

2.2.

Table 2.2. Differential Equations. Overview of the differential equations describing the concentration versus time of

the species depicted in Figure 2.20.

Differential equations (ODEs)

%: _ky * [A] * [P] + ky * [PP]
d[jtp L 1P+ k141 + [P)
%: —ky * [A] * [P] + ks * [D] * [E]
%: ky * [A] * [P] — ks * [D] * [E]
%: —ks = [D] * [E]

D ey 01+ [E]
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Figure 2.20. Overview of the Species present in the Enzymatic Network.

The ODEs were implemented in Python to obtain the variation in concentration of the species
over time. Specifically, the model was implemented in Jupyter Notebook; the latter permits the
study of the behavior of the network by a simultaneous change of the parameters ki, k> and k3 using
‘sliders’. Thus, by entering the initial concentrations of the species, we could slide the parameters
values to reach a behavior which was the closest to the pNESS experimentally observed. In Figure
2.21, the pNESS were obtained as a function of different concentrations of phosphoenolpyruvate,
PEP. The graphs show the variation of the PP concentration over time, that is the total concentration
of p2-PDI produced by the system. Three pseudo non-equilibrium steady states were reached at
[PEP] 0.5 mM (Figure 2.21A), 1 mM (Figure 2.21B) and 2 mM (Figure 2.21C). These results are in
agreement with the experimental data obtained during CD spectroscopy and LC-MS spectrometry

measurements.
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Figure 2.21. NESS described with a Mathematical Model. The graphs represent the change in concentration of p2-PDI
(uM) over time (hours). The variation in concentration of PEP, 0.5 mM (A), 1 mM (B), 2 mM (C), leads to three different
non-equilibrium steady states (plateau regions). The initial conditions were set at: [P] = 100 uM; [PP] =0 uM; [A] =0
uM; [D] = 100 uM; [E] = 500, 1000 or 2000 uM; [Y] = 0 uM; k; = 20; k; = 3.10; k3 = 14.80.

Our simplified model can indeed explain the duration of the plateau depending on the PEP
concentration as seen experimentally. However, this simple representation would not allow for
oscillations to arise. Finding the exact origin of the observed oscillations (Figure 2.18) would be very

interesting, but beyond the scope of this thesis.

2.11. Conclusions

We have presented a phosphorylation/dephosphorylation network where a peptide
derivative PDI can be phosphorylated by a kinase (PKA) in the presence of ATP. The phosphorylated
molecule p2-PDI undergoes dephosphorylation by a phosphatase (APP), recovering the initial
substrate. The hydrolysis of ATP during phosphorylation leads to the formation of ADP while the
dephosphorylation produces a molecule of inorganic phosphate Pi. In this chapter, we have shown
how waste (ADP, Pi) is affecting the network; a reaction for the recycling of ADP and the
regeneration of fuel, ATP, mediated by a pyruvate kinase in the presence of phosphoenolpyruvate
PEP has been investigated. The ATP regeneration reaction was coupled to the
phosphorylation/dephosphorylation cycle. The enzymatic network has been explored by stimuli-
responsive studies and interestingly the optimal conditions to reach non-equilibrium steady states
were achieved. Specifically, the concentration of PEP (‘pre-fuel’) is directly related to production of
ATP and thus, to the phosphorylation of PDI to p2-PDI. The variation of [PEP] induces the
observation of different pseudo NESS (we refer to pseudo NESS as we worked in a close not stirred
batch). These exciting results were confirmed by circular dichroism spectroscopy and LC-MS
spectrometry. Surprisingly, the exploration of NESS conditions has driven the system to exhibit an
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oscillatory  behavior. The latter can be explained as a result of the
phosphorylation/dephosphorylation cycle; indeed, it has been reported that multisite
phosphorylation networks are prone to show such oscillatory behavior. Additionally, a
mathematical modelling of the system was developed, which was suitable for rationalizing the
pseudo NESS experiments, but not to understand the observed oscillations.

To conclude, in this chapter we have investigated non-equilibrium steady states under batch
conditions, which we have used to develop life-like materials (see Chapter 4). In addition, we have
found oscillations in the fraction of phosphorylated substrate due to a complex network of three

enzymes.
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2.13. Experimental section

General. The detailed synthesis and characterization of PDI and intermediates is shown in
section 2.3 and Appendix 2.16 (HRMS spectra). 3'P NMR for the ATP regeneration, the calibration
curve for the kinetics of the pyruvate kinase activity and control tests are provided in the Appendix

2.16.

Experimental conditions. The enzymatic reactions were performed, when not differently
specified, in 50 mM Tris-HCI buffer (pH 7.5) containing 10 mM MgCl;, 1 mM MnCl;, 2 mM
dithiothreitol (DTT) and 0.1 mM EDTA, at 25°C. The addition of MnCl, was required for the activity
of APP that is a Mn?*-dependent phosphatase. We refer to this buffer as the reaction buffer.
Typically, stock 1 mM PDI solutions, in freshly prepared reaction buffer, were prepared by accurate
weighing, and used to obtain the diluted 100-200 M PDI solutions used in the experiments. The

stock solutions were freshly prepared the same day of the experiment.

Phosphorylation/dephosphorylation. In a typical phosphorylation experiment, an aliquot of
freshly prepared ATP (1-4 pL from 20-50 mM solution in the reaction buffer) was added to the PDI
solution (30-60 pL from 1 mM solution in the reaction buffer), followed by the addition of PKA (1-3
pL of the supplied 13 uM solution) and gentle shaking. The equivalents of ATP are with respect to
PDI molecules (i.e., 2 eq. of ATP correspond to 1 eq. per phosphorylation site). The
dephosphorylation was triggered by the addition of an aliquot of APP (1 pL of the supplied 20 uM
solution) to a p2-PDI solution, prepared as described above, in the absence of unreacted ATP. The

enzymatic reactions were performed in screw cap sample vial equipped with a glass insert (when
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followed by LC-MS), or in a 1 mm quartz cuvette (when followed spectroscopically by UV-Vis or CD

spectroscopy).

UV-Vis measurements. UV-Vis spectroscopy was used to follow (in time) the evolution in
aggregation upon phosphorylation as well as to study the thermodynamics of the supramolecular
polymerization by heating/cooling cycles. To this end, we recorded the absorption spectra of PDI
solution versus time or temperature, from which we calculated the ratio of the two maxima at 504

and 540 nm (A5o4nm and A540nm).

CD measurements. CD spectroscopy was used to study the changes in supramolecular
chirality upon (de)phosphorylation both in stepwise and batch experiments. For the time-course CD
measurements, the phosphorylation was triggered by the addition of PKA and ATP solutions to 300
pL of a PDI solution contained in 1 mm quartz cuvette, followed by gentle shaking. Afterwards the
CD signal at a fixed wavelength was monitored versus time. Along with those experiments, steady
states were studied. PK (0.1 pL of the supplied 43 uM solution), PKA (3 uL of the supplied 13 uM
solution) and APP (1 uL of the supplied 20 uM solution) were added to a PDI solution (30 pL of 1
mM solution in the reaction buffer) containing PEP (3-12 uL of 50 mM solution in the reaction
buffer). The mixture was gentle shaking. The ADP (6 uL of 5 mM solution in the reaction buffer) was
added after 1h and gentle mixed. The oscillatory behavior of the system was studied in the same
experimental conditions. To achieve the homogenous stirring of the solution, firstly, a peristaltic
pump was employed; a tube was inserted into the 1 mm quartz cuvette and air bubbles were gentle
pump from the bottom to the top of the cuvette allowing the continuous mix. To avoid any possible
interference of air with the enzymatic network, paper clips were employed. 1 mm piece of paper

clip was cut, and sputter coated with a 10 nm gold layer (Emitech K575X) and silver.

LC-MS measurements. Liquid chromatography mass spectrometry (ESI-lon trap) was used
both to check qualitatively the (de)phosphorylation, as well as to calculate the fraction of the three
species PDI, p-PDI and p2-PDI in the batch and steady state experiments (Figure 2.14 and Figure
2.17). For the latter, the reconstructed ion chromatogram (RIC) was obtained for the three species
taking account their characteristic ions (m/z + 2), from which their relative mole fractions were
calculated. Additionally, liquid chromatography mass spectrometry (ESI-lon trap) was used to
calculate the fraction of kemptide (LRRSAL) (de)phosphorylated for the oscillation studies (Figure
2.19).

64



Chapter 2 Pseudo Steady States and Oscillations in a Complex Enzymatic Network under batch conditions

Dynamic Light Scattering (DLS) measurements. A 1 mM PDI solution was freshly prepared in
the reaction buffer and diluted to obtain a 230 uM solution. The sample was measured on a home-
built light scattering setup. The diffusion coefficient D was calculated with the slope of I'/g? obtained
from the experimental data. Hydrodynamic radius RH was then calculated using the Stokes-Einstein

relation (Equation 5). The experiment was carried out at 293K.

Kinetics of ATP generation reaction. The pyruvate kinase (PK) activity has been studied with
the use of the Pyruvate Kinase Assay Kit (MAKO072, Sigma Aldrich, Germany). Pyruvate (product
release with the generation of ATP) concentration is detected as a function of the colorimetric
formation of the product in the presence of fluorescence peroxidase substrate. All the experiments
were performed in a quartz cuvette (optical path 1 mm) following the absorbance at 570 nm. The
kit contains: Pyruvate Kinase Assay Buffer, Pyruvate Standard, Fluorescent Peroxidase Substrate in
DMSO, Pyruvate Kinase Enzyme Mix and Pyruvate Kinase Substrate Mix. All the components were
prepared following the protocol given within the Kit. The calibration curve was obtained by
measuring pyruvate standard solution in pyruvate kinase assay buffer (final volume = 50 pl) at
concentrations: 0; 2; 4; 6; 8 and 10 nmol/cuvette (Figure 2.29 In Appendix 2.16).

The reaction has been studied at E >> S, that is 2mM ADP (4 uL of 50 mM solution in the
reaction buffer), at different concentration of PEP (0.01, 0.1, 0.5, 1 and 2 mM). The same has been
repeated for the measurement of K for ADP at [PEP] at 2 mM. For the final and total volume of 100
pL, Pyruvate Kinase Mix (2 pL), Fluorescent Peroxidase (2 pL), Pyruvate Kinase (0.1 puL of the supplied
43 uM solution) and the reaction buffer were added. The UV-Vis spectra were recorded each 2

minutes for 60 total cycles in a quartz cuvette, optical path 1 mm.
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2.14. Synthesis of PDI

Synthesis of the perylene-L-alanine core, [N,N’-di(L-alanine)-perylene-3,4,9,10-

tetracarboxylic acid diimide], 1

Perylene-3,4,9,10-tetracarboxylic acid bisanhydride (700 mg, 1.78 mmol), L-alanine (380 mg,
4.27 mmol, 2.4 eq.) and imidazole (5 g, 73 mmol, 41 eq.) were purged with N in a 250 mL double
neck round-bottom flask for 15 min. Then, the reaction mixture was heated up to 130°C and left
stirring 30 min under N, atm. Afterwards, the mixture was cooled down to 90°C and 100 mL of water
was added. The resulting solution was filtered, and the filtrate was added dropwise to 300 mL of
isopropanol giving a red precipitate. The red solid was collected by filtration and dried under
vacuum affording compound 1 (800 mg, 85%). *H NMR (400 MHz, DMSO-d6): § 8.07 (s, 8H), 8 5.56
(dd, J=7.0 Hz, 2H), 5 1.68 (d, J = 7.0 Hz, 6H).

(0] 0] H e} O
O e B e D
; HO - OH
SO0 I R S SO,
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0 (o) 140°C, 30 min 0 0
1

Figure 2.22. Synthesis of the core. Preparation of the perylene-L-alanine core.

Synthesis of Fmoc-LR(Pbf)R(Pbf)AS(tBu)L-OH peptide, 2

Peptide 2 was prepared by manual Fmoc solid phase peptide synthesis, SPPS, starting from 2-
chlorotrityl resin loaded with L-leucine (200-400 mesh, 0.79 mmol/g capacity, typically 1 g). This is
a highly acid labile resin that requires mild conditions for the final cleavage, which allowed to obtain
fully protected 2. The protocol involved: a) swelling of the resin (DMF); b) activation of the new
amino acid at the carboxylate (with HBTU, 1 eq., HOBt, 1 eq., in the presence of DIPEA, 2 eq. for 10
min); c) coupling reaction (3 eq. of activate amino acid with respect to resin capacity); d) Fmoc
deprotection to liberate the N-terminus of the growing peptide (piperidine/DMF 1:4, 2 x 20 min)
plus 10 washes with DMF. The synthesis cycle b — d was repeated for the different amino acids.
Fmoc deprotection was not performed in the last cycle. The activation step b was not performed in
the case of arginine, to avoid the possible formation of an intermolecular 6-lactame that would

decrease the coupling yield.>® Finally, the fully protected target peptide 2 was cleaved off the resin

66



Chapter 2 Pseudo Steady States and Oscillations in a Complex Enzymatic Network under batch conditions

by treatment with 1% TFA in dichloromethane for 1h. Then 2 was dissolved in dichloromethane and
washed with 1 M aqueous HCI to remove traces of piperidine coming from SPPS. The latter was a
necessary step in order to avoid the formation of unwanted acyl-piperidine derivatives in the next
coupling reaction. HRMS (ESI+) Calculated Mass for CzsH109N12016S2 [M+H*]: 1497.7520. Found:
1497.7368.
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Figure 2.23. Solid phase synthesis. Fmoc solid phase peptide synthesis using the acid labile 2-chlorotrityl resin.
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Synthesis of H-LR(Pbf)R(Pbf)AS(tBu)L-TEG, 5

HBTU (407 mg, 1.1 mmol, 1.2 eq.) and DIPEA (500 uL, 2.7 mmol, 3 eq.) were added to a
solution of peptide 2 (1.34 g, 0.9 mmol, 1 eq.) in 8 mL DMF under N, atm. After 5 min, TEG-amine 3
(175.9 mg, 1.1 mmol, 1.2 eq.) dissolved in 4 mL DMF was added to this solution and the mixture was
left stirring for 3 hours.>® Then, the reaction was quenched by the addition of 100 mL
dichloromethane, and the organic phase was washed with saturated NaHCOs and brine, dried over
anhydrous MgS0. and concentrated to give 4. Afterwards, the Fmoc protecting group was removed
by treating compound 4 with 5 mL of a piperidine/DMF 1:4 mixture during 30 min. After this time,
the solvent was evaporated and the crude re-dissolved in 100 mL MeOH. The obtained solution was
washed with heptane (5x100 mL) and concentrate to afford 5 (1.19 g, 90% vyield) as a sticky solid.
HRMS (ESI+) Calculated Mass for Ce7H11aN13016S2 [M+H*]: 1420.7942. Found: 1420.7786.

Synthesis of PDI

HBTU (170 mg, 0.5 mmol, 2.4 eq.) and DIPEA (300 uL, 1.7 mmol, 9 eq.) were added to a
solution of 1 (100 mg, 0.2 mmol, 1 eq.) in 8 mL DMF under N, atm. After 10 min, 5 (584.8 mg, 0.4,
2.2 eq.) dissolved in 4 mL DMF was added and the reaction mixture was left stirring for 4 hours. The
reaction was quenched by the addition of 50 mL dichloromethane, and the organic phase was
washed with saturated NaHCOs and brine, dried over anhydrous MgS0Os and concentrated. The
reaction crude was purified by flash chromatography using CH,Cl,/MeOH (gradient from 100:0 to
94:6) as eluent to give 6. Finally, the deprotection of the side chain protecting groups were carried
out under strong acid conditions by treatment with TFA/H,0, 9/1 (4 mL) for 4h. The latter solution
was poured into 70 mL of diethyl ether resulting in the precipitation of a red solid, that was filtered,
washed with diethyl ether, and dried affording PDI (47 mg, 11%). *"NMR (400 MHz, D,0): 5 8.14 (m,
6H), 5.65 (s,2H), 4.36 (m,10H), 4.00-3.51 (m, 24H), 3.38 (m, 18H), 1.62 (m, 48H), 0.91 (m, 28H), 0.46
(s, 4H). HRMS (ESI+) Calculated Mass for CiosH164N28026 [M+4H*]: 555.3087; found: 555.3115.
[M+3H*]: 740.0759; found: 740.0778. [M+2H"*]: 1109.6102; found: 1109.6053.
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2.16. Appendix

2.16.1. HRMS of final target PDI
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Figure 2.25. HRMS of the final target PDI. (A) Mass spectrum of the final molecule PDI in the reaction buffer. (B)
Chromatogram of the final target PDI in the reaction buffer.

