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Résumé en frangais

Résumeé en francais

Une classe tres importante de bio-molecules ekt dek protéines. Elles sont impliqués
dans pratiquement toutes les fonctions celluldpasexemple la catalyse, la liaison spécifique,
la signalisation), mais leur utilisation n’est danitée aux sciences biologiques. Le stable
squelette amidique et la grande diversité des plessstructures tridimensionnelles sont de
grand intérét dans d'autres domaines de la reolemotamment dans la science des matériaux.

A différence des cellules, dans lesquelles difftresystémes sont responsables de la
formation et de la rupture des liaisons peptidigereséponse a différents stimuli, atteindre la
réversibilité de cette liaison est un gros défi pées chimistes organiques. La chimie
combinatoire dynamique (DCC) est basée sur demutiens réversibles entre des unités de
base. Toutes les possibles molécules formés panteactions covalentes ou non-covalentes
sont en équilibre thermodynamique et constituet hibliotheque combinatoire dynamique
(DCL). Cet equilibre est déplacé en présence diilnie spécifique et les composants de la
bibliotheque ayants une affinité majeure pour ildecsont stabilisés et amplifiés. Cette
stratégie a ouvert un nouveau champ de recherdla@t @e la découverte de nouveaux
médicaments a la science des matériaux. Le poteetiaitilisation des peptides comme unités
de base dans une DCL est énorme, mais aussi udgfian raison de l'intrinseque stabilité et
de la non-réversibilité de la liaison amide. Laag@midation ou métathése des amides constitue
déja un défi majeur. Dans le cas des peptides,élzessité d'un contrble serré sur la
régiosélectivité au cours de la réaction d'échagle conditions aqueuses douces (pH neutre,
plage de température acceptable) complique ultemeent les choses.

Jusqu’a aujourd’hui, DCLs a base de peptides seapmuyés sur des réactions réversibles
avec des faibles barrieres d'activation. Les réastchimiques les plus populaires étaient la
réaction d'échange thiol-thioester, la réactioolti@ge thiol-disulfure et la réaction d'échange
amide-imine (qui comprend la liaison hydrazone)cdéd@ment, Gellman et Stahl ont fourni le
premier exemple d'échange entre amides secondaiaes leur stratégie, impliquante un
catalyseur métalligue et un systeme non aquewst @pas compatible avec les substrats
peptidiques. L'approche la plus intéressante pobargger fragments peptidiques dans des
conditions douces était basée sur des biocatalyselsrque peptidases ou protéases. Bien que
possible, déplacer I'équilibre de la réaction hiydigue originaire vers la formation d’'une
liaison peptidique n’est pas évident. En outre, el®ymes sont soit peu sélectives pour une

certaine liaison peptidique (thermolysine), saiptispécifiqgues pour une spécifique séquence
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peptidique (sortase). Nous avons décrit une noaive#thodologie pour former et rompre la
liaison peptidigue dynamiquement, dans des comditimocompatibles et sans compter sur
l'utilisation d'enzymes.

La ligation chimique native (NCL) est une découeerssez récente dans le domaine de la
chimie des peptides. Au cours des 20 derniereseanhiCL a été I'outil le plus répandu pour la
synthese de longs peptides et de courtes protdimegeptide avec un thioester C-terminale et
un peptide flanqué d’un résidu cystéine a son Nitaus réagissent dans des conditions
aqueuses douces (pH neutre, température ambiantejggmer, en facon non-réversible, une
liaison peptidique native. Cette réaction en ddapé&s comprend l'attaque nucléophile du thiol
de la cystéine au groupe carbonyle du thioestemgthioestérification), suivi par un
réarrangement acyle S-N spontané, résultant eriaisen peptidique native (figure la). La
ligation chimique native inverse a été utilisée psynthétiser différents peptides ayants un
group thioester a leur C-terminus. Par contreaéson de la stabilité intrinséque de la liaison
peptidique, températures élevées (40-60 °C), unpbhet un grand exces de thiol sont
nécessaires afin de déplacer I'équilibre. Le résidiéine, de préférence dans la conformation
trans, doit étre déformée dans sa conformatipour permettre l'attaque intramoléculaire
nucléophile de son groupe thiol (réarrangementea®AS, Figure Ib). En conclusion, les
conditions nécessaires pour la NCL inverse negasmtompatibles avec le milieu agueux doux
de la NCL classique.

+ HS-R 4
réarrangement H

SH transthioestérification o (0] acyle S-N o) S
0]
s 2 NH H
@) 2 o

a)

b) SH Q réarrangement . U
(0] (0] & SH
0 /g{. fr?lH acyle S-N Wtransthloestenﬂcauon o /g(.
(p2) — — S + b2
P1 S P2 R
H sl o (™™ r (p2) G s® (62
(6] 2 o

conformation conformation
trans cis

Figure | | a) Mécanisme de ligation chimique native. b) Mécanisme de ligation chimique native inverse.

Une étape importante vers I'échange de fragmept&mpies dans des systémes aqueux a
été la conception d’amides N-(2-sulfanyléthyle) peuvent agir comme thioesters latentes.
Tres récemment, les groupes de Melnyk et Liu oatitén procédé de ligation entre un peptide

portant un group bis(2-sulfanyléthyl)amide (SEA3an C-terminus et un peptide ayant une
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cystéine N-terminale. Malgré la présence d'une artgdiaire en position C-terminale, ils ont
observé la réaction en conditions aqueuses neotrésgerement acides (pH 4 a 6). La forte
réactivité de ce systeme est due a la présencéactmsl'un thiol dans la bonne position pour

que le réarrangement intramoléculaire acyle N-fraduise (Figure lla).

pH4-7

a) SH 37 T b) SH

S AT Y o
N @)k ~_-NH HN

ey s s J o

- |
Figure II| a) Peptide ayant un groupe bis(2-sulfanyléthyl)amide (SEA) a son C-terminus. b)
N-(2-thioethyl)-cystéine ou acide aminé dynamique 1 (Daal).

Ce projet a étendu cette approche et a permis aggper une nouvelle méthodologie
qui permet I'échange de fragments peptidiques epaht et dans des conditions
bio-compatibles. Nous avons congu un nouveau asidaé dynamiqu®aal (Figure IIb) en
ajoutant une chaine 2-thioéthyle a I'extrémité Mateale d'une cystéine. L'unité qui en résulte,
de maniere similaire au groupe SEA, porte deuxggsuhiol, qui peuvent effectuer l'attaque
nucléophile intramoléculaire résultant en un résgeanent acyle N-S. Nous avons préparé des
courts peptides modéle par synthése en phase sskitée par micro-ondes et en utilisant la
stratégie Fmoc/tBu. La chaine N-(2-thioéthyle)@aabuté sur un résidu de cystéine en phase
solide, par un procédé déja décrit dans la littkeatEn raison de leur rapide oxydation
intramoléculaire, les peptides ont été purifiéstetkés dans leur forme oxydée. La réaction
d'échange (Figure llla, R = -GHH,SH) entre les deux peptides modété-Daal-P2
(LYKG-Daal-AKLL) et Daal-P3(Daal-AFKF) a été effectuée sous atmosphére d'argon, a
température ambiante, dans un tampon phosphat® @) et en présence de deux agents
réducteurs. La tris(2-carboxyéthyl)phosphine (TCEPgté ajoutée pour réduire la liaison
disulfure intramoléculaire et le dithiothréitol (DY pour catalyser, grace a la formation de
I'intermédiaire P1-DTT, I'étape de transthioestéafion de cette réaction. Ce dernier est le
réactif de référence pour la réduction de protéetes aussi été utilisé directement dans des
cultures cellulaires. Aliqguotes du mélange d’écleaagt ensuite été dilués avec une solution
contenante un témoin UV interne (acide 3,5-diméghexzoique) et du peroxyde d'hydrogene
(pour oxyder entierement tous les peptides et disrirainsi le nombre d'espéces dans le
mélange). Ces solutions ont été analysés par chognaghie liquide a ultra performance
couplée a unités UV et de spectroscopie de mad3e(qiMS). En effet, nous avons pu détecter
les deux produits d’échandg®l-Daal-P3(LYKG-Daal-AFKF) et Daal-P2(Daal-AKLL).

11
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Nous avons aussi étudié I'échange inverse a pir@RhDaal-P3etDaal-P2 et nous avons
obtenu la méme distribution des peptides a I'éaailiCette expérience prouve, comme prévu,

gue le systeme est sous contréle thermodynamique.

(0] SH SH tampon phosphate SH
pH— -9
@ . L(- W 5D
R O R O R O

R = -CHjg, -CH,CH,SH

OH

b) /\/\/SH
o réarrangement SH
p1 acyle N-S W
HSg\ O .)J\ /\/\/SH + HN .p2
R (0]
P1- DTT
conformation
cis /Eﬂ/.
1 transthioestérification
(@] o SH
SH
0O S + HN/Q(
HN. !
N " koo
R (0]
conformation 1 réarrangement
trans acyle N-S
SH
0 SH
N |
R (6] R (6]
Figure 1l | a) Représentation schématique de la réaction d’échange. b) Mécanisme de réaction de la

NCL réversible.

En suite, nous avons mené une expérience de oomdtndH 7 sur les peptides «naturels»
correspondant$1-Cys-P2 (LYKG-C-AKLL) et Cys-P3 (C-AFKF). Méme aprés longues
périodes d'équilibration (4 semaines) nous n’avpas observé la formation de produits
d’échange. Nous avons donc prouve I'importanca dbdine N-(2-thioéthyle) d@aaldans le
mécanisme de NCL dynamique.

Nous avons ensuite étudié les taux de dépendanaedhction d'échange du pH (de 6 a 9).
Comme décrit dans la littérature, le réarrangerdeitl-Daal-P2dans sa forme thioester est
favorisée par une diminution du pH. Ceci est dé prbtonation des amines résultantes et a la
conséquente inhibition du réarrangement acyle seerS-N. En revanche, la
transthioestérification est favorisée par une audat®n du pH en raison de la majeure

12
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déprotonation des groupes thiol. Comme la vitesisi@le la plus rapide a été observé a pH 9,
nous avons conclu que la transthioestérificatiait étape limitante la vitesse de la réaction
globale d’échange. Ces résultats ont été confirpagsle comportement de l'intermédiaire

P1-DTT (Figure lllb), dont la concentration est éleveddgy mais négligeable a pH 9. Malgré

les taux initiaux plus rapides, nous avons obséhy@rolyse résiduelle des intermédiaires
thioester & pH élevé. Etant donné que ces prodeitsont pas impliqués dans I'équilibre et
gu’ils sont nuisible pour la réaction globale, newsns conclu que la valeur optimale de pH
pour cette approche dynamique est proche de 7 {ahenus d'équilibration de 2 heures).

Avec l'introduction de la N-(2-thioéthyl)-cystéifleaal) en peptides modeles, nous avons
fourni le premier exemple de transamidation deideptdans des conditions aqueuses douces.
Méme si c’est un résultant important, la bioconmpbt# et la potentielle bioactivité des
peptides portants cet acide aminé non naturelmesteertaines. Comme il était déja connu
dans la littérature, la présence de N-alkyle-cyst@n peptides favorise leur réarrangement en
thioesters, probablement par des effets de distodh peptide dans sa conformatas Nous
avons donc concentré notre investigation sur laéthgi-cystéine, un acide aminé N-alkylé
présent dans nombreux produits naturels. Nous antmesluit cette acide aminé dynamique 2
(Daa?2 dans nos peptides modéle (figure lll, R =4LA1-Daa2-P2(LYKG-Daa2AKLL) et
Daa2-P3(Daa2AFKF) et étudié la réaction d'échange en préselec®TT. Aliquotes du
mélange d’échange ont ensuite été diluées avec swmiation contenant l'acide
3,5-diméthoxybenzoique (témoin UV interne) et TGRGUr maintenir tous les peptides dans
leur forme réduite et diminuer le nombre d'espéleas le mélange). Les solutions résultantes
ont été analysés par UPLC-MS et les deux produéshdngeP1l-Daa2-P3et Daa2-P2
identifiés. En raison de la présence d’'un seul gedhiol, la réaction est plus lente que dans le
cas des peptides modifiés avec l'uritd@al Néanmoins, le demi-temps d'équilibration de 10
heures a pH 7 et 37 °C est encore raisonnablergtepal’'étendre I'approche combinatoire
dynamique aux peptides dans des conditions bioctiiohgs Enfin, nous avons étudié la
réaction de métathése entre deux peptides portargsunité Daa2 interne: P1-Daa2-P3
(LYKG-Daa2-AFKF) etP1”-Daa2-P2 (LYKK- Daa2-AKLL). A pH 7 et 37 °C nous avons pu
caractériser les produits d’échangd-Daa2-P2et P1"-Daa2-P3 avec d'autres espéces
impliquées dans la réaction.

Une autre étape importante dans le projet étaidaontrer |'utilité de cette méthodologie
pour la préparation ou la découverte de peptideschis.