2.16.2. 3'P-nuclear magnetic resonance studies of the ATP generation reaction

31p NMR spectra of the different species present in the reaction buffer were recorded: ADP, ADP
and PEP, ATP formation upon addition of pyruvate kinase (PK). The solutions were prepared in the
reaction buffer, described in the session 2.13 (Experimental conditions), 20% D,0. The buffer was
prepared without Mn?*. ADP and PEP solutions were diluted to a final concentration of 1 mM (from

freshly prepared 50 mM solutions in the reaction buffer).
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Figure 2.26. 3'P NMR spectrum of ADP. The peaks at -10 ppm and -6 ppm are respectively the phosphorus a (pink

dot) and the [ (blue star) of 1 mM ADP solution.
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Figure 2.27. 3P NMR spectrum of ADP and PEP. The peaks at -10 ppm and -6 ppm are respectively the phosphorus o
(pink dot) and the B (blue star) of 1 mM ADP and 1 mM PEP solutions. The peak at -1.4 ppm corresponds to the
phosphorous of phosphoenolpyruvate (PEP).
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Figure 2.28. 3'P NMR spectrum after the addition of Pyruvate Kinase (PK) to the mixture. The peaks at -20 ppm, -11
ppm and -6 ppm are respectively the phosphorus 3 (blue star), a (pink dot) and y (red hexagon) of ATP. The peak at 2
ppm is inorganic phosphate produced among the reaction.

2.16.3. Kinetics of ATP generation reaction
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Figure 2.29. Calibration curve of the Pyruvate Standards for the Colorimetric Detection. 1 nmole/uL standard
solution has been prepared by diluting 10 uL of 100 nmole/uL Pyruvate Standard with 990 uL of the Pyruvate Kinase
Assay Buffer. To generate the 0 (blank), 2, 4, 6, 8, 10 nmole/cuvette solutions, to the Assay Buffer (50 uL) 0, 2, 4, 6, 8,
10 uL, respectively, of standard solution has been added.
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2.16.4. Control tests
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Figure 2.30. Control tests for Pyruvate CD signal. (A) CD spectrum of a 100 uM PDI solution in the reaction buffer

without (black) and with a 100 uM pyruvate solution (red). (B) Time-course CD measurement of a 100 uM PDI solution
in the presence of pyruvate (100 uM) at 25°C.
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Figure 2.31. Control test for Enzymes Activity. To prove that the decrease of the signals during the non-equilibrium
steady states is actually done by Lambda phosphatase and not by a decrease of the activity of PKA or PK, a shot of ADP
(2 mM) has been added. After the addition of ADP, we could observe a fast increase of the CD signal meaning the
phosphorylation of PDI. Over 45 hours no denaturation or loss of the enzymatic activity has been reported.
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2.16.4. Mathematical Modelling of the Enzymatic Network

1
2
3
4 Created on Mon Feb 24 17:59:52 2020

6 @author: serenadepiccoli

7 i

8

9 import numpy as np

10 from scipy.integrate import odeint
11 import matplotlib.pyplot as plt

12

13 global k1,k2,k3

14kl = 20
15k2 = 3.10
16 k3 = 14.80

17
18 def model (C,t):
19 P = c[o]

20 PP = C[1]
21 A = C[2]
22 D = C[3]
23 E = C[4]
24 Y = C[5]
25 dPdt = —K1kAxP + k2xPP

26 dPPdt = —k2*PP + K1xAxP

27 dAdt = ~k1kAxP + k3xDxE

28 dDdt = k1kA%P — k3xDxE

29 dEdt = ~k3*DxE

30 dYdt = k3*DxE

31 return [dPdt, dPPdt, dAdt, dDdt, dEdt, dydt]
32

33

34 Co = [100,0,0,100,500,0]
35

36

37 t = np.linspace (0,12,10000)
38

39

40 Cint = odeint (model,CO,t)
41

42

43

44 plt.figure()

45

46 plt.plot(t,Cint[:,1],label=r'[PP]',color="navy')
47

48

49

50

51 plt.ylabel ('Concentration uM')
52 plt.xlabel ('Time (hours)')

53 plt.legend (loc='best')

54 plt.show()

55

Pseudo Steady States and Oscillations in a Complex Enzymatic Network under batch conditions

Figure 2.32. Control tests for the Oscillation studies. CD spectrum of 100 uM PDI solution in the reaction buffer at the
oscillatory conditions without ADP. The CD signal has been recorded over 65 hours at 25°C.
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Chapter 3.

Self-assembling Inhibitor to Engineer Negative
Feedback in an Enzymatic Reaction Cycle

Abstract

In this Chapter, we present preliminary results on a self-assembling inhibitor, designed to
obtain negative feedback in the enzymatic network of Chapter 2. To this end, we have synthesized
a known peptide inhibitor sequence GRTGRRNAI that is recognized by the cAMP-dependent protein
kinase PKA and that acts as competitive inhibitor. The latter sequence was coupled to a perylene
diimide core to create bivalent inhibitor analog PDI-I. We show that PDI-I self-sorts from PDI, thus
forming separate self-assembled structures, whereas co-assembly was predicted a priori.
Unexpected precipitation of micrometers length fibers in experiments with the overall enzymatic

reaction cycle hampered the use of PDI-I as originally designed.
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3.1. Introduction

In Chapter 2, we have reported and investigated a complex enzymatic network where fuel ATP
is regenerated from waste ADP and where we explored different concentrations of pre-fuel PEP to
achieve pseudo non-equilibrium steady states (pNESS). Additionally, the system exhibited an
unexpected oscillatory behavior. Generally, biological oscillators arise from circuits containing
positive and negative feedback or ones containing only negative feedback.! Therefore, adding
additional positive and/or negative feedback in an enzymatic network could lead to a better control
over the (de)phosphorylation reactions.?

When we talk about feedback we refer to processes that connect output signals to their
inputs.® The concept of feedback becomes useful when describing physiological homeostasis?,
product inhibition®> or metabolic oscillations®, and many other biological processes. The presence of
feedback loops in those systems provides fine control over cellular behavior by tuning the cellular
signaling and the production of metabolites. To give an example, the endoplasmic reticulum (ER)
Ca?*-sensing protein STIM2 (stromal interaction molecule 2) maintains basal levels of Ca?* through
a negative feedback.” STIM2 is a transmembrane protein that mediates the influx of extracellular
Ca?* (Figure 3.1). When ER Ca?* concentration become elevated STIM2 is inhibited, and this
(indirectly) stops the influx of new Ca?*. The latter represents a negative feedback loop that controls
the variation of Ca?* levels in a narrow range. As many biological processes are regulated by Ca?*,

the conservation of Ca?* levels is vital.

Basal calcium homeostasis

PMCA
Ca2+ext =, Ca*

Oraif SERCA
L STIM2 »—J

Figure 3.1. Model for STIM2 Function in Basal Ca** Homeostasis. Schematic representations of the conservation of

- 2+
— o GH"ER

basal ER Ca?* level by negative feedback. Reproduced from Ref.”
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An elegant example of feedback mechanisms in synthetic systems comes from Semenov et
al.?2, where they built an adaptive enzymatic reaction network, in which positive and negative
feedback enabled an adaptive output in response to a persistent input. Overall, positive and
negative feedback led to robust oscillations in a wide range of experimental conditions.?

In order to assess some of the properties found in Nature (i.e., signaling, self-healing), our
general idea was to develop a material consisting of chemically-fueled supramolecular polymers
whose dynamics could be controlled using a reaction network. Specifically, the engineering of
inhibitors that co-assemble with the substrates (PDI and p2-PDI) could lead to a better control over
the amplification of the signal. For instance, if a stimulus is locally applied to the material it could
possibly induce some supramolecular polymer rupture, resulting in a local release of inhibitor. The
overall increased concentration of inhibitor would induce increased disassembly of the
supramolecular fibers (since it is a PKA inhibitor preventing phosphorylations), and thus more
release of inhibitor. Since, the latter process would be auto-amplifying, a wave of disassembly could
propagate throughout the entire gel. Therefore, a single local input could lead to a global
destruction of the gel. For the latter to work, we first need to show that we can make a co-
assembling PKA inhibitor. Here, have looked at the self-assembly and inhibitory properties of a new

inhibitor PDI-1—a bivalent self-assembling inhibitor.

3.2. Inhibitors: Design, Synthesis and Supramolecular Polymerization

The study of positive/negative feedback in the enzymatic network started with preliminary
attempts on the competitive inhibition of cAMP-dependent protein kinase (PKA). Specifically, we
investigated the heat-stable inhibitor protein of PKA.%° The latter inhibits the catalytic subunit of
PKA in the nanomolar range and acts as competitive inhibitor with respect to the phosphoryl-
acceptor substrate, in our case, PDI. Glass et al.® investigated the entire 75 amino acid sequence to
identify the active part needed for the inhibition. Based on the latter work, we selected sequence
(14-22) Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-lle-NH> (GRTGRRNAI) for our experiments, which should
have an inhibition constant (Ki) of 36 nM with respect to the kemptide peptide sequence LRRASLG
(i.e., the phosphoryl-acceptor substrate).®

The peptide sequence GRTGRRNAI was synthesized as well as PDI-I, an analog of PDI where a

perylene diimide core is coupled to the peptide inhibitor sequence (Figure 3.2B). The peptide
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substrates were synthesized, in both cases, by Fmoc-solid phase peptide synthesis (SPPS). The
detailed syntheses are reported in the section 3.9.

The peptide inhibitor and PDI-I allowed a comparative study of the inhibition of the
phosphorylation reaction. As shown in Figure 3.2A, we envisaged the co-assembly between PDI/p2-
PDI and PDI-I. The co-assembly will impact the enzymatic network as the inhibitor lowers the PKA
activity, reducing the amount of p2-PDI produced and promoting the less assembled PDI. Overall,
we will observe the inhibition of the phosphorylation reaction and the enhance of the

dephosphorylation reaction.
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Figure 3.2. Negative Feedback. (A) The enzymatic network is represented: the inhibitor (orange) triggers the inhibition
of the kinase (PKA), acting as a competitive inhibitor for the substrate PDI. The simultaneously co-assembly with PDI/p2-
PDI is enhancing the dephosphorylation reaction. (B) Inhibitor peptide sequence GRTGRRNAI (pink) and PDI-I (orange),
inhibitor sequence coupled to a perylene diimide core (half molecule is shown).

Temperature-dependent UV-Vis experiments were performed to compare the
supramolecular polymerization of the synthesized PDI-I with the substrate PDI. A decrease of the
ratio Aspsnm/Asaonm Was observed upon heating from 283 to 368 K, indicating partial disassembly of
the polymer (Figure 3.3A). In addition, consecutive heating/cooling runs of 230 uM solutions (4
consecutive heating/cooling measurements at 1 K/min) were completely reversible. As previously
shown, the ratio Asosnm/Assonm can be described with an isodesmic (equal-K,,) polymerization

model. The following equation can be derived from the model°:

2
(Rpol_Rmon)

—0.908AH%
1+e RTm

Robs (T) = + Rmon Eq- 1
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where R,ps (T) = Asosnm/Assonm at a given temperature (T), R,, corresponds to the ratio
(As04nm/Asa0nm)pol for the fully polymerized PDI-I (value that we get from the fitting), R,,on
corresponds to the ratio (Asosnm/Ass0nm)mon for monomeric PDI-l (set to 0.65) and R is the gas
constant (8.314 J-mol™-K™?). Equation 1 was used to fit the data (Figure 3.3B) and obtain the AH
(the molar enthalpy related to the formation of the non-covalent interactions in the supramolecular
polymerization) and the T, (concentration dependent melting temperature, defined as the

temperature for which the degree of polymerization a is 0.5), see Table 3.1.

Table 3.1. Thermodynamics parameters for PDI-l. Thermodynamics parameters for PDI-l supramolecular
polymerization in reaction buffer compared to the substrate PDI (see Chapter 2).

Sample AH (kJ-mol™) T, (K) DPy (298 K) K., (10°M™)
PDI-1 (230 uM) -26.27 £ 0.58 338.2+0.94 2.21 1.16
PDI (230 uM) -38.72 £ 0.18 346.9+0.11 2.48 1.59

In addition, the degree of aggregation (a) can be calculated using the following equation:

R - R
a = obs mon Eq 2

Rpol_Rmon

Equation 2 was then used to calculate the degree of aggregation (Figure 3.3C). The latter can be

used to obtain DPy (average stack length) and the equilibrium constant (K,,) at 298 K:

1

DPy (1) = 7= Eq. 3
_1)2—
Koo(T) = [(2DPn-1)%-1] Eq. 4

4Cr
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Figure 3.3. Thermodynamics of Supramolecular Polymerization. (A) Temperature dependent UV-Vis spectra of a 230
1M PDI-I solution in the reaction buffer in the presence of ATP (920 uM, 4 eq.) recorded at 283 to 368 K (quartz cuvette,
optical path 1 mm). The arrows indicate the evolution of the two peaks (Asosnm, Assonm). (B) Ratio Asosnm/Assonm as a
function of temperature calculated over four consecutive heating/cooling runs recorded between 283 and 368 K at 1 K
interval (heating rate 1 K min?, optical path 1 mm). The red solid line corresponds to the fitting. (C) Temperature-
dependent degree of aggregation, a(T), of PDI-I corresponding to the curve in panel B, calculated by using equation 2.
The red line represents the theoretical a(T) for the isodesmic model calculated by using the values of AH and 7n

obtained by the previous fitting.

Dynamic light scattering (DLS) was used to assess the dimension of the polymer. The
experiment was performed for 230 uM PDI-I solution in the reaction buffer; the resulting slope D
(Figure 3.4) of the linear fitting of the correlation I q? was used to obtain the final radius (Ry) of the

assembly by following the equation:

kg'T

R, =
H 6:T-u-D

Eq.5
where kg is the Boltzmann constant (1.38:10723 m? kg s™2 K1), T is the temperature (293 K) and u is
the viscosity of the solvent (buffer, 0.001 Pa)!l. The resulting value is Ry = 906 + 82 nm. Thus, PDI-I
self-assembles into larger polymers compared to the substrate PDI (note: the latter has a Ry of 511

+ 15 nm).

84



Chapter 3 Self-assembling Inhibitor to Engineer Negative Feedback in an Enzymatic Reaction Cycle

120
— 80 -
2
~ 40 |
04 é
0.0 2.0x10" 4.0x10"

q*(m)
Figure 3.4. Dynamic Light Scattering (DLS) of PDI-I polymer. DLS measurement: relaxation I" versus the square of the

scattering vector g* for 230 uM PDI-I solution in the reaction buffer at 293 K. The corresponding slope D, resulting from
the linear fitting (red line) is apply to equation 5. Ry for PDI-l assembly is calculated to be 906 + 82 nm.

3.3. Preliminary studies of PKA-Inhibitors

After the synthesis of the two PKA-inhibitors and the study of the supramolecular
polymerization of PDI-I, we investigated the effect on the phosphorylation reaction in the presence
of inhibitors. First, we analyzed by circular dichroism (CD) spectroscopy the inhibition of the
phosphorylation reaction in the presence of the peptide sequence GRTGRRNAI. The latter should
have a K; of 36 nM as reported in literature.®® Time-course CD measurements were performed by
following the wavelength at 499 nm. The increase of the CD signal at this specific wavelength is
directly related to the inversion of the supramolecular chirality of the self-assembly due to the
phosphorylation of PDI to p2-PDI (see Chapter 2).

In Figure 3.5, we observe the phosphorylation in absence (black) and presence of two different
concentrations of peptide inhibitor, 0.036 and 100 uM. The phosphorylation of substrate PDI in the
presence of PKA and ATP (black) reaches a plateau within 1.5 hours. That is, PDI is converted to p2-
PDI. However, if we add the peptide inhibitor at 36 nM (purple), we observe a different kinetic
profile. Specifically, the CD signal increases until it reaches a plateau after 8 hours that corresponds
to the ~30% conversion of PDI into p2-PDI (as shown in Figure 3.5, the ellipticity value reaches a
plateau around 2 mdeg while in absence of inhibitor the plateau is at 6 mdeg). Surprisingly, the
addition of a higher concentration of peptide inhibitor (100 uM) resulted in less inhibition. We
assume that this is due to the self-assembly of the peptide at higher concentration and, thus,

resulting in a decreased interaction with the kinase.
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Figure 3.5. Phosphorylation of PDI in the presence of GRTGRRNAI. Time-course CD measurements of a 100 uM PDI
solution containing PKA (0.13 uM) and ATP (1 mM, 10 eq.) in the absence (black) and presence of peptide inhibitor

GRTGRRNAI at 36 nM (purple) and 100 uM (pink). The experiments were carried out in a quartz cuvette (optical path 1
mm) at 25 °C.