Comme preuve de principe, nous avons choisi deapeéples molécules affibody en
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Résumé en frangais

utilisant une approche de chimie combinatoire dyiqam Les affibodies sont peptides de 58
acide aminés, dérivés du domaine B de la régida geotéine staphylococcique A qui lie les
immunoglobulines et sont utilisés comme alternatsynthétiques aux anticorps. Ces peptides
sont trés solubles dans l'eau, se replient danstuaeture stable formée par trois faisceaux
hélicoidaux et sont extrémement tolérants a lagamshtion combinatoire des résidus dans les
hélices 1 et 2. Fait intéressant, la ligation clyjumei native avait déja été utilisée pour faciliter |
préparation des affibodies et I'introduction d’ésidu cystéine dans la boucle flexible entre les
hélices 2 et 3 n'avait pas affecté l'affinité deslénules de synthése pour leurs cibles
biologiques. A partir de la séquence de I'affib@Bigure IVa) avec une haute affinité pour le
bio-marqueur du cancer du sein HERZ; (K 27 pM), nous avons congu trois peptides
correspondants aux trois hélices de l'affibody (HZ2, et H3) et portants I'unité dynamique
Daa2 (Figure IVb). Nous avons prévu que le corresponaéfibody dynamique H1-H2-H3
(Figure 1Vc) serait amplifié en présence de lagiret HER2 ou de son domaine extracellulaire,
portant le site de liaison avec I'affibody. Poumpermer ce domaine dans les cellules, nous
avons démarré une collaboration avec le groupe dMarc Ruff a I'"GBMC (Institut de

Génétique et de Biologie Moléculaire et Cellulaire)

Hélice 1 X Hélice 2 X Hélice 3

a) | VENKFNKEMRNAYWEIAL | -LPNLNN-[QQKRAFIRSLYD| -DPSGC- | ANLLAEAKKLNDAQAPK |
+ *
b) | VENKFNKEMRNAYWEIAL | -LPNGDaa2
Daa2N-|[QQKRAFIRSLYD| -DPSGDaa2

Daa2- | ANLLAEAKKLNDAQAPK |

c) [VENKFNKEMRNAYWEIAL | -LPNGDaa2N- [QQKRAFIRSLYD] -DPSGDaa2- [ ANLLAEAKKLNDAQAPK |

Figure IV | a) Séquence de I'affibody ayant une haute affinité pour HER2. b) Conception des trois
hélices dynamiques H1, H2 et H3. ¢) Affibody dynamique H1-H2-H3.

Au méme temps, nous avons décidé de poursuivirejietvec I'affibody spécifique pour
lgG (Kp = 22 nM). Nous avons synthétisé les trois hélatefectué la réaction d'échange dans
les mémes conditions indiquées ci-dessus, sans Pg@t analyser le complexe mélange

résultant, nous avons démarré une collaboratioc seDr. Jean-Marc Strub au LSMBO
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Résumé en frangais

(Laboratoire de Spectrométrie de Masse BioOrganideiice a la sensibilité des instruments
présents dans ses laboratoires, nous avons pu tfémlarformation de I'affibody dynamique
H1-H2-H3, méme a faibles concentrations des hétleedépart. Le principal défi de ce projet
est l'incompatibilité des cibles protéiques avexcdenditions réductrices (DTT) utilisés pour
effectuer la réaction d'échange. Pour surmonteiobstacle, nous prévoyons d’utiliser une
membrane de dialyse pour séparer la protéine (HERGG) de I'agent réducteur (par exemple
TCEP) lié a une résine. La membrane empécheraddiaction de la protéine (dénaturation),
tout en permettant la diffusion des produits d'égea

En paralléle avec le projet des affibodies, noumnawdémarré, en collaboration avec le
groupe du Prof. Stéphane Vincent de I'Universit&dmur (Belgique), deux projets visants a
étendre notre approche combinatoire dynamique baopeptides.

Un premier projet a été inspiré par le groupe deaRdet, qui a récemment décrit un
glycopeptide cyclique (Figure Va) avec une forfand€ (ICso = 1,5 nM) pour I'agglutinine de
germe de blé (WGA). WGA est une lectine spécifigaar la N-acétylglucosamine (GIcNAc)
et contient 8 sites de liaison, 4 de chaque cété pgetéine. Nous avons congu un glycopeptide
cyclique similaire, ou I'acide aminé dynamique thpdace les résidus d'alanine (Figure Vb).
Une réaction d'échange entre deux unités du glytmeelinéaire montré en Figure Vc, en
présence de WGA, conduirait a la formation etraplfication du correspondant glycopeptide

cyclique.

a) R R H
| II_ o
HO
G /LyS\AIa/ yS_ s
Iy Pro HO
R R / R= AcHN Mo

I I 5
Pro= LyS=ala—Lys~gly r

b) <)

Daa2 Lys Pro Gly Lys Daa2

|
Figure V | a) Glycopeptide cyclique avec une forte affinité pour WGA. b) Conception du glycopeptide
cyclique dynamique. c) Glycopeptide linéaire dynamique.
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Résumé en frangais

Le but du deuxieme projet était la formation, saitene réaction de NCL réversible, d’'un
glycopeptide avec une haute affinité pour I'enzyddl-acétylglucosaminidase (OGA). Nous
avons concu un glycopeptide sur la base du fraguhera protéine p53 qui lie OGA: nous
avons remplacé le résidu Thr adjacent a Ser(O-G&Nwec une unité de N-méthyl-cystéine
(Daa?. En plus, nous avons remplacé Ser(O-GIcNAc) avgs(S-GIcNAC), plus stable a
I'action hydrolytique de OGA (Figure Vla). La réaxt d'échange montrée en Figure VIb entre
deux fragments de ce glycopeptide devrait condaisa formation. L'ajout de OGA et de
fragments randomisés de glycopeptide a la biblapibédevrait conduire a I'amplification du
glycopeptide NEH-QLWVDC(S-GIcNAcDaa2PPPG-CONH

a) QLWVDTTPPPG QLWVDTDaaZPPPG

O-GIcNACc S-GIcNAC

b) QLWVDTDaaZ QLWVDTDaaZPPPG

+ Daa2PPPG + Daa?

S-GIcNAC S-GIcNAc

Figure VI | a) Conception du glycopeptide dynamique. b) Réaction d’échange entre deux fragments de
ce glycopeptide.

En raison des complications apparues dans le paogt les molécules affibody, nous
avons préféré arréter momentanément les projetglgespeptides et nous concentrer sur
I'étude de la réaction d'échange dans un systamesiphple. Méme si j'ai participé activement
a la conception de ces expériences, ce travad prétcipalement effectué par Cristiani®et

n'est donc pas décrit en détail dans ce manuscrit.

16




Abstract

ABSTRACT

Proteins are important biomolecules, involved nually all cell functions (e.g. catalysis,
specific binding, signaling). Whereas different laar systems are responsible for the
continuous formation and disruption of peptide ®nd response to different stimuli,
achieving the reversibility of such a bond is notrigial challenge for organic chemists.
Dynamic combinatorial chemistry (DCC) is based ewersible interactions among simple
building blocks. All the possible molecules formég these covalent or non-covalent
interactions are in thermodynamic equilibrium andstitute a dynamic combinatorial library
(DCL). Such equilibrium shifts in the presence afieen target and the components that best
bind it are stabilized and amplified.

The potential of using peptides as building blacka DCL is enormous, yet challenging
due to the intrinsic stability and non-reversilyilaf the amide bond. The transamidation or
amide metathesis of simple amides already constituajor challenge. In the case of peptides,
the need for a tight control of the regioselecyivduring the exchange reaction and for mild
aqueous conditions (neutral pH, acceptable temperaange) further complicates matters.
Hence, peptide-based DCLs have generally relietcewersible reactions with low activation
barriers (i.e. not involving the native peptide tpaor, in a more sophisticated approach, on the
use of peptidases. However, both these strategiesdeveral limitations.