Despite the unexpected inhibitory behavior or GRTGRRNAI, we continued the comparison
with PDI-I (Figure 3.6). The experiment was carried out for a PDI solution containing PKA and ATP,
similarly to the experiments presented in Figure 3.6. Surprisingly, a behavior analogous to the one
of peptide inhibitor at 36 nM was observed. The CD signal (orange in Figure 3.6) slowly increases
until a plateau is reached at about 7.5 hours. Additionally, the ellipticity value reached does not
correspond to the fully converted PDI into p2-PDI. Figure 3.6 shows also the comparison between
the inhibition in the presence of the peptide inhibitor (pink) and the PDI-I (orange) at 100 uM. The
higher inhibition observed in the case of PDI-I could be the result of an interaction between the
inhibitor with PDI and/or p2-PDI and therefore a considerable impact on the phosphorylation

reaction.
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Figure 3.6. Phosphorylation of PDI in the presence of PDI-l. Time-course CD measurements of a 100 uM PDI solution
containing PKA (0.13 uM) and ATP (1 mM, 10 eq.) in the presence of 100 uM peptide inhibitor GRTGRRNAI (pink) and
100 uM PDI-I (orange). The experiments were carried out in a quartz cuvette (optical path 1 mm) at 25 °C.

3.4. Co-assembly studies

In order to study the interaction between the three species PDI, p2-PDI and PDI-I, we
performed self-sorting experiments. Self-sorting can be defined as recognition between molecules
within complex mixtures.? Two regimes can be identified: i) “narcissistic”, where molecules only
self-assemble with themselves, or ii) “social”, where there is an affinity for other types of molecules
as well. Thus, the analysis of mixtures of the different species by CD spectroscopy could possibly
reveal the tendency of the molecules to assemble with themselves or with others. To this end, we
characterized the assembly of PDI/PDI-I and of p2-PDI/PDI-I at a total final concentration of 200
p1M; 11 solutions were prepared for both mixtures, with decreasing concentration of PDI or p2-PDI
and increasing concentration of PDI-I (detailed description is reported in the Experimental section
3.8). However, the experiments showed a linear increase as the fraction of PDI-I increases, going
from 0 to 1 (Figure 3.7). For the species PDI and p2-PDI, it was previously demonstrated that they
showed narcissistic self-sorting.!® The same narcissistic behavior was observed for both cases when
we studied the self-assembly of the species PDI and PDI-I (Figure 3.7A), and for p2-PDI and PDI-I
(Figure 3.7B).
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Figure 3.7. Self-sorting Experiments. (A) Self-sorting measurement of the assembly PDI/PDI-l. (B) Self-sorting
measurement of the assembly p2-PDI/PDI-Il. Ellipticity values measured at 490 nm (quartz cuvette, optical path 1 mm)
plotted versus the increasing concentration of PDI-I.

To investigate the self-sorting behavior in more detail, we resorted to Powder X-Ray
diffraction (XRD) to obtain the patterns for all the species and their mixtures. This approach was
successfully used by Singh et al.}* where a mixture of molecules showed a different pattern of
packing compared to the individual hydrogelators, as a result of a co-assembled network. First, we
performed the XRD analysis by drop casting PDI-I onto a silicon wafer. However, we could not drop
cast p2-PDI as it was obtained by phosphorylation of PDI in the presence of ATP and PKA in the
reaction buffer. In order to perform the experiments, the p2-PDI solution was, after the
phosphorylation was completed, dialyzed using a dialysis membrane (MWCO = 0.5-1k Da) to remove
the buffer. A drop cast solution of the reaction buffer would have merely revealed the diffraction
pattern for the buffer (salts). After the dialysis, the p2-PDI solution was lyophilized. Thus, we
repeated the same procedure, that is dialysis and lyophilization, for PDI-l and a 1:1 mixture of p2-
PDI and PDI-I to obtain consistent results. The patterns we obtained were not entirely clear; Figure
3.8 shows the patterns for p2-PDI (black), PDI-l (orange) and the 1:1 mixture (red). As we can
observe, the pattern resulting from the mixture derives mainly from the sum of the single PDI-l and
p2-PDI patterns. However, a very small peak appears at 17.1° (dashed line in Figure 3.8) that is not
present in either the two patterns and there are very few changes in the shape of the mixture
pattern compare to the others. From these results, we can conclude that for the most part each

species self-assembles with themselves, in a narcissistic regime.
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Figure 3.8. XRD Patterns. XRD patterns obtained from lyophilized powder of p2-PDI (black), PDI-I (orange) and a mixture

1:1 solution (red). The black dashed line at 17.1° indicates the peak emerged by the mixture of the two species.

3.5. Perturbation of pNESS

Finally, we investigated the influence of the PDI-I molecule during pseudo non-equilibrium
steady states (pNESS). As described in Chapter 2, a third reaction was coupled to the
(de)phosphorylation reactions in order to regenerate ATP from adenosine diphosphate (ADP) and
phosphoenol pyruvate (PEP). The reaction is catalyzed by a pyruvate kinase PK. The continuous
regeneration of fuel (ATP) in situ permitted to reach three different pNESS by varying the
concentration of pre-fuel (PEP) added to the network.

In a first attempt, we reproduced the same pNESS conditions studied in Chapter 2 and we
followed the evolution of the ellipticity at 499 nm over time. In Figure 3.9A, we observe the CD
spectrum when we used 0.5 mM of PEP. In this case, a 100 uM PDI-I solution was added after 1
hour. We did not observe any pNESS, the CD signal increases after 8 hours and it is maintained
(Figure 3.9A). Then, we investigate pNESS when [PEP] is 2 mM (Figure 3.9B) and the pNESS is
maintained for about 7 hours. As for 0.5 mM PEP, a 100 uM PDI-I solution was added to the network
after 1 hour from the beginning of the analysis. However, in this case we could not reach a pseudo
non-equilibrium steady state with similar behavior as reported in Chapter 2 (Figure 3.9B). On the

contrary, during the different experiments in the presence of PDI-I, we observed precipitates at the
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bottom of the quartz cuvette (Figure 3.9C). The latter was noticed after pNESS studies with PDI-I.
The precipitate was analyzed by optical microscopy (Figure 3.9C). From the images taken we can
observe micrometers length fibers, from 100 up to 600 um length. These fibers were stable over
days and resisted gentle shacking of the cuvette. Additionally, during dialysis of PDI-I and the
mixture 1:1 with p2-PDI for the preparation of XRD samples we already reported the observation of

fibers onto the dialysis membrane (Figure 3.12 in Appendix 3.11).
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Figure 3.9. Pseudo Non-equilibrium Steady States. Time-course CD measurements at 499 nm (quartz cuvette, optical
path 1 mm) of a 100 uM PDI solution containing PKA (0.014 uM), ADP (100 uM), PK (0.014 pM), APP (0.06 uM), PDI-I
(100 uM) and PEP at (A) 0.5 mM and at (B) 2 mM. (C) Optical microscopy pictures of the precipitate obtained during
various experiments with PDI-I.

The same type of aggregates (micrometers order) was measured during dynamic light
scattering experiments (Figure 3.13 in Appendix 3.11). Specifically, a solution containing a 1:1
mixture of p2-PDI and PDI-I was analyzed ~4 hours after the preparation of the sample. The Ry
obtained is 1009 £ 90 nm. Thus, we hypothesized that with time the substrate PDI-I precipitates
leading to the loss of the inhibitory activity. Indeed, p2-PDI behaves like a zwitterionic molecule as
the four arginine are positively charged at pH 7.5 (4*) and the phosphorylation reaction introduces

negative charges (3.37).13 PDI-l in its structure has six arginine positively charged in the reaction
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buffer. Therefore, we can assume that charges are playing an important role in the formation and

the precipitation of bigger aggregates.

3.6. Conclusions

In Chapter 3, we have investigated a competitive inhibitor of the substrate PDI for the activity
of PKA. Two molecules were synthesized: the peptide sequence GRTGRRNAI and the sequence
coupled to a perylene diimide core, PDI-l. The latter was designed to create a correspondent
substrate for PDI as we envisaged a possible co-assembly PDI-I and p2-PDI/PDI. Interestingly, the
study of PKA-inhibitors on the phosphorylation reaction showed a major effect coming from the PDI
derivative (PDI-I) when added to the system, compared to the peptide inhibitor. Self-sorting
experiments were conducted to understand the behavior, narcissistic or social, of the three (PDI-I,
PDI and p2-PDI) self-assemblies. Together with XRD analysis, we concluded a narcissistic behavior
as the three species self-assembled preferentially with themselves. Afterwards, we explored the
perturbance of pNESS when PDI-l is added to the network. Despite many attempts, we were always
observing the precipitation of micrometers length fibers at the bottom of the cuvette.

These studies were important as we envisioned the integration of positive/negative feedback
loops in materials. However, the precipitation of these fibers needs further insights. Indeed, the
precipitation of aggregates sequestrates inhibitor and, most probably, p2-PDI. This is exactly what
we were looking at in the very beginning of this project. As such, the decreased concentration of

two species in the enzymatic system may have consequences in the dynamics of the entire network.
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3.8. Experimental section
General. The detailed synthesis and characterization of peptide inhibitor and PDI-I is shown

in section 3.9.

Experimental conditions. The enzymatic reactions were performed, when not differently
specified, in 50 mM Tris-HCI buffer (pH 7.5) containing 10 mM MgCl;, 1 mM MnCl;, 2 mM
dithiothreitol (DTT) and 0.1 mM EDTA, at 25°C. The addition of MnCl, was required for the activity
of APP that is a Mn?*-dependent phosphatase. We refer to this buffer as the reaction buffer.
Typically, stock 1 mM PDI/GRTGRRNAI/PDI-I solutions, in freshly prepared reaction buffer, were
prepared by accurate weighing, and used to obtain the respective diluted 100-200 puM solutions

used in the experiments. The stock solutions were freshly prepared the same day of the experiment.

Phosphorylation. In a typical phosphorylation experiment, an aliquot of freshly prepared ATP
(1-4 pL from 20-50 mM solution in the reaction buffer) was added to the PDI solution (30-60 pL
from 1 mM solution in the reaction buffer), followed by the addition of PKA (1-3 pL of the supplied
13 uM solution) and gentle shaking. The equivalents of ATP are with respect to PDI molecules (i.e.,
2 eq. of ATP correspond to 1 eq. per phosphorylation site). The enzymatic reactions were performed
in screw cap sample vial equipped with a glass insert (when followed by LC-MS), or in a 1 mm quartz

cuvette (when followed spectroscopically by UV-Vis or CD spectroscopy).

CD measurements. CD spectroscopy was used to study the change in supramolecular chirality
upon phosphorylation. For the time-course CD measurements, the phosphorylation was triggered
by the addition of PKA and ATP solutions to 300 plL of a PDI solution contained in 1 mm quartz

cuvette, followed by gentle shaking. Afterwards the CD signal at a fixed wavelength was monitored
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versus time. For both experiments, with peptide inhibitor and PDI-I, 60 and 30 pL respectively of 1
mM solutions were added at the batch solution, containing PDI, PKA and ATP.

Along with those experiments, the perturbance of steady states caused by PDI-I was studied.
PK (0.1 puL of the supplied 43 uM solution), PKA (3 pL of the supplied 13 uM solution) and APP (1 pL
of the supplied 20 uM solution) were added to a PDI solution (30 pL of 1 mM solution in the reaction
buffer) containing PEP (3-12 ulL of 50 mM solution in the reaction buffer). The mixture was gentle
shaking. The ADP (6 pL of 5 mM solution in the reaction buffer) was added after 1h and gentle
mixed. After 2 hours, when the NESS was reached by the system, a 100 uM PDI-I solution was added

to the solution.

Powder X-Ray Diffraction. Powder X-ray diffraction measurements were performed on a
Bruker D2 Phaser diffractometer (Source: Standard ceramic sealed tube CuKa 1.54184 A. Detector:
Bruker 1D-LYNXEYE). The samples were dop casted onto the surface (silicon wafer) after dialysis to

remove the reaction buffer from the solutions. The measurements were done at 25°C.

Self-sorting experiments. The samples for the self-sorting experiments were prepared by
mixing different volumes of 200 uM PDI/PDI-I and p2-PDI/ PDI-I solutions in the reaction buffer.
p2-PDI was previously prepared by phosphorylation triggered by ATP (400 uM, 2 eq.) and PKA (0.065
uM). The mixed samples were incubated for 10 min at room temperature before the CD

measurements. The experiments were performed in a 1 mm quartz cuvette.
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3.9. Synthesis of the inhibitors

3.9.1. Synthesis of PDI

PDI was synthesized as reported in Chapter 2.

3.9.2. Synthesis of peptide GRTGRRNAI, 1

The peptide GRTGRRNAI was synthesized following the Fmoc solid phase peptide synthesis
(Fmoc-SPPS) procedure. The resin used for GRTGRRNAI is the Rink Amide Resin (purchased by IRIS
Biotech GMBH), loading 0.72 mmol/g. SPPS was performed in a sintered column where the influx of
N allowed the continuous stirring of the reaction. Firstly, the resin was placed in the reaction vessel
and washed twice with DMF; DMF was then added to cover all the beads and let it swell for about
1 hour. After removing DMF by vacuum filtration, we proceeded by removing the Fmoc-protecting
group of the resin with a solution of 4-methyl piperidine (20%) in DMF. The solution was let it react
for 20 minutes and then removed. The resin was rinsed and washed with DMF.

The first Fmoc-protected amino acid (4 eq. with respects to the resin) was activated by the
addition of a solution of 0.38 M HBTU in DMF (1ml for 0.1 mmol scale) and DIPEA (6 eq.); the
reaction mixture was vortex and let it react for 2 minutes. The solution was poured onto the beads
and let it react for 30 minutes and continuously mixed by gentle N2 bubbling. The mixture was then
rinse and washed with DMF. To control that all the free amino group reacted, we performed the
Kaiser test. Few beads were washed with EtOH (to remove DMF and avoid a false positive) and
transferred in a small glass tube. 100 pL ninhydrin solution (0.5 g in 10 mL of EtOH) and 100 pL KCN
solution (0.4 mL of 1 mM KCNaq,) in 20 mL of pyridine) were added to the beads. The tube was
placed at 115°C for 5 minutes. Afterwards, 1 mL of ethanol and 1 mL of water were added. If the
solution turns blue (or does the beads), free amino groups are still present and there is a need of a
second coupling; if the solution remains colorless the test is negative, and we proceeded with the
Fmoc deprotection, as described above.

A series of coupling-deprotection were repeated to obtain the final peptide sequence. After
the final deprotection, the resin was washed several times with DCM in order to remove all the
DMF. DCM was then removed by vacuum filtration and the resin was let it dry for 1-2 hours. The
resin was weighted and transfer to a round bottom flask, and the reagent cocktail (95% TFA, 2.5%
TIPS, 2.5% H,0) was poured (~1 mL per 100 mg of resin). The mixture was let it react for 2 hours.

After the cleavage, -20°C diethyl ether was added (~40 mL of Et,O for 2 mL of cocktail) to the
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reaction mixture leading to the precipitation of the peptide in several centrifuge tubes. The
precipitation was followed by centrifugation at 4500 rpm for 3 minutes at 4°C and the precipitated
was let in the freezer for few hours. The tubes were centrifuged again (4500 rpm for 3 minutes at
4°C) and the supernatant was discarded. The peptide was dissolved in a solution of ACN/H,0 (1:1)
0.1% TFA and filtered to get rid of the beads. The solution was then lyophilized, and the peptide was
obtained as white powder. HRMS (ESI+) Calculated Mass for C3gH74N20011 [M+H*]: 999.15. Found:

999.5881
1. 20%piperidine DMF
2.Wash
3. aa, HBTU, DIPEA HZN\’?NH HZN?NH
95% TFA NH NH
o o 2.5% H,0
2.5% TIPS o v 9 Ho 9 v 9 w9
FmocHN\:)K Peptide:dl\ ¢ HzN\)(H N\)Lu/ﬁrN\)Lu N\:)LH/L'(N\:)LNHZ
H H z o = o = o A
R R “oH NH, /ﬁ

NH
v HN}\NHZ

3. Kaiser Test
4. Wash

Figure 3.10. Solid Phase Peptide Synthesis of GRTGRRNAI-NH,. Fmoc-solid phase peptide synthesis using the acid labile

Fmoc-Rink amide resin.

3.9.3. Synthesis of PDI-I

Synthesis of the perylene-L-alanine core, [N,N’-di(L-alanine)-perylene-3,4,9,10-

tetracarboxylic acid diimide], 2

Perylene-L-alanine core was synthesized as reported in Chapter 2.