We have developed a new methodology to dynamiéalhy and disrupt peptide bonds in
biocompatible conditions without relying on the wfeenzymes. It rests on native chemical
ligation (NCL), a two-step reaction between a Qri@al thioester on one peptide and a
N-terminal cysteine on a second peptide, that alliwe formation of the native peptide bond in
mild aqueous conditions. We started our investigaby designing a novel “dynamic amino
acid” (Daal), a N-(2-thioethyl)-cysteine moiety.dBange reactions between model peptides
incorporating this residue showed the fast fornmatibthe exchange products in mild aqueous
conditions and in the presence of reducing agdmter, we improved this first design by
introducing in the model peptides a natural ocogrridynamic unit (Daa2), a
N-methyl-cysteine moiety. Although with slower edguriation rates, we could identify the
corresponding exchange peptides. Hence, we haweap®d a strategy to scramble natural
occurring peptide fragments in mild conditions anthout relying on the use of enzymes.

We have then started the investigation of poteri@logical applications of this new
reversible NCL strategy. We have designed two iffelibraries based on peptide sequences
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derived from affibody molecules specific for eithtR2 or IgG and we plan to investigate the
exchange reaction in the presence of the biolot¢geget.

In parallel, in collaboration with Prof. Stéphanmaént (UNamur), we have designed
two separate libraries based on peptide and glyt@gefragments, whose components should

rearrange in order to form the best binder to ikiergtarget (WGA or OGA).

18




Acknowledgements

ACKNOWLEDGEMENTS

First, | would like to acknowledge Prof. NicolasuSeppone, who gave me the opportunity to
develop my scientific skills as well as to be pHrtwo very international groups of young
scientists. For the past three years | have besrember of the SAMS group and an early stage
researcher in the Marie Curie Initial Training Netwk DYNANO (grant agreement
2011-289033). Second, I'd like to thank Dr. Yve#f Ru his guidance and constant support
throughout this PhD (until the very end).

I would also like to acknowledge all the peoplarfrthe DYNANO, who were always ready to
discuss ideas and talk about possible collaboraiadm particular, I'd like to thank Prof.
Stéphane Vincent for the fruitful scientific dissioas we had every six months and for the nice
period | have spent in his laboratories in Namundahanks to the whole CBO group too, in
particular to Marta and Olpi). Un remerciement sgg@@u Dr. Jean-Marc Strubb pour son aide
précieux et sa constante disponibilité. | wouldoalike to acknowledge the “peptide
sub-group” (Cristian Rge, Dr. Daniel Funeriu and Dr. Manickasundaram Sappian) and all
the other people of the SAMS group that have hetped many different ways in these years:
Emilie, Gad, Mounir, Mélodie, Julie, Odile, Yunji#éan, Qing, Thomas, Ting, Junjun, Tom,
Quan, Eric, Antoine, Jean-Rémi (and I'm sure I'gegbtten someone). I'd also like to thank
Artem and Adrian for the good laughs we sharedhi lab, and Justin and Simon for their
support in these last few months. Special thankSatone, for being by my side in all the
stressful moments of my PhD (with an éclair a laiNe). And obviously thanks to Joe, who has
been in charge of my mental health in this last ygao, and did a pretty good job.

| should also acknowledge other people from the, I@$articular luliia, Akkiz, Rémi and
Olga, and the little Italian community of StrasbguiGrazie a Stefano per le continue
discussioni su...tutto, e un grazie speciale a Cjrziacredibile che finiamo lo stesso giorno!
Merci a mes amis de I'escalade, qui m’ont souteendant ces années et qui m'ont vu
disparaitre ces derniers mois. Un gros merci a M@&aMia, Alex et Matthieu. Et merci a mes
colocs, surtout & Kévin, Lea, Antonin, Laurane les.

Grazie a Cristina&Rafel, i miei genitori all’esterper avermi trascinato a Strasburgo e per
essere sempre al mio fianco, nonostante la distdhgaazie agli amici di sempre, Doda&Rusti
in primis ma anche alle donnine ravennati, a Gidvario, Miki, alla Giuly, I'Ele, I'altra Ele e

la Marty e a tutti quelli che mi fanno sentire aseaogni volta che torno.

E infine grazie ai miei genitori per tutto, persupporto incondizionato, per le “piccole”

19




Acknowledgements

deviazioni sulla tabella di marcia nel momentolisbgno e per essere un punto di riferimento,

sempre e comunque. Grazie anche alla Milena, alee e al resto della mia famiglia.

20



Abbreviations and Symbols

ABBREVIATIONS AND SYMBOLS

A Angstrom

aa amino acid

Ab antibody

AIBN azobisisobutyronitrile

Alloc allyloxycarbonyl

ATR attenuated total reflectance

Boc tert-butyloxycarbonyl

Bpy bipyridine

Bzl benzyl

°C Celsius degree

CBD chitin binding domain

CHCA a-cyano-4-hydroxycinnamic acid

CHO chinese hamster ovary

COosy correlation spectroscopy

CpOGA Clostridium perfrigens OGA

CSA camphorsulfonic acid

Daal N-(2-thioethyl)-cysteine

Daa2 N-methyl-cysteine

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene

DCC Dynamic Combinatorial Chemistry

DCL Dynamic Combinatorial Library

DCM dichloromethane

DHB 2,5-dihydroxybenzoic acid

DIAD diisopropyl azodicarboxylate

DIC N,N’-diisopropylcarbodiimide

DIEA N,N-diisopropylethylamine

DMF N,N-dimethylformamide

DNA deoxyribonucleic acid

DTT dithiothreitol

ecd extracellular domain

EDTA ethylenediaminetetraacetic acid

eq. equivalents

ESI electrospray ionization

Fmoc 9-fluorenylmethoxycarbonyl

g gram

GIcNACc N-acetyl-glucosamine

h hour

HATU 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triaip
[4,5-b]pyridinium 3-oxid hexafluorophosphate

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethydaium
hexafluorophosphate
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Abbreviations and Symbols

HF hydrogen fluoride

HIV human immunodeficiency virus

HMQC multiple-quantum correlation

HOBt hydroxybenzotriazole

hOGA human OGA

HPLC high performance liquid chromatography

Hz hertz

ICP-AES Inductively coupled plasma atomic emission
spectroscopy

Ig immunoglobulin

IGBMC institut de génétique et de biologie moléaaaet
cellulaire

IgG immunoglobulin G

IR infrared

J coupling constant

K equilibrium constant

kcal kilocalory

Kb equilibrium dissociation constant

kDa kilodalton

Kwm Michaelis constant

LSMBO laboratoire de spectrométrie de masse bioigge

ul microliter

uM micromolar

MBHA 4-methylbenzhydrylamine

M molar

MALDI matrix-assisted laser desorption/ionization

Me methyl

mg milligram

MHz megahertz

min minutes

mL milliliter

mM millimolar

mmol millimole

mol mole

MPAA 4-mercaptophenylacetic acid

MRNA messenger ribonucleic acid

MS mass spectrometry

MTBD 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene

Mtt 4-methyltrityl

MW microwave

m/z mass-to-charge ratio

NBS 4-nitrobenzenesulfonyl

NCL native chemical ligation
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Abbreviations and Symbols