Synthesis of GR(Pbf)T(tBu)GR(Pbf)R(Pbf)N(Trt)Al-NH: peptide, 3

Peptide 3 was prepared by manual Fmoc solid phase peptide synthesis, SPPS, starting from
Fmoc-Sieber resin (purchased by IRIS Biotech GMBH), loading 0.59 mmol/g. This is a highly acid
labile resin that requires mild conditions for the final cleavage, which allowed to obtain fully

protected 3. The protocol followed for the coupling and the deprotection was the same as the one

described for compound 1.
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The fully protected target peptide 3 was cleaved off the resin by treatment with 1% TFA in
dichloromethane for 1h. Then, 2 was dissolved in dichloromethane and washed with 1 M aqueous
HCl to remove traces of piperidine coming from SPPS. HRMS (ESI+) Calculated Mass for
C101H14aN20020S3 [M+H*]: 2054.56. Found: 417.22 [M+5*], 686.73 [M+3*].

1. 20%piperidine DMF
2.Wash

3. aa, HBTU, DIPEA PbfHN.__NH PbfHN.__NH

N X
NH NH
o o Resin Removal o u © w o w o u ©
FmocHNyK Peptide\;)J\ - HzNJkH NJLH/YN\)ku N%HJ\H/NQJLNHZ
R R ¢ o ° I ° >,-—NHTrto /ﬁ
[¢]
NH

\/ HNP~NHPbE

3. Kaiser Test
4. Wash

Figure 3.11. Solid Phase Peptide Synthesis. Fmoc-solid phase peptide synthesis using the acid labile Fmoc-sieber
resin.

Synthesis of PDI-I

HBTU (67 mg, 0.17 mmol, 2.4 eq.) and DIPEA (115 plL, 0.66 mmol, 9 eq.) were added to a
solution of 2 (39.5 mg, 0.07 mmol, 1 eq.) in 8 mL DMF under N; atm. After 10 min, 3 (334 mg, 0.16
mmol 2.2 eq.) dissolved in 4 mL DMF was added and the reaction mixture was left stirring for 4
hours. The reaction was quenched by the addition of 50 mL dichloromethane, and the organic phase
was washed with saturated NaHCO3 and brine, dried over anhydrous MgS04 and concentrated. The
reaction crude was purified by flash chromatography using CH,Cl,/MeOH (gradient from 100:0 to
94:6) as eluent to give 6. Finally, the deprotection of the side chain protecting groups were carried
out under strong acid conditions by treatment with 95% TFA, 2.5% H>0 and 2.5% TIPS for 2 hours.
The latter solution was poured into 70 mL of diethyl ether resulting in the precipitation of a red
solid, that was filtered, washed with diethyl ether, and dried affording PDI-I. HRMS (ESI+) Calculated
Mass for C10sH16aN42028 [M+3H*]: 833.25; found: 832.7590 [M+2H*]: 1249.375; found: 1248.1338.
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Figure 3.12. Synthesis of PDI-I.
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3.11. Appendix

Figure 3.13. Fibers in a dialysis membrane. (A) and (B) are pictures of fibers obtained onto the dialysis membrane after
the dialysis of a solution of a 1:1 mixture p2-PDI and PDI-I at 100 uM.
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Figure 3.14. Dynamic Light Scattering of a 1:1 mixture of p2-PDI and PDI-I. DLS measurement: relaxation I" versus the
square of the scattering vector g2 for a 1:1 mixture of p2-PDI and PDI-I in the reaction buffer (at a final concentration
of 200 uM) at 293 K. The corresponding slope D, resulting from the linear fitting (red line) is apply to equation 5. Ry is
calculated to be 1009 + 90 nm.
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Chapter 4.

Towards Homeostatic Supramolecular Materials
based on an Internal Enzymatic Network

Abstract

In this chapter, we develop peptide-based hydrogels where the insertion of an enzymatic
network creates an elementary ‘metabolism’ inside the material. The peptide LRRASLG sequence
recognized by both kinase and phosphatase, is incorporated in the design of 3 new hydrogelators.
Specifically, a known di-peptide self-assembling motif (FF, phenylalanine-phenylalanine) is attached
either to the leading side or tailing end of the LRRASLG sequence to promote assembly. The
enzymatic reaction network presented in Chapter 2 is integrated into the hydrogel network in order
to achieve different fuel-mediated mechanical behavior. The final goal is achieving pseudo non-
equilibrium steady states (pNESS) by the variation of concentration of pre-fuel (PEP) and
consequently controlling the in situ production of fuel (ATP), as a means to obtain time-

programmable materials properties.
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4.1. Introduction

In Chapter 2 and 3, we reported and discussed the (de)phosphorylation enzymatic network in
solution. As a reminder, we had solved the waste issue due to ADP inhibition by coupling the
phosphorylation/dephosphorylation cycle to a fuel regenerating enzymatic reaction (i.e., pyruvate
kinase mediated conversion of ADP to ATP in the presence of phosphoenol pyruvate). We were able
to achieve pseudo non-equilibrium steady states of well-defined duration and found an unexpected
oscillatory behavior. In addition, we had shown in Chapter 3 a competitive inhibitor that was
envisioned for use in hydrogel materials. In addition, based past and ongoing research in our
laboratory, we found that many perylenediimide (PDI) derivatives do not easily form hydrogels with
favorable mechanical properties, and their synthesis can be quite lengthy. The development of
materials based on PDI derivatives, therefore, was abandoned. Before going into the detailed
peptide design and behavior of the system that we use in this chapter, it would be good to briefly
present some key elements of the field of peptide nanomaterials.

Supramolecular hydrogels are a very interesting and important class of materials as their
properties can be regulated by the design of the constituents, being their assembly dynamic and
reversible.l? Particularly attractive are soft materials based on amino acids or peptides as those
molecules are biocompatible and biodegradable;® our bodily functions are mainly carried out by the
expression of 20 gene encoded amino acids.*> Synthetic peptides can be designed using a range of
charged, hydrophilic, hydrophobic and aromatic amino acids controlling the self-assembly and the
secondary structure of the engineered peptides (i.e., a-helix, coiled-coil, etc.).®

The pioneering work by Ghadiri” and Zhang® opened the door to new strategies for the
development of hydrogels out of short peptides or of the combination of peptides with polymeric
or aliphatic moieties.?

One of the strategies used to achieve gelation using short peptide sequences has been the
incorporation of N-capping groups into the sequence, such as Fmoc and Napthalene.!%!! The
aromatic interactions play an essential role in the self-assembly of those small molecules. Along
with N-protected dipeptides, remarkable studies on the dipeptide phenylalanine-phenylalanine (FF)
were carried out by Gazit and co-workers.!? They reported the formation of tubular structures by
the FF assembly, similar to the amyloids, through n—n interactions and hydrogen bonding between
the amide groups.'>!3 Interestingly, the self-assembly of the dipeptide at high concentration in
water was forming a rigid material.}* The latter was comparable to hydrogels formed by longer

peptide structures, showing higher stability through pH and temperature changes. Additionally,
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Garcia et al.’> have proposed the combination of D— and L— amino acids within the same peptide
sequence to achieve self-assembly of ultrashort peptides, avoiding the use of N-capping aromatic
groups. They used a full sequences of hydrophobic tripeptides Fpo-AA-F. to explain how chirality is
mandatory to achieve net segregation between hydrophobic and hydrophilic part that lead to gel
formation.161’

Nonetheless, the design of peptide-based hydrogels is nontrivial as it is difficult to predict a
priori the final mechanical properties of the gel. Ulijn, Tuttle and co-workers explored tripeptide
sequences based on their aggregation behavior.'® The results of course grained molecular dynamics
simulations indicated that the self-assembly propensity is not just a result of the hydrophocity of
the substrates but that it is influenced by the position of aromatic amino acids in the peptide
sequence. Those results were confirmed experimentally and led to the discovery of unprotected

tripeptides capable of forming hydrogel without the use of organic solvents (i.e., KYF, KFF, etc.).

4.2. Design and Synthesis of Kemptide Derivatives

In the introduction, we discussed about the evolution in the design of nanostructures based
on peptide sequences for the development of nanomaterials. However, predicting a priori the self-
assembly and the mechanical properties of the final hydrogels remains challenging because of the
cooperative nature of many assembling peptides.® Our consensus LRRASLG sequence (also known
as ‘kemptide’) by itself, does not form hydrogels due to its hydrophilic nature.®

As reported by Stupp and co-workers,® the specific consensus substrate recognized by the
enzymes is RRXSO, where X identifies any amino acid and O a hydrophobic one. By synthetizing
various sequences, they demonstrated that the serine (S) residue cannot be shifted in the amino
acids sequence or phosphorylation is made impossible. Interestingly, the peptide maintains its
access to the enzymatic domain even when a long hydrophobic carbon chain is introduced at the C-
terminus. In the latter work, they designed and synthesized a so-called amphiphile where the head
(C-terminus) is highly hydrophobic, and the tail (N-terminus) is hydrophilic.

Here, we take a simpler approach and append either a dipeptide or tripeptide to the kemptide
sequence to induce the self-assembly.!? As already discussed above, a great effort has been done in
peptide combinatorial chemistry by Ulijn, Tuttle and co-workers.® It emerged that hydrophobic
amino acids promotes the aggregation at the C-terminus position as well as positively charged

amino acids induces self-assembly when present at the N-terminus.® For kemptide LRRASLG; R, at
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the N-terminus, denotes the residue arginine that is positively charged at pH 7.5.2° We first
introduced hydrophobic linear and aromatic residues. LRRASLGVVV (1) and LRRASLGFLFF (2) were
first synthesized by solid phase peptide synthesis (SPPS). The tripeptide VVV (3 x valine) is known to
induce self-assembly and formation of [B-sheet secondary structure.??! The sequence FLFF
(phenylalanine-leucine-phenylalanine-phenylalanine) was at that time the starting point for the
synthesis of various sequences FFXF, FFXFF, FFFXF and etc.’® Unfortunately, because of strict
experimental conditions we are working at, namely the reaction buffer (implementation of the
enzymatic network) and pH 7.5, these structures were not suitable. The main issue started already
with the solubility in small volume of DMF or DMSO. Therefore, we decided to start over by inserting
the well-known dipeptide FF. Again, we designed and synthesized three different sequences:
LRRASLGFF (3), FFLRRASLG (4), FFLRRASLFF (5). The dipeptide FF is a well study hydrogelator and
we decided to introduce it at the C-terminus (3), at the N-terminus (4), or at both sides (5) to study
the properties of the three different gels. The latter peptides were synthesized by solid phase

peptide synthesis (SPPS), as shown in Scheme 4.1 and in more detail in Experimental section 4.7.
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Scheme 4.1. Solid Phase Peptide Synthesis (SPPS). SPPS was carried out starting from Fmoc-protected Rink amide resin.
The three peptide sequences are represented.

For all the three kemptide derivatives 3-5, we performed the synthesis starting from the
Fmoc-protected Rink amide resin, which leads the amide group at the C-terminus upon cleavage.
Indeed, it has been reported that the amide induces faster self-assembly as a function of the lower
solubility of the amide group in water.*

So far, we have discussed and shown the design and the synthesis of three different
derivatives of the consensus sequence LRRASLG (kemptide). Before studying and exploring the
conditions for the gelation, we need to investigate the behavior of the enzymatic network inside

the gel to confirm the (de)phosphorylation cycles.
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4.3. Enzymatic Network Study

In Chapter 2, we discussed the enzymatic network and the final objective of this thesis to
obtain a material with its own metabolic system. This challenging achievement would have a great
impact in the development of the so-called life-like materials??; and it would be a unique
opportunity to develop a materials with its own steady-state metabolism. Moreover, it will open
the door for the discovery and the study of new behavior and the investigation of structures capable
of performing functions closer and closer to those of Nature (i.e., self-healing, motility).

First, we studied the phosphorylation and the dephosphorylation of the individual peptide
substrates. We decided to follow the stepwise phosphorylation and dephosphorylation of
substrates 3, 4 and 5 by LC-MS. Spectra were recorded for each peptide at 100 uM, in the presence
of PEP (500 uM) and ADP (500 uM) (Figure 4.1A). The spectra show the typical MS peaks of the
peptides 3, 4 and 5, respectively. In a second step, the enzymes PKA and PK were added to the same
mixture, leading to the conversion of the substrate ADP to ATP and the consequent phosphorylation
of the peptides at the serine residue (red molecules in Figure 4.1B). In all the three cases, the spectra
show the fully phosphorylation with peaks typical for [M + 2H*] and [M + H]. In a final step, we
added APP to induce the dephosphorylation of substrates 3, 4 and 5 and the recovery of the initial
structure (green molecules in Figure 4.1C). Figure 4.1C shows the spectra for all the sequences,

confirming the full dephosphorylation with the classical mass peaks of the initial substrates.
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Figure 4.1. LC-MS data for the (De)Phosphorylation Cycles of substrates 3, 4 and 5. (A) LC-MS spectra of a 100 uM
solution of the peptides in the reaction buffer (pH 7.5) containing PEP (500 nuM) and ADP (500 uM). [M+H*] peaks for
peptides 3 and 4 (MW = 1065.29 g/mol) at 1065.6 and for peptide 5 (MW = 1302.59 g/mol) at 1303.6; [M+2H*] peaks
for peptides 3 and 4 at 533.4 and for peptide 5 at 651.9. (B) LC-MS spectra of a 100 uM solution of the peptides after
addition of PK (0.10 uM) and PKA (0.03 uM), containing PEP (500 uM) and ADP (500 puM). [M+H*] peaks for the
phosphorylated substrates 3 and 4 (MW = 1145.27 g/mol) at 1145.6 and 1146.5 respectively and for peptide 5 (MW =
1381.71 g/mol) at 1383.6; [M+2H*] peaks for peptides 3 and 4 at 573.5 and for peptide 5 at 692.1. (C) LC-MS spectra of
a 100 uM solution of the peptides after addition of APP (0.05 uM). [M+H*] peaks for peptides 3 and 4 (MW = 1065.29
g/mol) at 1065.6 and for peptide 5 (MW = 1302.59 g/mol) at 1303.6; [M+2H*] peaks for peptides 3 and 4 at 533.6 and
for peptide 5 at 652.1. The LC-MS experiments were conducted in a LC-MS vial with a glass insertion (total volume of

300 pL).

Overall, these results are encouraging and in agreement with the previous studies (see
Chapter 2) showing phosphorylation and dephosphorylation of 3, 4 and 5 upon addition of the

enzymatic reactions network. Interestingly, the variation of the position of the dipeptide FF within
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the consensus sequence does not interfere with the recognition of the enzymatic domain, both for

the kinase PKA (phosphorylation) and the phosphatase APP (dephosphorylation).

4.4. Rheology Measurements of Peptide Self-assembly

4.4.1. Oscillatory Rheology

In order to have a better understanding of the mechanical properties of the three hydrogels,
we preformed rheology studies. These properties can be investigated as a response of our material
to a deformation?3, by using a parallel plate model, that is a bottom stationary plate and an upper
moving plate. This allows the parameters of the viscoelastic material to be assessed. Particularly,
during oscillatory shear measurements the shear storage (G') and loss (G'") moduli can be monitored
over strain, frequency, time, and temperature.?* The G' measures the elasticity of the material and,
thus, its ability to store energy (i.e., the stiffness of the material); G" represents the ability of the
material to dissipate energy (i.e., how liquid-like the material is).?3 Specifically, we can consider a
gel when G' is one order of magnitude higher than G", so when the ratio of loss energy to stored
energy is less than 0.1 (G"/G' < 0.1).%°

In our specific case, to characterize the rheological properties of the hydrogels we will
measure the evolution of G' and G" in time to study the gelation kinetics. Moreover, we can
determine the linear viscoelastic region (LVER) and the critical strength of the gels; the first
parameter is obtained by monitoring the moduli against strain (constant frequency) and the second
one represents the value of strain at which G' and G" deviate from the linearity. All these parameters
give us access to the mechanical properties of the hydrogels.

The parallel plate geometry is frequently used to study hydrogels; the sample is placed
between the two plates and the measuring gap can be controlled.?® Moreover, to have a better
control during the rheological experiments, we designed and 3D printed a hollow container (Figure
4.8 in Experimental section 4.7) in which the sample was prepared for rheological measurements.
The hollow container is fixed onto the stationary plate and the sample is placed inside and

sandwiched between the plates.
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4.4.2. Peptides Hydrogelation

Previously, we discussed boundaries that must be respected for optimal hydrogelation
condition for our peptides. The reaction buffer was finely designed to permit the simultaneous
activity of all the enzymes in the complex enzymatic network!?; the buffer is prepared at pH 7.5, as
specified in the Experimental section 4.7. In most cases, hydrogels are obtained with a switch in pH
or solvent, or by heating/cooling cycles. In a first approach, we dissolved the substrates 3, 4 and 5
in the reaction buffer, containing 10% DMSO, at final concentrations of 0.5, 1, 2, 10, 20, or 50 mM.
We heated the solutions containing the substrates in DMSO in order to dissolve them. In a few cases,
the clear DMSO solutions mixed with room temperature buffer formed transparent gels overnight,
but they did not do so reliably. Better results were obtained using DMF instead of DMSO. We
explored various percentages of DMF (from 2 to 10%), and we found that 10% of DMF (without
heating the mixture) was ideal. In addition, we screened the peptides at the different
concentrations, and we fixed the concentration to 20 mM resulting in a weak hydrogel (as we will
show below). In this case, a weak gel was beneficial, since it allowed for the insertion of the
enzymatic network and the investigation of the materials behavior during the (de)phosphorylation

cycles.