nM

NMP
NMR
OGA
O-GIcNAcase
O-GIcNAc
OGT
Oxyma
Pac

Pbf

PEG

wiv

WGA

nanomolar
N-methyl-2-pyrrolidone
nuclear magnetic resonance
O-GIcNAcase
O-GIcNACc hydrolase
O-linked N-acetylglucosamine
O-GIcNAc transferase
ethylcyano(hydroxyimino)acetate
phenylacyl
2,2,4,6,7-pentamethyldihydrobenzofuran-5-swyfon
polyethylene glycol
protecting group
picomolar
polytetrafluoroethylene
pyridine
coefficient of determination
regioselectively addressable functionalizedgkate
ribonuclease
(2-sulfanylethyl)amino
solid phase peptide synthesis
time
tetra-N-butylammonium fluoride
tetrabutylammonium hydrogen sulfate
tert-butyl
tris(2-carboxyethyl)phosphine
triethylsilane
trifluoroacetic acid
target-guided synthesis
tetrahydrofurane
total ion current
triisopropylsilane
thin layer chromatography
time of flight
retention time
trityl
ultra performance liquid chromatography
ultra violet
initial rate
volume over volume
weight over volume
watt
wheat germ agglutinine
affibody molecule
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Zyer? affibody molecule specific for HER2
Zige affibody molecule specific for IgG
Zinsulin affibody molecule specific for insulin
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Objectives

OBJECTIVES

Upon joining this research group in June 2012 | assgned to work together with Dr.
Yves Ruff toward the development of a reversiblenalstry to scramble peptide fragments at
the amide bond level. This new reaction could elus dynamic combinatorial chemistry in a
variety of applications and in different researadlds, ranging from biology to materials
science. For instance, one can envisage to credy@amic combinatorial library of peptide
fragments based on this reversible reaction andligmgp high-affinity ligand to a target
template. Conversely, this reversible chemistrylddie used to select the receptor for a guest
molecule.

The main objective of my PhD was to develop an arge reaction that could occur in
mild aqueous conditions and be selective for aipgeptide bond. The intrinsic stability of
the amide bond was the first big hurdle to overcoftéhough one group had shown that
transamidation and amide metathesis were postlitdegaction conditions reported were not
compatible with peptide substrates. The necessibpérate in non-aqueous systems and to use
harsh conditions (metal catalysts), together vhtnlack of selectivity for a specific junction,
were serious limitations to this approach. Othewugs circumvented the low reactivity of the
amide bond by generating peptide-based librariesyudifferent reversible chemistries. The
thiol-disulfide, the amine-imine and the thiol-tegier exchange reactions were used, leading
to non-native peptides.

The only strategy described in the literature taticmously form and disrupt peptide
bonds was based on the use of peptidases. Howhbigegpproach had several limitations in
terms of compatibility with protein targets andesivity for a specific amide bond.

In order to develop a reversible chemistry at thptide bond level we investigated the
potential of native chemical ligation (NCL), the st@opular approach for the synthesis of long
peptides. This reaction was a perfect startingtdoimour project: it occurs in aqueous buffers,
in mild conditions and specifically at the N-termgof a cysteine residue. We thus focused our
efforts in the development of a strategy to alltwe teverse NCL to occur in the same mild
conditions.

A second important objective of my PhD was to pdeva biological application of this
reversible chemistry. We wanted to generate pegtidglycopeptide) dynamic combinatorial
libraries based on this reversible reaction andliéyrbe best binder for a specific biological
target (i.e. Her2, 1IgG, WGA and OGA).

25







Chapterl - Background: Peptides and Proteins in@yit Combinatorial Chemistry (DCC)

Chapter 1 - Background: Peptides and Proteins in Dynamic

Combinatorial Chemistry (DCC)

1. Peptide and protein synthesis

Proteins are an important class of biological maxecules, involved in structural roles
and virtually all cell functions (e.g. catalysipgesific binding, signaling).

The information necessary for the synthesis of atgmm is encoded in DNA. Its
transcription into mMRNA, followed by mRNA translai into polypeptide chains, is the base of
protein biosynthesis. However, protein diversityeishanced by mRNA splicing prior to
translation and by post-translational modificatidbsas been estimated that a cell can express
more than 100000 proteswhose unique folded structures are strictly dateel to their
functions.

Proteins have been routinely synthesized by meémaotecular biology techniques.
Importantly, the possibility of selectively modibye or more amino acid residues has provided
useful insights into the mechanism of different yanes and other proteins. However, this
approach is limited to the 20 genetically encodeatha acids and insertion of post-translational
modifications at specific sites is not possiblehvgitandard protocols. Although few methods
that overcome this limitation have been reporteeytare generally too sophisticated to be
routinely used.

In contrast to molecular biology techniques, sgtith chemistry enables the
incorporation of virtually any functionality ontargieins. From the first synthesis of glycol
glycine by Fischerin 1901, peptide and protein chemistry has becarfield of increasing

importance.

1. Unwin, R. D.; Gaskell, S. J.; Evans, C. A.; \ttbe, A. D. The Potential for Proteomic Definitiai Stem Cell Population€Exp.
Hematol.2003 31, 1147-1159.

2. a) Mendel, D.; Cornish, V. W.; Schultz, P. GeSDdirected Mutagenesis with an Expanded GenetieGmnu. Rev. Biophys. Biomol.
Struct.1995 24, 435-462. b) Hendrickson, T. L.; de Crécy-Lagafd,Schimmel, P. Incorporation of Nonnatural AmiAoids into
Proteins.Annu. Rev. Biochen2004 73, 147-176. c) Gubbens, J.; Kim, S. J.; Yang, Zhndon, A. E.; Skach, W. R. In Vitro
Incorporation of Nonnatural Amino Acids into Pratdising tRNA(Cys)-Derived Opal, Ochre, and Ambep@essor tRNASRNA
2010 16, 1660-1672.

3. Fischer, E.; Fourneau, E. Uber Einige Derizes GlykocollsBerichte der Dtsch. Chem. Gesellscl#01, 34, 2868-2877.
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a. Solid Phase Peptide Synthesis (SPPS)

Initial attempts of performing peptide synthesissmiution were highly limited bthe
necessity of a tight control on the stereochemisfryhe coupling reaction and by the p:
solubility of the resulting peptides

The introduction of solid phase peptide synthegiderrifield* in 1963revolutionized
the field enablingpeptide synthesito become a routinprocedure, whereas before it wa
daunting challengdt has been estimat® that the synthesis of a targeptide is~50 times
more arduoug solution than in solid phas

In this technique, the target peptide is grown onirsoluble polymeric support in tl
C—N direction, opposite to the naturally occurringthesis in the ribosomehe C-terminal
amino acid is covalently bound to the resin, i-terminus deprotected and tconveniently
protectedfollowing amino acii coupled. These steps are then repeated until thpeptide
chain is obtainedFinally, after simultaneous si-chan deprotection and cleavage from
solid support, the target peptide is obta (Scheme 1)Due to the number of reactio
involved in a singlesynthesis, each step needs to occur with a-quantitative yield.
Importantly, since purificatioafter each step simply involves fadtion and washinexcess of

reagentxan be used for couplir

0
H
— x’N\:)J\ LINKER 0
Ry
PG,

‘ N-deprotection

o
repeat H2N\')I\AO
PG(R1

\ PGap,

coupling of X‘N/kn/A
H

0
PG,

o]
H
- e Q)
SG(R*

\ 1) N-deprotection

2) simultaneous side-chain deprotection
and cleavage from the resin

Ry O R y ©
HzN)ﬁ(N,JkNJ}rN\)LY
o éa H [¢] Ii1
|
Scheme 1| Schematic representation of solid phase peptide synthesis. X = Boc or Fmoc; Ry, R,, Rs,

R, = amino acid side chains; PG; and PG, = side-chain protecting groups; A = C-terminal activating
group; Y = OH or NH,.

4. Merrifield, R. B. Solid Phase Peptide Synthesi§hle Synthesis of a TetrapeptiJ. Am. Chem. So&96:, 85, 2149-2154.
5. Kent, S. B. H. Total Chemical Synthesis of ProteChem. Soc. Re2009 38, 338-351.
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i. From Boc/Bzl to Fmoc/tBu strategy

Protecting groups on the amino acid lateral chand on their N-terminus play a
fundamental role in peptide synthesis. Merriffeiditially introduced the so-called Boc/Bzl
strategy, where the amino acid N-terminus is ptetkavith atert-butyloxycarbonyl (Boc)
group and the side chains with a benzyl (Bzl) grdupe Boc/Bzl strategy has been used almost
exclusively for the first 15 years of solid phaseptide synthesis and it has permitted
remarkable synthetic achievemént®n the other hand, the need for hydrogen fludftitie) to
perform the final cleavage of the peptide from thsin is a serious drawback, as special
equipment is required for the handling of this osive and toxic compound.

In the relatively recent Fmdeft-butyl’ (tBu) strategy, the amino acid side chains are
generally tBu-protected and the N-terminus 9-flmgtanethyloxycarbonyl (Fmoc) protected.
The advantages of this approach on the originalBd©ne are two fold. First, the N-terminal
group is orthogonal to the side-chain groups: th¢ group is deprotected by base-induced
B-elimination (e.g. piperidine in DMF), the removaf the tert-butyl occurs in acidic
conditions, (e.g. TFA). Second, the final cleavaggmply achieved in the reaction vessel with

TFA and scavengers, obviating the need for spegaipment and dangerous handling.

ii. Microwave (MW) heating in solid phase peptide synthesis

In few examples conductive heating had been apmi&PPS of long peptides, especially
during the coupling st&pThe evolution in the use of microwave heatingriganic synthesis in
the 1990s led to its application to SPPS. While §\and coworkersused a slightly modified
domestic microwave oven, Erdélyi and Gotfohowed that special microwave reactors could
indeed be used to dramatically improve speed antypu SPPS. Unlike conventional heating,
microwave energy directly activates any molecutdvents and some reagents) with a dipole
moment, allowing for rapid heating at the molecukiwel. In the synthesis of long and
hydrophobic peptide sequences, microwaves have sie@mn to disrupt aggregation through
dipole rotation of the polar peptide (Figure 1yghmproving the final yield of the synthesis.
Importantly, DMF and NMP, the two most common sabgein SPPS, are polar molecules,

6. Ohno, M.; Eastlake, A.; Ontjes, D. A.; Anfins&h B. Synthesis of the Fully Protected, Carbokgiminal Tetradecapeptide Sequence
of Staphylococcal Nucleasé. Am. Chem. So&969 91, 6842—6847.

7. Chang, C. D.; Meienhofer, J. Solid-Phase Beynthesis Using Mild Base Cleavage of N AlphasFénylmethyloxycarbonylamino
Acids, Exemplified by a Synthesis of Dihydrosomédtis. Int. J. Pept. Protein Re4978 11, 246-249.

8. a) Varanda, L. M.; Miranda, M. T. M. Solid-PkeaBeptide Synthesis at Elevated Temperatures: kl$éar an Optimized Synthesis
Condition of Unsulfated Cholecystokinin-12.Pept. Re2009 50, 102-108. b) Kaplan, B. E.; Hefta, L. J.; I, R.E; Swiderek, K.
M.; Shively, J. E. Solid-Phase Synthesis and Cheariaation of Carcinoembryonic Antigen (CEA) Domsid. Pept. Re2009 52,
249-260.

9. Yu, H. M.; Chen, S. T.; Wang, K. T. Enhanced flmg Efficiency in Solid-Phase Peptide SynthesidMicrowave IrradiationJ. Org.
Chem.1992 57, 4781-4784.

10. Erdélyi, M.; Gogoll, A. Rapid Microwave-Assist Solid Phase Peptide SyntheSignthesi2002 2002 1592—-1596.
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therefore they are easily heated by microw&ves

|
Figure 1 | Peptide chain attached to a solid support before and during microwave irradiation, showing
disruption of aggregation through dipole rotation of the peptide (from ref. 12).

iii. Synthesis of large peptides and proteins

Countless peptides have been prepared by stepwigk phase synthesis. From its
introduction, new orthogonal protecting groups amelw coupling reagents have been
developed and purification and characterizatiomneges improved. However, and despite
these achievements, peptides containing more tamino acids are generally hard to obtain
in good yield and purity. Considering that a typicatural protein molecule consists of ~300
amino acid3 this is a serious limitation of solid phase peptynthesis.

In order to overcome this problem, protected otigidy protected peptide segments have
been assembled, either in solution or in solid phas impressive example is the convergent
synthesis of the 238-residue precursor molecutb@Rhequoreagreen fluorescent protein by

13
I

Nishiuchiet al.” by classical condensation of 26 different pepsidgments (Scheme 2).

11. Pedersen, S. L.; Tofteng, A. P.; Malik, L.;skem, K. J. Microwave Heating in Solid-Phase Pe@iglgthesisChem. Soc. Re2012 41,
1826-1844.

12. Palasek, S. A,; Cox, Z. J.; Collins, J. M. ltimy Racemization and Aspartimide Formation in Migave-Enhanced Fmoc Solid Phase
Peptide Synthesis. Pept. Sci2007, 13, 143-148.