4.4.3. Rheological studies on compound 5, FFLRRASLFF

From the three peptides that were synthesized, the sequence FFLRRASLFF (5) was chosen as
the most promising to start rheological studies since it formed a self-supporting gel during vial
inversion testing, whereas the other two peptides LRRASLFF (3) and FFLRRASL (4) did not. In section
4.4.1, we discussed about the characterization of the mechanical properties of the gel via kinetic
experiments. Thus, we started by measuring the kinetics of gel formation from peptide 5. The
substrate was dissolved in 10% of DMF at 20 mM in the reaction buffer (50 mM Tris-HCI buffer, pH
7.5). The gelation took place in situ on the rheometer plate and G' and G" were followed over time.
As shown in Figure 4.2A, G' and G" increased rapidly once the gelation started. After ~20 minutes
the rate of gelation decreases, and the system reaches a plateau after 200 minutes. At this point,
the network of the gel is completely formed as no further changes in the moduli are observed. There
are, however, some instances where G' slightly decreases, thus deviating from linearity. The latter

are likely a result of slippage between the parallel plate and the surface of the gel during
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measurements. This behavior happens sometimes due to the water layer created above the gel.?’

A way to avoid wall slip effect is to use measuring geometries with a rough surface.
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Figure 4.2. Gelation of substrate 5. (A) G' and G" monitored over time for a sample made of 5 at a concentration of 20
mM. (B) Shear strain sweep measurement for a sample made of 5 at concentration of 20 mM. LVER and the critical
strength (yc) are represented. Closed and open dots represent G' and G", respectively. The experiments were carried
out at 25°C.

The characterization of the mechanical parameters such as strength and stiffness are best
characterized using a strain sweep. During a strain sweep, G' and G'" are evaluated as the strain is
increased stepwise, while the frequency is kept constant at 10 rad s (Figure 4.2B). The linear
viscoelastic region (LVER) can be assessed as the range of strain in which G' and G" do not deviate
from linearity. That is, the properties of our gel are independent of how much deformation we are
applying to our material while in the LVER. The LVER is defined by a critical strain (yc), beyond which
the gel network starts to break. From Figure 4.2B we observe that the y. is around 0.4 % and this is
thus the maximum shear we have applied in all following experiments, as to not disrupt the hydrogel
network. Additionally, the stiffness in the LVER is in line with the final stiffness of the gel in the

kinetics measurement after 20 h.

Once we characterized hydrogel 5, we proceeded with the integration of the enzymatic
network into the gel. As we have already described in section 4.3, compound 5 can be
phosphorylated and dephosphorylated in the presence of the enzymes PKA, APP and PK. In the gel
state, the kinetics might be different from solution, which is why we build up our experiments step

by step. First, the phosphorylation of the 5 was carried out in the presence of ATP and kinase PKA.
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Interestingly, we observed a different kinetic profile when using phosphorylation compared to the
hydrogel formation reported in Figure 4.2A in the absence of ATP and PKA. When we added ATP
and PKA, there is sharp increase in the G' and G" as soon as the experiment starts (region | in Figure
4.3). After ~10 minutes, the rate of gelation decreases (region Il in Figure 4.3). In region Il the
increase in G' and G" moduli is most likely mainly driven by the phosphorylation process. During this
enzymatic reaction, ATP is consumed and hydrolyzed to ADP while the substrate is phosphorylated.
As we added 2 equivalents of ATP, the fuel is still present in the system thus interacting with the
self-assembly. After 5 hours, the system reaches a steady regime for about 2 hours (region Il in
Figure 4.3) after which G' and G" again increase sharply (region IV in Figure 4.3) until a plateau is
achieved after 12.5 hours (region V in Figure 4.3). The trend of G' and G" in region IV could be
explained as a mixture of a stabilization of the phosphorylated self-assembly network (region Il in
Figure 4.3) and the phosphorylation reaction still taking place. After 12.5 hours a plateau is reached
(region V in Figure 4.3). At this point, no further changes are observed in the stiffness of the overall
system from which we assume that all the substrate has been phosphorylated. More identical
experiments, as well as experiments in which LC-MS is used to follow the degree of phosphorylation

are needed to be sure of the latter hypothesis.
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Figure 4.3. Kinetics of Gelation during Phosphorylation of substrate 5. G' and G" monitored over time for substrate 5
at a concentration of 20 mM, containing ATP (40 mM, 2 eq.) and PKA (0.04 uM). Closed and open symbols represent G'
and G", respectively. The experiment was carried out at 25°C.
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Since the final goal of this project is to obtain pseudo non-equilibrium steady states in a
hydrogel system, we implemented the ATP regeneration reaction in the network. Initially, we
performed the phosphorylation of substrate 5 by addition of PK, ADP, PEP and PKA for the
generation of ATP in situ and we further compared it with the phosphorylation described earlier
(Figure 4.3). In the same way, we studied the kinetics of the reaction by monitoring G' and G" over

time (Figure 4.4A).
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Figure 4.4. Kinetics of Gelation during Phosphorylation in the Presence of ATP Regeneration Cycle. (A) G' and G"
monitored over time for substrate 5 at a concentration of 20 mM, containing ATP (40 mM, 2 eq.), PEP (100 mM, 5 eq.),
PK (0.06 uM) and PKA (0.04 uM). (B) G' monitored over time for substrate 5 during phosphorylation in the presence
(green) and absence (pink) of ATP regeneration cycle. Closed and open symbols represent G' and G", respectively. The
experiments were carried out at 25°C.

In this system, where we incorporated the regeneration of ATP, we again observe the sharp
increase of G' and G'" at the beginning of the experiment, as observed for region | in Figure 4.3. In
region | in Figure 4.4A the G' and G" values are similar to the ones found during phosphorylation
without the ATP regeneration reaction. In this system, ATP is continuously regenerated as soon as
it is consumed. Therefore, ATP is always present in the network and we believe that it affects the
overall stiffness of the system. After about 10 minutes, the system reaches a plateau which lasts ~3

hours (region | in Figure 4.4A). In this region both moduli are constant. Afterwards, we observe a
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continuous increase in G' and G" (region Il & Il in Figure 4.4A) which presumably is a result of the
continuously regenerated ATP. The latter might participate in the self-assembly process while the
substrate gets phosphorylated.

In order to study the effect of ATP during gelation, we investigated the kinetics of compound
5 in the presence of 2 equivalents of ATP (Figure 4.5). If we compare the gelation in the absence of
ATP (black) to the gelation in the presence of ATP (blue), it is clear that ATP affects the self-assembly
process as the stiffness is very high since the onset of the gelation. ATP is a well-known multivalent
binder due to its electrostatic interactions. It is reported to participate in the formation of vesicles?®

and different supramolecular structures.?30
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Figure 4.5. Kinetics of Gelation in the Presence and Absence of ATP. (C) G' and G" monitored over time for substrate 5

at a concentration of 20 mM in the presence (blue) and absence (black) of ATP (40 mM, 2 eq.). Closed and open symbols
represent G' and G", respectively. The experiment was carried out at 25°C.

Then, we studied the dephosphorylation reaction catalyzed by the phosphatase APP. Again,
G' and G" were monitored over time to follow the kinetic profile of the system. Figure 4.6 in
Appendix 4.10 report the experiments performed for the phosphorylation and dephosphorylation
reactions in the absence (Figure 4.6A) and presence (Figure 4.6B) of the ATP regeneration reaction.

(Figure 4.18 in Appendix 4.10 shows all the kinetics of gelation studied until now).
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Figure 4.6. Kinetics of Gelation with Lambda Phosphatase. (A) G' and G" monitored over time for substrate 5 at a
concentration of 20 mM, containing ATP (40 mM, 2 eq.), PKA (0.04 uM) and APP (0.02 uM). (B) (A) G' and G" monitored
over time for substrate 5 at a concentration of 20 mM, containing ATP (40 mM, 2 eq.), PKA (0.04 uM), PEP (100 mM, 5
eq.), PK (0.06 uM) and PKA (0.04 uM) and APP (0.02 uM). Closed and open symbols represent G' and G", respectively.
The experiments were carried out at 25°C.

However, from these rheology experiments it is hard to discern the role of the peptide self-
assembly, ATP, and each of the individual reactions. More experiments, and preferably in
combination with other characterization techniques are required in the future. X-Ray scattering, for
example, would permit the study of the system at the molecular level. This would allow to
investigate how the molecules interact with each other in the continuous generation of ATP.
Additionally, circular dichroism spectroscopy could permit the study of the peptides secondary

structure and how it is affected during the (de)phosphorylation reactions.
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4.4.3. Rheological studies on compound 4, FFLRRASLG

In the same way, rheological experiments were carried out for compound 4. Particularly, for
the latter no gel is formed at the experimental conditions, as reported in Figure 4.7A. Thus, we
envisaged the formation of hydrogel induced by the phosphorylation of the kemptide derivative;
the phosphorylation is indeed introducing negative charges onto the phosphoryl-accepting
substrate causing an overall change in the molecular self-assembly and therefore in the structure of
the gel.

Therefore, phosphorylation prompts the self-assembly of compound 4. However, as shown in
Figure 4.7B below, the differences between G' and G" is less than one order of magnitude, thus
meaning a true gel is not formed but rather a very viscous solution. To further investigate this
system, we are planning to perform optical microscopy experiments to follow the formation of the
self-assembled structures.

The discussion above suggests the importance and the difficulties when designing
hydrogelators, as discussed in the introduction of this Chapter and previously reported.®
Compound 4 presents the dipeptide Phe-Phe in the N-terminus, compared to compound 5 where
FF is incorporated at both termini, which results in differences in the packing of the molecules and

therefore, in the ability to form self-supporting structures.
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Figure 4.7. Kinetics of compound 4. (A) G' and G" monitored over time for substrate 5 at a concentration of 20 mM (A)
and (B) containing ATP (40 mM, 2 eq.) and PKA (0.04 uM). Closed and open symbols represent G' and G", respectively.
The experiments were carried out at 25°C.
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4.5. Conclusions

To conclude, in Chapter 4 we have described the development of a material coupled to the
enzymatic network reported in Chapter 2. In order to obtain peptide-based materials, we have
designed and synthesized three different substrates containing the consensus sequence LRRASLG,
namely LRRASLGFF, FFLRRASLG, and FFLRRASLFF. We have analyzed the phosphorylation and
dephosphorylation reactions by LC-MS to confirm both the phosphorylation and dephosphorylation
of each of the three substrates. We focused on compound 5 (FFLRRASLFF) for further studies as it
had the best mechanical properties. The formation of the gel was tracked following G' and G" values
over time. These measurements were compared to ones containing: i) ATP and PKA (i.e., only
phosphorylation, ii) ADP, PK, PKA, and PEP (i.e., phosphorylation and regeneration) or iii) ADP, PK,
PKA, PEP, and APP (i.e., phosphorylation, dephosphorylation, and regeneration). Both the
phosphorylation as well as the presence of ATP affect the overall mechanical gel properties.
Additional measurements are needed to track the chemical composition of the system during the
gel changes (by LC-MS for example), in combination with (ideally in situ) imaging techniques. The
current data does not allow for a full understanding of the system, but the fact that notable
differences can be detected is encouraging in our quest for life-like materials with an in-built

‘metabolism’.
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4.7. Experimental Section
General. The detailed synthesis and characterization of compounds 3, 4 and 5 are described

in section 4.8.

Experimental conditions. The enzymatic reactions were performed, when not differently
specified, in 50 mM Tris-HCI buffer (pH 7.5) containing 10 mM MgCl;, 1 mM MnCl;, 2 mM
dithiothreitol (DTT) and 0.1 mM EDTA, at 25°C. The addition of MnCl, was required for the activity

of APP that is a Mn?*-dependent phosphatase. We refer to this buffer as the reaction buffer.

LC-MS measurements. Liquid chromatography mass spectrometry (ESI-lon trap) was used to
check qualitatively the (de)phosphorylation for compounds 3, 4 and 5 (Figure 4.1). The experiments

were run in a glass LC-MS vial with a glass insertion (final volume of 300 pL).

Rheology measurements. All rheological measurements were completed using an Anton Paar
Physica MCR 302 rheometer and RheoCompass version 1.25.373 software. A parallel plate (PP)
system was used throughout where 25 mm in diameter disposable plates (D-PP25/AL/S07, Anton
Paar) were used to perform the different tests.

In order to ensure the dimensions of the gel being formed do not differ to those of the
measuring geometry used, we designed, and 3D printed a hollow container using ABS which was
used to confine our gel sample dimensions. Acetone vapor was also used to seal pores and smooth
the container surface before first use. Additionally, we used a double-sided adhesive polyurethane
tape, which was trimmed with exactly the same dimensions as the hollow 3D printed container, to
stick the hollow container onto the rheometer stationary plate and make sure there were no leaks

during measurements.
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Figure 4.8. 3D-printed Holder for Rheological Measurements.

The rheological properties of the gels were investigated by means of strain and time sweeps.
Strain sweeps were carried out from 0.1 % to 1000 % strain at a frequency of 10 rad s™* at a pre-set
temperature of 25°C. The linear viscoelastic region (LVER) was determined as the region where G'
and G" remain constant up to a strain amplitude at which the gel starts breaking (~0.4 %) and both
moduli deviate from linearity. To define the critical strain (yc), we draw a line tangent to LVER and
another line tangent to the non-linear region. The intersection of both lines will assert the value of
Yc (see Figure 4.2B). Finally, the kinetic profiles of the different tests were assessed by means of time
sweep. Both G' and G" were monitored over time at a frequency of 10 rad s and a strain of 0.1 %.

Due to the quick gelation time for some of our gel systems, we firstly pipetted our gelator
dissolved in DMF ensuring we were covering all the surface confined by the hollow container, and
directly we added the buffer to trigger gelation. The position of the PP used for measurements was
calculated for each specific experiment depending on the amount of sample prepared (this was
normally about 1 mm for most cases). The gap time between the beginning of gelation and the start

of the measurements was less than 1 min for all our samples.

118



Chapter 4 Towards Homeostatic Supramolecular Materials based on an Internal Enzymatic Network

4.8. Synthesis of Peptides

The peptides were synthesized following the Fmoc solid phase peptide synthesis (Fmoc-SPPS)
procedure. The resin used is the Rink Amide Resin (purchased by IRIS Biotech GMBH), loading 0.72
mmol/g. SPPS was performed in a sintered column where the influx of N, allowed the continuous
stirring of the reaction. Firstly, the resin was placed in the reaction vessel and washed twice with
DMF; DMF was then added to cover all the beads and let it swell for about 1 hour. After removing
DMF by vacuum filtration, we proceeded by removing the Fmoc-protecting group of the resin with
a solution of 4-methyl piperidine (20%) in DMF. The solution was let it react for 20 minutes and then
removed. The resin was rinsed and washed with DMF.

The first Fmoc-protected amino acid (4 eq. with respects to the resin) was activated by the
addition of a solution of 0.38 M HBTU in DMF (1ml for 0.1 mmol scale) and DIPEA (6 eq.); the
reaction mixture was vortex and let it react for 2 minutes. The solution was poured onto the beads
and let it react for 30 minutes and continuously mixed by gentle N2 bubbling. The mixture was then
rinse and washed with DMF. To control that all the free amino group reacted, we performed the
Kaiser test. Few beads were washed with EtOH (to remove DMF and avoid a false positive) and
transferred in a small glass tube. 100 pL ninhydrin solution (0.5 g in 10 mL of EtOH) and 100 pL KCN
solution (0.4 mL of 1 mM KCNaq,) in 20 mL of pyridine) were added to the beads. The tube was
placed at 115°C for 5 minutes. Afterwards, 1 mL of ethanol and 1 mL of water were added. If the
solution turns blue (or does the beads), free amino groups are still present and there is a need of a
second coupling; if the solution remains colorless the test is negative, and we proceeded with the
Fmoc deprotection, as described above.

A series of coupling-deprotection were repeated to obtain the final peptide sequence. After
the final deprotection, the resin was washed several times with DCM in order to remove all the
DMF. DCM was then removed by vacuum filtration and the resin was let it dry for 1-2 hours. The
resin was weighted and transfer to a round bottom flask, and the reagent cocktail (95% TFA, 2.5%
TIPS, 2.5% H,0) was poured (~1 mL per 100 mg of resin). The mixture was let it react for 2 hours.
After the cleavage, -20°C diethyl ether was added (~40 mL of Et,O for 2 mL of cocktail) to the
reaction mixture leading to the precipitation of the peptide in several centrifuge tubes. The
precipitation was followed by centrifugation at 4500 rpm for 3 minutes at 4°C and the precipitated
was let in the freezer for few hours. The tubes were centrifuged again (4500 rpm for 3 minutes at
4°C) and the supernatant was discarded. The peptide was dissolved in a solution of ACN/H,0 (1:1)

0.1% TFA and filtered to get rid of the beads. The solution was then evaporated, and the peptides
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were obtained as white powder. To remark that compound 5 was not well soluble in ACN/H20 (1:1)
0.1% TFA, so to remove resin beads we had to dissolve it in DMF that made the work-up quite nasty.
Compound 5 was obtained as a sticky powder. For all of them, HRMS, *H and 13C NMR analysis were

performed.

4.8.1. LRRASLGFF (3)

HzNYNH
HN
o H (o) H (0] u o H (o)
: H i H i H H
v/ (0] \L [0} “OH (o)

HN” “NH,

Chemical Formula: CsoHgoN16010
Exact Mass: 1064.62
Molecular Weight: 1065.29

'H NMR (500 MHz, (CHs).S0): 6 8.67 (d, 1H), 8.15 (s, 5H), 8.10 (s, 2H), 7.98 (d, 2H), 7.66 (s,
1H), 7.58 (s, 1H), 7.24 (m, 11H), 7.18 (s, 4H), 7.11 (s, 1H), 7.04 (s, 1H), 4.29 (m, 7H), 3.82 (s, 1H), 3.66
(m, 2H), 3.58 (m, 3H), 3.20 (m, 1H), 3.03 (m, 5H), 2.95 (d, 1H), 2.89 (t, 1H), 1.51 (m, 14H), 1.27 (d,
1H), 1.20 (d, 3H), 0.88-0.81 (m, 12H).

13C NMR (126 MHz, (CH3):S0): 6 173.18, 172.75, 172.68, 171.31, 171.24, 171.13, 170.41,
169.32, 168.93, 159.32, 159.03, 158.75, 158.46, 157.19, 157.16, 138.34, 138.11, 129.67, 129.61,
128.70, 128.57, 128.50, 126.73, 117.44, 115.11, 62.06, 55.24, 54.44, 52.66, 52.59, 51.60, 51.14,
48.51, 43.68, 42.24, 41.25, 37.93, 34.78, 31.23, 29.61, 29.48, 28.56, 25.38, 24.54, 23.93, 23.56,
23.13, 22.43, 21.92, 18.74.

HRMS (ESI-MS): 533.3195 [M+2H*], 355.8825 [M+3H*]
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Figure 4.9. HRMS spectrum of compound 3.
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Figure 4.10. *"H NMR spectrum of compound 3.
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Figure 4.11. **C NMR spectrum of compound 3.
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4.8.2. FFLRRASLG (4)

quk%ugijk L(ruk J# i,
T \

NH2

Chemical Formula: CsoHsgoN16010
Exact Mass: 1064.62
Molecular Weight: 1065.29
H NMR (500 MHz, (CH3),SO): 6 8.84 (d, 1H), 8.42 (d, 1H), 8.26-8.25 (m, 1H), 8.10-8.03 (m,
8H), 7.66 (s, 1H), 7.60 (s, 1H), 7.33-7.24 (m, 10H), 7.22-7.15 (m, 3H), 7.09 (s, 1H), 7.06 (s, 1H), 4.65-
4.60 (m, 1H), 4.39-4.35 (m, 1H), 4.31-4.22 (m, 5H), 4.01 (s, 1H), 3.73-3.70 (m, 1H), 3.6-3.54 (m, 5H),
3.15-3.03 (m, 7H), 2.92 (t, 1H), 2.82 (q, 1H), 1.69-1.58 (m, 5H), 1.49 (s, 9H), 1.2 (d, 3H), 0.88-0.86 (m,
12H).
13C NMR (126 MHz, (CHs).SO): & 172.76, 172.54, 172.46, 171.72, 171.37, 171.26, 171.08,
170.66, 170.27, 168.46, 159.29, 159.04, 158.79, 158.54, 157.20, 157.18, 138.04, 135.09, 130.18,
129.76, 128.92, 128.61, 127.60, 126.88, 118.63, 116.26, 62.04, 55.37, 54.53, 53.44, 52.53, 52.46,
51.78, 51.48, 48.57, 42.29, 41.20, 37.94, 37.34, 29.56, 25.46, 25.35, 24.69, 24.56, 23.61, 23.58,
22.01, 21.94, 21.91, 18.64.
HRMS (ESI-MS): 533.3193 [M+2H*], 355.8826 [M+3H"].

Figure 4.12. HRMS spectrum of compound 4.
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Figure 4.13. *"H NMR spectrum of compound 4.
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Figure 4.14. *C NMR spectrum of compound 4.
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4.8.3. FFLRRASLFF (5)

HZNJC%Y »uk L(.Qk J# Qk NH,

0

HN NH,

Chemical Formula: CssHosN17011
Exact Mass: 1301.74
Molecular Weight: 1302.59
1H NMR (500 MHz, (CH3),S0): 6 8.77 (d, 1H), 8.10-7.96 (m, 6H), 7.94-7.90 (m, 2H), 7.86-7.80
(m, 2H), 7.73 (t, 1H), 7.66 (d, 1H), 7.26-7.11 (m, 21H), 7.06 (s, 2H), 4.62-4.56 (m, 1H), 4.52-4.49 (m,
1H), 4.40-4.18 (m, 8H), 4.15-4.08 (m, 2H), 3.96 (s, 2H), 3.55-3.49 (m, 3H), 3.05-2.91 (m, 8H), 2.88-
2.84 (m, 1H), 2.80-2.74 (m, 2H), 2.67-2.63 (m, 1H), 2.36 (t, 1H), 1.67-1.64 (m, 4H), 1.47-1.43 (m, 8H),
1.30-1.26 (m, 2H), 1.16-1.14 (m, 3H), 0.86-0.69 (m, 12H).
13C NMR (126 MHz, (CHs).SO): & 173.04, 171.09, 168.44, 159.16, 158.91, 158.66, 158.41,
157.27, 152.24, 130.15, 129.72, 129.64, 129.58, 128.91, 128.59, 128.55, 128.49, 126.71, 121.11,
118.73, 116.36, 113.98, 55.33, 54.31, 53.07, 52.55, 51.83, 51.61, 37.78, 37.47, 34.72, 25.01, 24.67,
24.45, 23.58, 23.48, 21.99, 21.88.
HRMS (ESI-MS): 618.3228 [M+2H*], 434.9224 [M+3H"].
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Figure 4.15. HRMS spectrum of compound 5.
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Figure 4.16. "H NMR spectrum of compound 5.
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Figure 4.17. *C NMR spectrum of compound 5.
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4.10. Appendix
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Figure 4.18. Kinetics of gelation. (A) G' monitored over time for substrate 5 at a concentration of 20 mM. The
experiments were carried out at 25°C.
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Chapter 5.

Re-programming Hydrogel Properties using a

Fuel-Driven Reaction Cycle

Abstract

In this Chapter, we present a new chemically driven reaction cycle based on an aldehyde-
appended hydrogelator. The reaction cycle is driven by dithionite, hexamine and glucono-d-lactone
to create a transient hydrogel-solution-hydrogel cycle. The aldehyde hydrogel is converted into the
a-hydroxy-sulfonate upon reacting with dithionite leading to its dissolution. Delayed in situ release
of formaldehyde by acid catalysis of hexamine using gluconolactone results in reformation of the
original hydrogelator. The catalysis rate influences the kinetics of the system controlling the
morphology and the mechanical properties of the hydrogel. Additionally, we show the removal of

waste by syneresis and the achievement of up to thirteen cycles.

This work has been published:

Singh, N.; Lainer, B.; Formon, G. J. M.; De Piccoli, S.; and Hermans, T. M. Re-Programming Hydrogel
Properties Using a Fuel-driven Reaction Cycle. J. Am. Chem. Soc. 2020, 142 (9),4083-87.
https://doi.org/10.1021/jacs.9b11503
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5.1. Introduction

In Chapter 1, we discussed synthetic reaction cycles for non-equilibrium self-assemblies and
the efforts of Systems Chemists to achieve a better control over those networks. As shown in our
recent review?, in the past decade the number of pure synthetic reaction cycles described is limited,
that leaves to Systems Chemists plenty of space to investigate and explore new chemistries.
However, the setting-up of complex systems remains challenging as the design of building blocks
and chemical fuels is non-trivial.? The ultimate goal of the field in obtaining ‘life-like’ materials
requires precise control over important steps of (dis)assembly processes, the production and the
removal of the waste, and the kinetics of the system. This is why catalytically controlled reaction
cycles are becoming more and more important besides the ability of the material to perform
functions (i.e., motility and self-healing).? The classical example to simplify the concept comes from
microtubules. Microtubules are perfectly organized structures capable of performing vital functions
in cells where GTP/GDP turnover is catalytically controlled allowing the structure and functions to
be modulated in response to the cellular environment.*>

With the final purpose of exploring and expanding the chemistry applied so far, we developed
a new dissipative reaction cycle. In this chapter, we investigate a chemically fueled reaction cycle
based on an aldehyde-containing hydrogelator. By adding dithionite, hexamine and glucono-&-
lactone we could perform autonomous gel-sol-gel transient transformation. The catalytic hexamine
hydrolysis is used to push the system out-of-equilibrium and to program the morphology and the
mechanical properties of the hydrogel. The removal of waste by the process of syneresis (property
allowing a gel to expel solvent from its matrix under mechanical force), permits several repetitions

of the reaction cycle.

5.2. Stimuli-Responsive Hydrogel and Reaction Cycle

In 1980, Kellogg and co-authors® described the reduction of aldehydes to the corresponding
alcohols by sodium dithionite (Na2S204, DT). In the work, they performed the reaction under reflux
in a mixture of dioxane-H>0. Interestingly, under aqueous basic conditions at room temperature the
reaction leads the a-hydroxy sulfonate (SOs), without further reduction to its corresponding
alcohol. This chemistry has been studied on a previously reported sugar-based aldehyde-containing

hydrogelator(SachCHO) 7, that forms micron-sized fibers in water (Figure 5.1).
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When treated with DT, the aldehydes react forming a-hydroxy sulfonates, SachCHO is
converted to SachSOs™. As the sulfonate is soluble in water, the reduction of the hydrogel SachCHO
leads to a clear solution within 10 minutes upon addition of dithionite (Figure 5.1). Next, using a
more reactive aldehyde, such as formaldehyde, the sulfonate can be displaced from SachSOs"to give
back the SachCHO hydrogelator.

Unfortunately, in the perspective of setting up an autonomous cycle, the chemicals DT and
formaldehyde cannot be used simultaneously in the reaction mixture as they react quickly with each
other. To avoid this, a precursor of formaldehyde -hexamine (HMTA) has been employed. HMTA
dissociates into formaldehyde and ammonia under acidic conditions. We use glucono-d-lactone
(GdL) for this purpose which slowly hydrolyses into gluconic acid and releases HCHO from HMTA.
By the addition of DT, HMTA and GdL to SachCHO hydrogel, SachSOs™ is obtained in 5-10 minutes
as a clear solution. The hydrogel is restored in 20 to 60 minutes (depending on the concentration of
GdL) that is the release of formaldehyde upon catalytically driven hydrolysis of HMTA, reacts with

the sulfonate giving back SachCHO (Figure 5.1).

O 2 HSO,-, SO,
OH
>< +
i H/U\H NH,

OH OH O
HMTA rﬁ/ %’ \/K/\)’\o—
2N
bi“ GdL

Figure 5.1. Reaction cycle targeting SachCHO. The aldehyde-containing hydrogelator is reduced to the sulfonate
SachSOs™ by dithionite (DT). Over time formaldehyde is formed, restoring SachCHO and the hydrogel. The production
of formaldehyde from HMTA is catalytically controlled by the slowly hydrolysis of GdL into gluconic acid. Reproduced
from Ref ®
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5.3. Gelation Mechanism and Kinetics

The polymerization of SachCHO was investigated via the study of the kinetics and
thermodynamics of self-assembly (hydrogelation). As discussed in Chapter 1 and 2, thermodynamic
parameters of supramolecular assembly can be obtained by temperature-dependent
measurements. Thus, the optical density at 500 nm was followed by UV-Vis spectroscopy as a
function of temperature. The final hydrogel is opaque so we could translate the turbidity (optical
density) into degree of polymerization of SachCHO. Heating/Cooling curves were recorded showing
hysteresis (Figure 5.2A). The large hysteresis means that the polymerization of SachCHO is
cooperative® which means that the self-assembly is not under thermodynamic control and that no
thermodynamic parameters can be obtained.° Further kinetic studies on the assembly mechanism
were performed. In this case, to a solution containing SachSOs;~, 50 to 100 equivalents of
formaldehyde were added to chemically trigger the conversion to SachCHO and the hydrogelation
(Figure 5.2B). The kinetics were measured by UV-Vis spectroscopy following the change in optical

density (turbidity of the sample) at 500 nm.
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Figure 5.2. Thermodynamics and kinetics of SachCHO assembly. (A) Heating/Cooling curves of SachCHO following the
optical density at 500 nm at different rates. 70 degree for rate 10 K/min (@), 50 degree for rate 1 K/min (A) and 20
degree hysteresis for 5 minutes equilibration at each temperature point (@). (B) Kinetics of the chemically triggered
gelation of SachCHO followed by UV-Vis spectroscopy at 500 nm. Symbols represent the experimental data and the
lines the global-fit of the supramolecular polymerization model. The faded blue region outlines the boundaries of
triplicates experiments. Reproduced from Ref.®
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Indeed, a lag-time followed by a fast increase in the optical density suggested that the kinetic
barrier for the nucleation is high, but that elongation is fast. As shown in Figure 5.2B, the kinetics of
gelation also included seeded experiments which showed the behavior nucleation-elongation
aggregation. The seeding experiments confirmed the fast hydrogelation when the nucleation is
overcoming. Moreover, a secondary nucleation was observed. The model was adjusted and showed
a better fitting when secondary nucleation is included.! This behavior was observed from confocal
microscopy, where new fibers are formed on top of pre-existing ones (Figure 5.13 in Appendix 5.12).
The kinetic rates k,,1, k,» and k. are reported in the description of the mathematical model in the

Experimental section 5.9.

5.4 Kinetics of the Full Reaction Cycle

Afterwards, the kinetics of the complete reaction cycle were studied by quantitative NMR
experiments. SachCHO hydrogel was prepared by heating a suspension of the hydrogelator in water
(pH 8) until dissolution and let it cool down slowly, to allow the formation of uniform long fibers.
The mixture containing dithionite (3.6 equivalents), HMTA (3.5 equivalents) and GdL (0.9 to 7
equivalents) was added to the hydrogel. Considering that each hexamine molecule releases six
formaldehyde equivalents, the actual formaldehyde is ~20 equivalents in relation to SachCHO. This
is because a part of the formaldehyde will react with the excess DT present in the solution and, as
the reaction between the aldehyde and the sulfonate is an equilibrium, the excess of formaldehyde

will ensure the completion of the reaction.
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Figure 5.3. Mole fraction of SachSO;™ in function of time for different GdL concentrations. To SachCHO (54 mM)
hydrogel, dithionite (191 mM), HMTA (190 mM) and GdL (see figure legend) are added. The kinetics data of the full
reaction cycle are obtained by quantitative NMR experiments. Reproduced from Ref.®
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As shown in Figure 5.3, SachCHO is fully converted in SachSO3™ within 20 minutes, yielding a
clear solution. The backward reaction, that is the degradation of HMTA to formaldehyde and
ammonia, is dependent on the amount of GdL added. Higher concentrations of GdL give faster rate
of hydrolysis and thus faster conversion of SachSO3~ to SachCHO. However, a minimum amount of
GdL is needed to complete the cycle; 46.8 mM (0.85 equivalents) is not enough to fully hydrolyze
HMTA and SachCHO cannot be restored even after 48 hours. Increasing the concentration of GdL
from 93.6 (1.7 equivalents) up to 374 mM, led the full conversion in 100 minutes down to 60 minutes
for higher [GdL].