13.  Nishiuchi, Y.; Inui, T.; Nishio, H.; Badi, Ximura, T.; Tsuji, F. |.; Sakakibara, S. Chemicghfesis of the Precursor Molecule of the
Aequorea Green Fluorescent Protein, Subsequeningokihd Development of FluorescenBeoc. Natl. Acad. Sci. U. S. A998 95,
13549-13554.
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23. Boc-(208-220)-0H
24. Boc-(221-228)-0OH
25, Boe-(229-236)-0H T
26. Boc-(237-238)-OBzl

1. Boc-(1-10)-0H
2. Boc-(11-20)-0H T L. Boc-(1-31)-OPac
3. Boc-(21-31)-0H 7 P—
4. Boe-(32-40)-0H -:_Pr_
5. Boc-{41-51)-OPac T T —V.Boc-(1-116)-OPac —
6. Boc-(52-58)-OH
7. Boc-(59-67)-OH J_T'— II. Boc-(52-116)-OPac
8. Boc-(68-75)-0H T
9. Boc-(76-89)-0H T
10. Boc-(go-um—OHgl—
11. Boc-(105-116)-OPac T
12. Boe-(117-127)-OH
13. Boc-(128-134)-0OH j— III. Boc-(117-174)-0OPac —
14. Boc-(135-141)-0H ———————— T
15. Boc-(142-154)-OH P
16. Boc-(155-160)-OH p —
17. Boc-(161-172)-0H -—_E_
18. Boc_glfys_l-’_.‘;_ol)acri. T VI BOC-“. 17'238)-032{_
19. Boc-(175-187)-0H
20. Boc-(188-196)-OH T
22. Boc-(202-207)-OPac
P

IV. Boc-(175-238)-OBzl — /

VII. Boce-(1-238)-0Bzl

Scheme 2 | Convergent synthesis of the precursor molecule of the Aequorea green fluorescent protein.
Bzl = benzyl; Pac = phenacyl; the following letters refer to the solvent used for the coupling reaction: D
= DMF; N = NMP; P = phenol/CHCI; 1:3; T = TFE/ CHCl; 1:3 (adapted from ref. 1).

Another noteworthy strategy is the so-called “tsiee method**, consisting in the
reaction between a C-terminal alkyl thioester\aatéd with silver ions, and the N-terminus of
a second peptide.

Although important synthetic goals have been aadewnith these strategies, the need for
protection of the peptide fragments is a seriousvback, especially in the case of long
sequences. The reactivity between an activatesdrgrigroup and an amino group is often not
high enough to overcome the relative low solubitityhe peptide fragments.

b. Peptide and protein synthesis by chemical ligation
In order to overcome the solubility-related issoéshe convergent strategies discussed

above, the idea of selectively couple two or marpratected peptide fragments has emerged.

However, due to the variety of functional groupgtoa peptide side chains, the development of

14. Hojo, H.; Aimoto, S. Polypeptide Synthesis ldsine S-Alkyl Thioester of a Partially Protectegfge Segment. Synthesis of the
DNA-Binding Domain of c-Myb Protein (142-193)-NHBull. Chem. Soc. Jp64, 111-117.
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chemical ligation strategies to selectively forra thrget amide bond was indeed a significant

challenge.

i. Synthesis of peptides and proteins incorporating non-native covalent links
The formation of a new amide bond in peptide sysithes routinely achieved through
reaction of an activated carboxyl group with a fae@no group. However, this strategy cannot
be applied in the case of non-protected peptided,would lead to the formation of multiple
species.

In order to simplify this problem, the possibiliof quickly and selectively forming a
non-native covalent link between two unprotectegtides has been explored. These links
include”® disulfides, thioesters, thioethers, thiazolidinas oximes. An interesting example of
this concept is the synthesis of the HIV-1 protelagdent and Schnolz& They formed a
thioester linkage between two peptides with a semplcleophilic reaction between a
thiocarboxylate and a bromoacetyl peptide, leatling synthetic protein with full enzymatic

activity.

ii. Synthesis of native peptides and proteins
In parallel, new peptide ligation strategies emeérpeselectively couple two unprotected
peptides though the native amide bond, and gemecalhsist of three steps. A rapid and
selective reaction between two mutually reactivectional groups occurs, linking the two
peptides in an initial capture step. The subseg¥esN acyl transfer (X = O, S) then occurs,
favoured by proximity of the two reacting groupstba same molecule. Release of the capture

moiety finally leads to a native polypeptide ortein.

Prior thiol capture strategy
In 1989 Kemp and coworkers provided the first demonstration of chemoselective

ligation of unprotected peptide fragments. In thpproach (Scheme 3), the thiol-thioester
exchange reaction was used in the capture step draydroxy-6-mercaptodibenzofuran unit
to bring the two coupling partners together, allogvithe intramolecular ©N acyl transfer to

occur. Finally, cleavage of the capture group aléarthe native peptide.

15. Dawson, P. E.; Kent, S. B. Synthesis of Nafiveteins by Chemical LigatioAnnu. Rev. Biocher@00Q 69, 923-960.

16. Schnolzer, M.; Kent, S. Constructing ProtdigsDovetailing Unprotected Synthetic Peptides: Bexle-Engineered HIV Protease.
Sciencel992 256, 221-225.

17. Fotouhi, N.; Galakatos, N. G.; Kemp, D. S. REpBynthesis by Prior Thiol Capture. 6. RateefDisulfide-Bond-Forming Capture
Reaction and Demonstration of the Overall Stratgg@ynthesis of the C-Terminal 29-Peptide SequehB#TI.J. Org. Chem1989
54, 2803-2817.
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Scheme 3| Prior thiol capture: first example of chemoselective ligation of unprotected peptides (from
ref. 18).

Native chemical ligation (NCL)

Introduced by Dawsomt al. in 1994, native chemical ligatidhis to date the most
commonly used method to synthesize long peptideesergs. It consists in the chemoselective
reaction between a C-terminal thioester and anriMitel cysteine (Scheme 4). After initial
thiol-thioester exchange, the resulting cysteimeebter immediately rearranges to give a stable
amide bond via SN acyl shift. This reaction is generally performeanild conditions (room
temperature, neutral pH) in an aqueous buffer andhe presence of chaotropes (i.e
guanidinium chloride or urea), to discourage pep#dgregation.

Although Dawsoret al.had the merit of developing this reaction intaactical method to
ligate peptide fragments, its chemical foundatiaswiscovered by Wielaret al?° 40 years
earlier. The authors showed that reaction betwedt8%h and Cys-OH in an aqueous buffer
led to the formation of the dipeptide Val-Cys-OHa\a cysteine thioester intermediate.

However, they did not further develop these finstlings.

18. Nilsson, B. L.; Soellner, M. B.; Raines, RChemical Synthesis of Proteirsnnu. Rev. Biophys. Biomol. Stru2d05 34, 91-118.

19. Dawson, P.; Muir, T.; Clark-Lewis, I.; Kent, Synthesis of Proteins by Native Chemical Ligati®oiencel994 266 776—779.

20. Wieland, T.; Bokelmann, E.; Bauer, L.; Lang,; Lau, H. Uber Peptidsynthesen. 8. MitteilundgdBing von S-Haltigen Peptiden
Durch Intramolekulare Wanderung von Aminoacylresferstus Liebigs Ann. Chett953 583 129-149.
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Scheme 4 | Mechanism of native chemical ligation, leading to the formation of a native peptide bond.