The kinetics of gelation for the full reaction cycle were obtained by UV-Vis spectroscopy,
following the optical density at 500 nm (translated the turbidity of the sample). A mixture of DT (3.6
equivalents), HMTA (3.5 equivalents) and GdL (0.9 to 7 equivalents) was added to the hydrogel,
prepared as described in Experimental section 5.9. The spectra were recorded for different [GdL];
the gelation takes 30 to 90 minutes (Figure 5.4). Similarly to the conversion of SachSOs™ in the
previous NMR experiments, higher concentration of glucono-d-lactone leads to the decrease of

gelation time till a plateau is reached.
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Figure 5.4. Normalized optical density in function of time for different GdL concentrations. To SachCHO (54 mM)
hydrogel, dithionite (191 mM), HMTA (190 mM) and GdL (see figure legend) are added. Reproduced from Ref.®
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5.5 Kinetic Control of Morphology and Mechanical Properties

The morphology of SachCHO fibers, prepared by heat/cool and chemically by addition of full
reaction cycle, were investigated by electron and confocal microscopy (Figure 5.5). The thermogel
(preparation protocol described in the Experimental section 5.9) presented long crystalline fibers
hundreds of micrometers long (Figure 5.6A & 5.6B). The gel was then prepared with different
amounts of GdL. In the case where a lower amount of GdL was added to the reaction cycle, the
fibers observed were shorter and growing from central nuclei, forming flower-like assemblies
(Figure 5.6C & 5.6D). However, when a higher concentration of GdL was used, that is 374 mM, the
structures were more brunched, producing fractal aggregates (Figure 5.6E & 5.6F). Thus, the
morphology of the fibers formed is strictly related to the way the hydrogel is prepared, heat/cool
or chemically triggered. In the first case, we assisted to a slow nucleation and growth leading to
crystalline fibers. Whereas, with the reaction cycle, the release of formaldehyde is fast and thus is

the growth of the fibers.

Figure 5.5. SEM (top) and confocal microscopy (bottom) photographs. (A, B) Crystalline structures formed by the
hydrogel prepared by heat/cool. (C, D) Flower-like assemblies of the hydrogel obtained by the full reaction cycle using
[GdL] = 234 mM. (E, F) Fractal-like assemblies of the hydrogel prepared chemically by the reaction cycle using [GdL] =
374 mM. Reproduced from Ref.®

Powder X-Ray Diffraction (XRD) confirmed the different morphologies deriving from the

different preparation conditions used to obtain the hydrogels (Figure 5.14 in Appendix 5.12). The
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XRD patterns showed no significant differences between the hydrogel obtained by heat/cool and
the chemically triggered hydrogel when [GdL] = 93.6 and 234 mM. The peaks at 1.15 and 0.648 are
related to inter-columnar distances whereas the one at 0.38 nm derives from the intermolecular
stacking distance within the columns. Nevertheless, when the hydrogel is prepared with a higher
concentration of glucono-6-lactone (374 mM) the intermolecular packing distances is smaller, as
shown by the appearance of peaks at 0.325 and 0.305. These results confirmed the direct influence
of [GdL], that is the rate of catalysis, on hydrogel morphologies.'**3

Later, the mechanical properties of the hydrogel were investigated by rheology
measurements. In Figure 5.6, the trend confirmed that the gelation time decreases at higher GdL
concentrations. Moreover, by increasing the amount of GdL, the storage modulus G' increases, from
~110 Pa for [GdL] = 46.8 mM to ~2100 Pa for [GdL] = 374 mM. The thermally annealed hydrogel has
a G' of ~800 Pa. Therefore, the morphological changes within the hydrogel directly influence the
final mechanical properties. For instance, the branched structure obtained with 374 mM of glucono-

d-lactone leads to a tighter gel and, as a result, to a stronger material.
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Figure 5.6. Rheology measurements at different GdL concentrations. The experiments showed the decrease in the
gelation time (pink) and the increase in stiffness (G', green) with increasing [GdL]. The orange dots represent the second
round of fuel addition. Error bars are the standard deviation over triplicate experiments. Reproduced from Ref.?

Interestingly, the system can be fueled for a second cycle (DT, HMTA and different [GdL]) when
the first cycle is performed with 140 mM GdL (second cycle in orange, Figure 5.6). Once more, the

G' depends on the concentration of GdL used to re-fuel the system. Unfortunately, the waste
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accumulates over the two reaction cycles prevented the re-fueling of the system and the formation

of the hydrogel.

5.6 Syneresis

To overcome the waste issue, we took advantage of the hydrogel property called
“syneresis”!4, that is the capability of expelling the solvent from the gel matrix. Considering that
fuels and waste products are water-soluble, this interesting property was investigated to remove
the waste from the system and to perform multiple reaction cycles. To do that, we used a syringe,
equipped with a cotton swab at the tip (Figure 5.7A). The SachCHO hydrogel was chemically
obtained by the reaction cycle inside the syringe. After 60-70 minutes, the gel is formed and the
piston of the syringe was pressed to expel the solvent and, thus, the waste products. SachCHO fibers
were retained. However, to proceed with further cycles, 3 mg (10% of the total amount) of SachCHO
were added along with DT (121 mM), HMTA (190 mM) and GdL (312 mM). Indeed, from NMR
spectroscopy we observed that a small percentage of SachCHO is soluble in water that is lost during
the waste removal process (Figure 5.8 in Experimental section 5.9). Once, the system was re-fueled
we tracked the gel formation by UV-Vis spectroscopy at 500 nm, as shown in Figure 5.7B. The same
was repeated; the gel is re-formed, and the solvent expelled. No loss of the SachCHO structure was
observed. The cycles were repeated for 13 times with no significant variation of the kinetics of the
cycle (Figure 5.7B). This method has been proved to be an efficient way to remove waste products,
allowing the completion and the repetition of up to thirteen cycles, and to maintain the final
structural integrity of the hydrogel (Figure 5.15 in Appendix 5.12). As widely discussed in Chapter 1
and 2, the waste removal can be a big issue to overcome in fuel-drive systems>1¢, and here, we

solve the issue by mechanically expelling the waste and restart the cycle.
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Figure 5.7. Syneresis cycles. (A) The scheme showed the waste products removal by syneresis. In clockwise direction,
the chemically triggered gel is formed inside the syringe (bottom left); the water-soluble waste products are pushed out
of the system; the reaction cycle is re-fueled ([DT] = 121 mM, [HMTA] = 190 mM, [GdL] = 312 mM). (B) UV-Vis
spectroscopy measurements of the optical density at 500 nm. The reaction cycles were followed in a quartz cuvette
(optical path 1 mm). The waste removal/re-fueling cycle was repeated up to 13 times. Reproduced from Ref.®

5.7 Conclusions

In this chapter, we have presented a new reaction cycle where the assembly and the
disassembly of the system can be chemically controlled. The system is based on an aldehyde-
containing hydrogelator; the addition of dithionite reduces the aldehyde to its a-hydroxy sulfonate
derivate, leading the dissolution of the gel. The addition of hexamine and glucono-d-lactone is
necessary to re-establish the aldehyde and the formation of the hydrogel autonomously.
Interestingly, by controlling the rate of catalysis, that is the acid catalysis of hexamine to
formaldehyde, we could attain different morphological and mechanical properties of the final
hydrogel. Additionally, taking advantage of the syneresis property of the hydrogel, we could
mechanically expel the water-soluble waste products by the use of a syringe. The latter allowed us
to repeat the reaction cycle up to thirteen times, removing the waste that would have caused the

inhibition of the cycle completion.
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5.9. Experimental section

Thermally annealed gel. A suspension of SachCHO (54 mM unless mentioned otherwise) at
pH 8 in water was heated to around 80-90°C until a clear solution was formed. This solution was
allowed to cool down at room temperature yielding a white gel able to support its weight when

inverted.

Transient Cycles. To a thermally annealed gel of SachCHO (30 mg in 1.5 mL pH 8 water), the
fuels: HMTA — 48 mg unless mentioned otherwise, appropriate amount of GdL (see main text),
sodium dithionite (DT — 60 mg unless mentioned otherwise), dissolved in 300 pL of pH 8 water were
added. The thermally annealed gel dissolves and reforms into a gel after a certain time dependent
on [GdL]. This method of creating transient cycles was used for NMR kinetic experiments, UV-Vis

experiments, rheology experiments (except for 2 cycle experiment).

pH experiments. A VWR Model 110 pH meter was used to record the pH measurements. The
pH was recorded at different time intervals for different systems involving GdL, GdL+HMTA,
DT+GdL+HMTA, DT+GdL+HMTA+SachCHO (full transient cycle, and for two consecutive cycles with

2 times fuels addition).
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NMR experiments. (*H and !3C, and kinetic measurements using a coaxial tube with an
external reference.) NMR spectra were recorded on a Bruker UltraShield Plus Avance Il NMR
instrument at 25°C.

Thermally annealed gels (10 mg in 500 pL D,0 pH 8) were made in a NMR tube. To this tube
was introduced a co-axial tube containing p-toluidine as an external reference (0.97 mg in 200 pL).
The fuels dissolved in 100 pl (HMTA-16 mg, GdL appropriate amounts, DT-20 mg) DO pH 8 were

added to the NMR tube and spectra were recorded for specified time intervals.

Rheology experiments. Rheology experiments were performed on a Thermofischer Scientific
MARS 40 rheometer using parallel plate geometry with plate distance of 1.8 mm, y =0.08%, v = 1Hz
at 25°C.

Fuels (dissolved in 300 pL) were added to thermally annealed gels (1.5 mL) and upon
dissolution the solution was transferred to the bottom plate of the rheometer and measurements
were recorded until the values plateaued. Time points reflecting ~50% of G' max values were
considered as gelation time. G' and G" crossover was seen early during the measurements in the
experiments.

DT degrades rapidly in acidic environment. This is bound to happen when DT, HMTA and GdL
are all mixed together in a solution before addition to the thermal gel. Thus, to attain complete
transient cycles while using lesser amount of fuels and thus generating lesser wastes we add all the
fuels directly in powder form to 1.8 mL thermally annealed gel. This method was used for rheology
experiments involving two consecutive cycles. The fuels used for the 1% cycle were SachCHO (30 mg
in 1.8 ml pH 8 water), DT (40 mg), HMTA (24 mg), GdL (30 mg) and for the 2" cycle DT (40 mg),
HMTA (48 mg), GdL (different concentrations). The pH was not readjusted after each cycle. Only the

first solution is adjusted to pH 8 by addition of a solution of NaOH (aq.; 0.1 M).

UV-Vis experiments. UV-Vis experiments were performed on Agilent CARY 8454-UV
spectrometer in 1 mm cuvettes. Results found in Figure 5.2B are UV-Vis normalized absorbance at
500 nm of seeded and unseeded chemical gel formation with the addition of the same large amount
of Formaldehyde solution (50 to 100 equivalents) to a SachSOs™ solution, to ensure rapid conversion

of the a-hydroxy sulfonate to aldehyde.
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In a typical reaction cycle experiment, Figure 5.4, the fuels were added to the gel in a vial.
Once the gel turned to solution, the solution was transferred to the cuvette. The measurement
started with a delay of 6 minutes from fuel addition.

The fibers formed by SachCHO are big enough to be visible by naked eye and they are opaque,
so gelation can be easily followed by the increase in ‘absorbance’ followed by UV-Vis. We assume

that the increase in opacity is proportional to the gelation process.

Syneresis experiments. For utilizing syneresis to extrude the dissolved waste products we
made a simple set up comprising of a syringe and a needle. The needle was stuffed with cotton so
as to avoid seeping out of any fibers which are several micrometers in length and width. A thermally
annealed gel was transferred to the syringe using a spatula to which the fuels were added in powder
form. After each transient cycle the plunger was pushed slowly so as to compress the gel and allow
solvent + waste to be expelled via the outlet of the needle. For the next cycle the solvent (1.8 mL)
and fuels were added. Importantly, for each cycle an extra 3 mg of SachCHO was added along with
the fuels to compensate the amount of soluble SachCHO coming out during syneresis. This amount
of replenished SachCHO was calculated based on the concentration of soluble SachCHO (10% of the
total amount) evident by NMR in the hydrogel using the ERECTIC NMR method as described before
(Figure 5.8). After syneresis we could confirm the amount of SachCHO coming out with the waste

products, which was 2.96 + 0.68 mg (10% of the total amount).
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Figure 5.8. IH NMR spectrum extruded from Syneresis experiments. The amount of SachCHO in the solution was
calculated by comparing it with the known concentration of the internal standard and is comparable to the soluble
SachCHO molecules present in the original hydrogel. Reproduced from Ref.®

Confocal Microscopy. Images were acquired using a ZEISS LSM 710 confocal microscope. No

fluorescent markers were used.

Powder X-Ray diffraction. Powder X-ray diffraction measurements were performed on a
Bruker D2 Phaser diffractometer (Source: Standard ceramic sealed tube CuKa 1.54184 A. Detector:
Bruker 1D-LYNXEYE). The lyophilized hydrogels were washed repeatedly with water to remove the
salts and wastes, and then mounted on a silicon wafer for measurements. The measurements were

done at 25°C.

Scanning Electron Microscopy. SEM images were taken using a FEI Quanta FEG 450
microscope. Using a 5.0 kV High Voltage and dwell time of 50 us. The lyophilized hydrogels were
washed repeatedly with water to remove the salts and wastes, mounted on a silicon wafer and

sputtered with 10 to 15 nm of gold.
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5.10. Synthesis SachCHO & SachSOs~

SachCHO was synthesized following a previously reported method.” UV/Vis Amax = 250 hm
(Figure 5.9).

SachSO3™ was prepared by adding the required amount of Dithionite (typically 3.6 equivalents,
85% pure) to SachCHO. NMR spectra were recorded in D20 (Figure 5.10).

1H NMR 400MHz (D,0, ppm): 8 3.46 (3H, s) 3.67-3.74 (2H, m) 3.90-3.91 (3H, m) 4.35 (1H, q, J=
10.7 Hz) 4.90 (1H, d, J=3.25 Hz) 5.57 (1H, s) 5.77 (1H, s) 7.60 (4H, q, J = 7.94 Hz)

13C NMR 100MHz (D,0, ppm): 8 55.3, 62.3, 68.1, 70.1, 71.7, 80.4, 85.2, 100.1, 101.4, 126.2,
127.9, 136.8, 137.0

UV/Vis Amax = 218 nm (Figure 5.9).

Calculated mass (m/z): 391.0704, Mass found (m/z): 391.0703.
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Figure 5.9. UV-Vis spectra of SachCHO and SachSOs". The blue line is the spectrum of SachCHO at 500 pLM. The green
line is the same solution with 3.6 equivalents of dithionite, the same proportion used in the reaction cycles. Reproduced

from Ref.2
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Figure 5.10. NMR (A) H (D,0, 400MHz), (B) 3C (D,0, 100MHz) NMR spectra of SachSOs™~. Reproduced from Ref.®
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Mathematical model. The model chosen to be fitted to the experimental supramolecular
polymerization kinetic data was the analytical solution of the nucleation-elongation moments
model derived by T. Knowles et al.'’, including secondary nucleation.®° This particular mechanism
(nucleation, elongation and secondary nucleation) was chosen after the analysis of the half-times
of nucleation as a function of monomer initial concentration, discussion in the caption of Figure
5.12, and because of microscopy data evidencing the phenomenon of secondary nucleation (Figure

5.13 in Appendix 5.12). The original differential equations for the moments model are as follows:

LO = kpym(t)™ + kyym(£)"2M(t) Eql
dIZEt) = 2(m(Ok, = kopr)P(6) + nlhkpym()"* + n2ky,M()m(t)"™ Eq.2

Where P(t) is the supramolecular polymer concentration at a given time (number of fibers in
solution), M (t) is the concentration of molecules in the polymeric form (number of molecules in
fibers), m(t) is the free monomer molar concentration, k,,; is the primary nucleation rate constant,
kn, is the secondary nucleation rate constant, k. is the elongation rate constant, ks is the
depolymerization rate constant, n1 is the primary nucleus size and n2 is the secondary nucleus size.

The analytical solution of coupled differential equations for the calculation of M(t) is:

ko
M@®) _ 4 _ M(O)) ( By+Cy B_+c+e’<f)zckoo ket
M() 1 (1 M (o) X By+Crekt  B_+Cy e Eq.3

Where M (0) is the initial concentration of molecules in the polymeric form, M (o) is the final

concentration of molecules in the polymeric form, and the other parameters are:

Kk = /2k,;m(0)"2(m(0)k, — korf) Eq.4

A= 2kckn,m(0)™ Eq.5
_ keP(0) keM(0) A2

€y = K t [2(m(0)ke—korp)] — 2K2 Eq.6
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_ 2 222 2M(0) 2keP(0)y 5
ko = K\/nz(n2+1) + nix?2 + n2m(0) +( K ) Eq.7
ko = k2 —4C,C_x? Eq.8
keotkoo
By = ™ Eq.9

Where P(0) is the initial supramolecular polymer concentration and m(0) is the initial free
monomer molar concentration.

Practically, the equations (3) to (9) were used to perform the fitting. The fitting is done by
comparing the results of Equation (3) to the experimental data set and using the kinetic rate
constants as free parameters.

The supramolecular polymerization model, described above, was fitted to match the
normalized Optical Density experimental data presentin Figure 1c. It is assumed that Optical Density
is linearly related to M (t), because the opacity of the sample is directly proportional to gelation.
This is not to be confused with actual light scattering experiments where intensity is changed by
the number of scatterers (linearly) and by the size of the aggregates (nonlinearly).

To perform the fitting the values n1 and n2 (primary and secondary nucleus size) were set as
global constants with a value of 6. For the model to be applicable, k,¢s (depolymerization rate
constant) must be negligible when compared to the elongation rate constant, so in this case it is set
as a global constant with a value of 10° s%. For seeded experiments, the value of P(0) is a needed
parameter, but it is a very difficult value to measure or estimate since it is almost impossible to
count the number of fibers injected in solution.!! Those values were set as arbitrary small values
(two orders of magnitude smaller than M(0)): P(0) = 10° mol L* for the experiments with 9%
seeds; P(0) = 2x10° mol L' for the experiments with 16% seeds. The only free parameters for
fitting were: Primary nucleation rate constant, k,;; Elongation rate constant, k,; Secondary
nucleation rate constant, k,,. Global fitting was performed, using online application
amylofit.ch.cam.ac.uk, over triplicate experiments for unseeded experiments and duplicates for

seeded - Mean squared error = 0.0271.
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The following numerical results were obtained (numbers between brackets represent

asymmetrical error to the fit):

+0.59

4 99) +107° LSmol=5s71

- Primary nucleation rate constant: k,,; = 4.79 (

+0.12

0 16) +10% L mol~1s71

- Elongation rate constant: k, = 1.67 (

+0.19

o 15) -10% L®mol~%s71

- Secondary nucleation rate constant: k,, = 1.75 (

5.11. Synthesis of aldehyde-containing hydrogelators (Preliminary studies)

During preliminary studies, few different aldehyde-containing peptide sequences were
synthesized. Fmoc-RGDF-OH, Fmoc-GFFY-OH and Fmoc-FF-OH were synthesized by solid phase
peptide synthesis (SPPS).2° The sequence 2-Naphtylacetic acid-GFFY-OH was provided by Ontores
Biotechnologies (90% purity, white powder). For all the peptide sequence the C-terminus was
modified, following the procedure reported in literature.?! The final Fmoc-RGDF-ONHCHO, Fmoc-
GFFY-ONHCHO and Fmoc-FF-ONHCHO were tested. Unfortunately, only a slightly change in the self-
assembly (by primary optical microscopy studies) was observed. However, Naph-GFFY-ONHCHO
(ChinCHO) was indeed a strong hydrogelator and has been further characterized (MALDI, HRMS in
Figure 5.11) and explored. ChinCHO demonstrated to form hydrogels at very low concentration that
turned out to be an issue for the reaction cycle developed, as a huge amount of DT was needed to

hydrolyze the aldehyde.

General SPPS procedure. The resin (preloaded resin, 2-H-chlorotrytil resin 200-400 mesh) was
washed with DMF and then let it swell for 30 minutes, gently stirred once in a time.

The Fmoc-amino acid (4 eq, 0.4 mmol) was dissolved in 1 mL of a solution of HBTU dissolved
at conc. 0.38 M in DMF (3.8 eq). For preactivation the 110 uL of DIPEA (6 eq) were added, then the
reaction mixture was vortexed and let to react for 2 minutes. The resulting solution was poured
onto the resin beads. The coupling reaction lasted 30 minutes with stirring every 5 minutes. The
beads were rinsed and washed with DMF. The completion of the coupling was monitored by Kaiser

test.
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The resin was rinsed twice with a solution of 20 % of 4-methyl piperidine in DMF. The beads
were let to react for 20 minutes with stirring every 5 minutes. The piperidine was removed and the
beads were washed four times with DMF. The coupling and deprotection were repeated for each
amino acid in the sequence of a peptide following from C-terminus to N-terminus.

The resin was washed with DCM and dried by air flow using a vacuum filtration setup for 20
minutes. The resin was weighted: for 100 mg of resin, 1 mL of cleavage cocktail (95 % TFA, 2.5 %
TIPS, 2.5 % H,0). The resulting mixture was stirred for 2 hours at room temperature.

The cleavage mixture was transferred into several 50 mL centrifuge tubes and chilled diethyl
ether (-20 °C) was added to reach a total volume of 40 mL. Afterwards, crude peptide product
precipitated and was centrifuged at 4500 rpm for 3 minutes, at -4°C. Falcons were then let in the
freezer at -20°C for 1 hour and centrifuge again. The supernatant was discarded and the peptide
was dissolved in 15 mL of a 1 : 1 mixture ACN/H,0, 0.1 % TFA. The solution was filtered to remove

the resin beads. The peptide solution was lyophilized to obtain a white powder.

General CHO peptide derivates procedure. In order to obtain the aldehyde peptide
derivatives, DIPEA (2 eq.), PyBOP (1.3 eq.) and aminoacetal (10 eq.) were added to a solution of
peptide in DMF. The reaction mixture was stirred at room temperature for 2 hours. The addition of
0.5 mM HCl(aq,) led to the precipitation of the product. The supernatant was removed by filtration
over a glass sintered filter. Then, the powder obtained was let it stir for 2 hours in the presence of
an excess of TFA. The final aldehyde-containing compound was obtained after precipitation by the

addition of H;0.
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Figure 5.11. Characterization of ChinCHO. MALDI-TOF and HRMS (ESI*) spectra of ChinCHO. Cs3H43NsO; [M+2H*]:
calculated 1482.64; found 1483.16 [M+H*]: calculated 741.32; found 742.34.
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5.12. Appendix
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Figure 5.12. log-log plot of the half-times of gelation versus original concentration of SachSO;™ (before formaldehyde
addition). Symbols represent the experimental data, solid line is a power law fit. The fit is as follows (with the errors to
the fit between parentheses): 11, = 1.77 x 107 [SachCHO] » —3.61. According to Meisl et al.!! the exponent of this fit
gives the parameter called scaling exponent, y. This constant is indicative of the mechanism taking place during
supramolecular polymerization. Such a scaling exponent, y~3.5, means that there is a secondary nucleation

phenomenon taking place with nucleus size of 6. Each point corresponds to the average over triplicate experiments, the
error bars are the standard deviation. Reproduced from Ref.®
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Figure 5.13. Confocal images. Confocal image proving the secondary nucleation phenomenon by formation of new
fibers on top of already existing fibers giving brush-like morphology. Scale bar-100um (a) Straight needle like fibers
present in the thermally annealed gel, (b) brush like assemblies formed after a reaction cycle chemically fueled with
dithionate (insufficient to dissolve all the primary fibers of the thermally annealed gel), HMTA and GdL. Insufficient DT

concentration leaves some of the primary fibers from the thermally annealed gel intact which act as nuclei for the

formation of new fibers on them once the SachSOs™ is converted back to SachCHO giving brush like morphologies.
Reproduced from Ref.®
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Figure 5.14. Semi-log plot of the mole fraction SachSO;™ as function of time (from quantitative NMR experiments).
Apparent first order rates could be extracted. Symbols represent the experimental data, solid lines are the linear fits
from the semi-In plot. Results of the linear fits are as follows (with the errors to the fit between parentheses): [GdL] =
93.6 mM, In[SachS0;7] = —-5.91x107* (+ 0.05x107%) x t — 0.0225(% 0.0138); [GdL] = 234 mM, In[SachS0O;7] = —-7.70x107* (+
0.17x107%) x t — 0.0614(% 0.03); [GdL] = 312 mM, In[SachSO5]=-1.24x1073 (+ 0.04x1073) x t— 0.0302 (+ 0.0770) ; [GdL] =
374 mM, In[SachS03] =-1.17 x 1073 (+ 0.06 x 107%) x t — 0.179 (+ 0.120). The fits were performed for the following time
ranges: for [GdL] = 93.6 mM from 1175 s to 5700 s; for [GdL] = 234 mM from 960 s to 4800 s; for [GdL] = 312 mM from
485 s to 3325 s; for [GdL] = 374 mM from 390 s to 3575 s. Reproduced from Ref.?
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—— Heat-Cool

—93.6 MM

8 — 234 mM

Lg 374 mM

. T
:
Heat-Cool 93.6 mM 234 mM 374 mM
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1 7.671 | 1153 | 7.322 | 1.208 | 7.377 | 1.199 | 7.433 | 1.190
2 11.758 | 0.753 | 11.534| 0.768 | 11.608 | 0.763 | 11.664 | 0.759
3 11.907 | 0.744 | 13.346 | 0.664 | 13.421| 0.660 | 13.477 | 0.657
4 13.640| 0.650 | 14.698 | 0.603 | 14.712| 0.603 | 13.696 | 0.647
5 14.991| 0.591 | 15.122| 0.586 | 15.178 | 0.584 | 14.605| 0.607
6 15.434 | 0.574 | 15.359| 0.577 | 15.397 | 0.576 | 14.805| 0.599
7 17.340| 0.512 | 17.060| 0.520 | 17.079| 0.519 | 15.234 | 0.582
8 20.201| 0.440 | 26.156| 0.341 | 26.170| 0.341 | 27.465| 0.325
9 29.278 | 0.305

Figure 5.15. Powder X-Ray Diffraction (XRD) patterns. Comparison of XRD diffraction patterns obtained from xerogels
(lyophilized). Reproduced from Ref.?
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Figure 5.16. (a) Times of gelation for each syneresis recycling cycle, 10.9 indicates the time where we reach 90% of
maximum Optical Density at 500 nm. The gelation times remain similar for every cycle after the first. (b) Maximum
derivative (or slope) of the gelation curves for each syneresis cycle. The gelation rate remains similar for every cycle.
Reproduced from Ref.®
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Chapter 6.

Conclusions and Outlook

In the past decade, researchers in the field of Systems Chemistry have developed increasingly
complex bottom-up systems, in an attempt to better control the spatiotemporal behavior of ‘life-
like’ materials.! Such materials, one day, should reproduce functions performed by the cellular
processes network. As such, living systems use designed features to self-reproduce, communicate
and move. These properties are: i) Molecular recognition, ii) Non-equilibrium conditions, iii)
Compartmentalization and communication, iv) Feedback loops, and v) Reaction-diffusion.?

As we have repeatedly pointed out, microtubules are incredible interesting materials because
they are both stiff and dynamic as a result of a so-called ‘dynamic instability’.>® Microtubules
accomplish these features to allow for motility, mitosis and self-healing of cells.* The latter are
processes that microtubules carry out under dissipative non-equilibrium conditions. Indeed, they
need a continuous flow of fuel to be kept in such dissipative state.

The development of synthetic materials reproducing these processes is an important goal for
the field of Systems Chemistry because it will open access to new material behaviors unlike those
explored so far.>® Nevertheless, the engineering of such complex networks is nontrivial because
of issues mainly deriving from waste production, toxicity of fuels and/or solvents, lack of catalytic
control, and products cross-inhibition.’

In this thesis, we have used different approaches to better control kinetics, morphologies and
mechanical properties of materials. Living systems do not perform their work at the thermodynamic
equilibrium, instead they need a flow of matter and energy to be constantly at a dissipative steady
state. Herein, pseudo non-equilibrium steady states were achieved in an enzymatic network. In
Chapter 2, the waste issue, which was previously hindering non-equilibrium conditions8, was solved
by coupling a third reaction. The latter recycles waste, and produces fuel in situ. In this manner,

natural processes are the result of complex cascades where a fuel molecule is continuously
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regenerated. Another way the cell solves waste and product cross-inhibition is by
compartmentalizing the reactions. Increasingly, effort has been taken to reach the high level of
organization as in eukaryotic cells in synthetic systems. For instance, interesting new possibilities
are arising due to the use of vesicles®?, coacervates'?, etc.

Interestingly, the study of non-equilibrium conditions brought about the emergence of an
oscillatory behavior from our enzymatic network. Temporal phenomena are well-established in
living organisms like in circadian rhythms?2, or in signaling processes. For example, MAPK signaling
leads to oscillations induced by multisite phosphorylation.!® At first glance, this explanation fit our
system since the substrate, PDI, has two phosphorylation sites. However, detailed experiments
demonstrated that the enzymatic network is more complex than expected, since oscillations were
also observed in a single phosphorylation-site substrate (see Chapter 2). The fact that we
maintained pseudo NESS conditions was crucial to find such an interesting oscillatory behavior. Only
when steady state conditions are maintained for long enough, can we start to find more complex
emergent features.

As stated before, one of the properties used by natural systems to perform their functions is
by using feedback loops. Chapter 3 shows a way to introduce feedback into an enzymatic network
by the use of a competitive inhibitor. Positive and/or negative feedback are essential processes in
living systems as they control metabolite production, signaling, and body temperature.* In the long-
term, direction of synthesizing life-like materials, the ability of the entire hydrogel to respond to a
local stimulus via a complex reactions network is promising to design more complex biomimetic
functions. We hope that a supramolecular approach will contribute to mechanochemical feedback.

Next, in Chapter 4 we combined a peptide-based hydrogelator with our previously established
enzymatic network (cf. Chapter 2). The general idea is to study non-equilibrium conditions in a
material. As such, the resulting hydrogel properties in an out-of-equilibrium steady state differ from
the ones observed at the thermodynamic equilibrium or in a transient self-assembly.

In the literature there are examples where scientists have obtained active gels consisted of
bundles of microtubules and actin filaments.?>'® Dogic and co-workers investigated the dynamics
of a material of microtubules driven by kinesin molecular motors.!> The fuel used is ATP and in the
network is present a cycle of regeneration of fuel. Thus, they showed dynamic instabilities, typical
of microtubule structures. These properties and functions were maintained as long as the system

were driven out-of-equilibrium by the presence of chemical fuel. This work is inspiring as the goal is
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the investigation of new behaviors when the material is pushed and maintained in a dissipative non-
equilibrium steady state.!’

Besides the enzymatic network, Chapter 5 presents a non-equilibrium chemically-fueled
reaction cycle.'® The system is based on a hydrogelator where the gel-sol-gel transition is catalyzed
by an acid. The catalysis control allows the programming of the morphological and mechanical
properties of the gel. Catalysis has been revealed to be an important tool to control molecular self-
assembly as well as the properties of the material. Particular important is the design of a kinetic
asymmetry in the system.1®2° The latter is driving the cycle in a fuel-to-waste direction, allowing the
investigation of supramolecular structures at dissipative states.

The work presented in this thesis provides a few solutions to currently open problems in
Systems Chemistry and the progress that has been made so far to develop life-like materials. Each
chapter represents a step forward to achieve active materials able to mimic nature and interact with

it.
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Résumé

Le but de cette thése était de développer des systémes complexes pour contrler les polyméres
supramoléculaires. Pour cela, deux systemes principaux ont été étudiés. D’'une part, des états pseudo
stables hors équilibre (pNESS) ont été atteints dans un réseau enzymatique. Le systéme était
constamment maintenu hors équilibre en présence de carburant. De plus, un comportement
oscillatoire est observé a la suite d’'un réseau complexe de (dé)phosphorylation. Ensuite, une boucle
de feedback a été mise en place afin de réguler les processus enzymatiques. Enfin, un matériau a
base de peptides a été développé. Le réseau enzymatique a été inséré pour contréler les propriétés
meécaniques du gel a des états hors équilibre. D’autre part, un cycle de réaction hors équilibre a été
exploité pour obtenir le contréle temporel et mécanique d’un hydrogel contenant de I'aldéhyde. Ces
résultats représentent un progrés vers I'étude des conditions non équilibrées dans la chimie des
systémes complexes et le développement de matériaux mimant la vie.

Mots-clés : polyméres supramoléculaires, réseau enzymatique, états stables hors équilibre,
oscillations, matériaux mimant la vie.

Résumé en anglais

The aim of this thesis was to develop complex reaction networks to control supramolecular polymers.
For this, two main systems were investigated. On the one hand, pseudo non-equilibrium steady states
(PNESS) were achieved in an enzymatic network. The system was continuously maintained at pNESS
as fuel was present. In addition, an oscillatory behavior emerged as result of a complex net of
(de)phosphorylation reactions involving substrates and enzymes. Then, a feedback loop was
implemented in order to regulate the enzymatic processes. Last, a peptide-based material was
developed. The enzymatic network was inserted to control the mechanical properties of the gel at non-
equilibrium. On the other hand, an out-of-equilibrium reaction cycle was exploited to obtain temporal
and mechanical control of an aldehyde-containing hydrogel. These results represent an advancement
towards the study of non-equilibrium conditions in Systems Chemistry and the development of ‘life-
like’ materials.

Keywords: supramolecular polymers, enzymatic network, non-equilibrium steady states, oscillations,
life-like materials.