Importantly, NCL is stereo-, regio- and chemo-stec Addition of an exogenous thiol as
catalyst results in reversibility of the initialiththioester exchange and enables the formation
of the target peptide in high yields even if inedreysteine residues are present on either
peptide fragment. The NCL efficacy and practicgystrictly dependent on the properties of
thioesters, that are more resistant to hydrolysig, more reactive toward thiolysis and
aminolysis than the corresponding oxoesters.

In general, near quantitative yields can be obthinefew hours. However, the ligation
rate can be modulated with the addition of différerogenous thiofs and it is strictly
dependent on the nature of the C-terminal aming. @dthough it can occur between cysteine
and any other amino acid, NCL is significantly sést in the case of hindered residues such as
valine, isoleucine and proline.

The versatility of native chemical ligation to efe@kihe synthesis of a different

peptide-based structures has been extensivelytigated. Interestingly, NCL has also been

21. Johnson, E. C. B.; Kent, S. B. H. Insighte ihie Mechanism and Catalysis of the Native Chelrhigation ReactionJ. Am. Chem. Soc.
2006 128 6640-6646.

22. Hackeng, T. M,; Griffin, J. H.; Dawson, P. Eofein Synthesis by Native Chemical Ligation: Expeth Scope by Using Straightforward
MethodologyProc. Natl. Acad. Sci. U. S. A999 96, 10068—10073.
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used to couple unprotected peptides on a solid stfipand to incorporate non-natural
residues into polypepides. In a noteworthy exarfipla polyethylene glycol-modified
erythropoyesis protein (166 residues) was syntkedsnth this strategy and showed a ~3-fold
longerin-vivo lifetime than the natural protein.

Interestingly, native chemical ligation has beeadut perform one-pot syntheses. For
instance, crambin (46 residués)was obtained by sequential coupling of three plepti
fragments without purification of the intermediat@sother important advancement in NCL
was the development of the kinetically controllegtior’®, based on the slower reactivity of
alkyl thioesters compared to aryl thioesters. Aenghin Scheme 5, this strategy was used in
combination with native chemical ligation for thgnthesi§’ of the human lysozyme starting
from four distinct peptides.

SH

SH
g Ly e L (- Crsesash s
- T T
s HoN hL S3164Y5\/\503H <s 5 COOH
(0]
| | | |

l native chemical ligation

kinetically controlled
ligation SH

o]
N~ hLys66-94)
<N]/ hLys 66-94 AH hLys 96-130

o SH
hLys 1-29 N hLys 31-64 \W \/\503H Thz to Cys
(o)

SH SH

e i
HoN hLys 66-94 AH hLys 96-130
|

l native chemical ligation

SH SH
X i Pl
hLys 1-29 H hLys 31-64 N hLys 66-94 )k” hlLys 96-130

folding and
disulfide formation

Scheme 5| Convergent total synthesis of human lysozyme with full enzymatic activity using the
kinetically controlled ligation approach.

23. Camarero, J. A.; Cotton, G. J.; Adeva, A.; MTirW. Chemical Ligation of Unprotected PeptideseEtly from a Solid Suppord. Pept.
Res.2009 51, 303-316.

24. Kochendoerfer, G. G. Design and Chemical Syistaf a Homogeneous Polymer-Modified Erythropai€siotein Science2003 299,
884-887.

25. Bang, D.; Kent, S. B. H. A One-Pot Total Syste®f CrambinAngew. Chem. Int. EQ004 43, 2534-2538.

26. Bang, D.; Pentelute, B. L.; Kent, S. B. H. Kioally Controlled Ligation for the Convergent Chieal Synthesis of Proteindngew.
Chem. Int. Ed. EngR006 45, 3985-3988.

27. Durek, T.; Torbeey, V. Y.; Kent, S. B. H. Coryent Chemical Synthesis and High-Resolution X-Btaycture of Human Lysozyme.
Proc. Natl. Acad. Sci. U. S. 2007, 104, 4846-4851.
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Due to the fact that cysteine is the second leasinton amino acid found in proteins, the
necessity of NCL for one of these residues atitfeibn site is considered by many a severe
limitation of this strategy. However, it has bedmwn that a cysteine can be introduced in a
protein in various positions without causing midfnf nor loss of function. In some cases,
alkylation of the non-native cysteine residue wasgmed.

In general, the necessity of a cysteine residubernsynthetic target is not a major issue
and several strategies have been designed to aienunt. For instance, if the native protein
contains a methionine residtfe the cysteine at the splice site can be replacgdab
homocysteine residue. Methylation with metipyhitrobenzenesulfonate after completion of
NCL then gives the native protein. A different agguch consists in the remo&abf the thiol
group by means of catalytic desulfurization to effthe more common alanine residue. Taking
advantage of these findings, different grotfpbave developed a plethora of NCL-like
reactions using unnaturf} or y-sulfanylamino acids followed by desulfurization égtend
NCL to residues other than cysteine.

Importantly, all these synthetic strategies canals® applied to peptides containing
selenocysteine. This amino acid (Sec or U) has fmatural abundance but interesting
properties. When used to replace cysteine in NtHas been showh to accelerate the ligation
rate. For instance, at pH 5 the reaction with segsteine is 1000-fold faster than with
cysteine, due to the lower pKa of the selenol gradpreover, replacement of cysteine with
selenocysteine in proteins has led to their staddibn. This is due to the formation of
selenodisulfide bonds, more resisfarib reducing conditions than the correspondinglfiii

bridges.

Removable auxiliary strategy

The “removable auxiliary” stratedfy introduced in 1996, is inspired by NCL and aims
at overcoming the problems related to its nee@foysteine residue. It consists in the reaction
between a C-terminal thioester and a thiol-contgigroup on the N-terminus of a peptide, that

mimics the cysteine residue in NCL. After captunel &N acyl shift, the auxiliary group is

28. Tam,J. P.; Yu, Q. Methionine Ligation Stratégthe Biomimetic Synthesis of Parathyroid Hormaiopolymersl998 46, 319-327.

29. Yan, L. Z.; Dawson, P. E. Synthesis of Peptates$ Proteins without Cysteine Residues by Natiwer@ical Ligation Combined with
DesulfurizationJ. Am. Chem. So2001, 123 526-533.

30. Rohde, H.; Seitz, O. Ligation-DesulfurizatignPowerful Combination in the Synthesis of Peptided GlycopeptidedBiopolymers
201Q 94, 551-559.

31. Hondal, R. J.; Nilsson, B. L.; Raines, R. TleSecysteine in Native Chemical Ligation and ExpegsProtein Ligation. Am. Chem.
Soc.2001, 123 5140-5141.

32. Besse, D.; Siedler, F.; Diercks, T.; Kessler,Mbroder, L. The Redox Potential of Selenocystmé&nconstrained Cyclic Peptides.
Angew. Chem. Int. EA997, 36, 883-885.

33. Canne, L. E.; Bark, S. J.; Kent, S. B. H. Edieg the Applicability of Native Chemical Ligatiod. Am. Chem. So&996 118
5891-5896.
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released to afford the target peptide. Startingmfrahe initial N-ethanethiol and
N®-oxyethanethiol, other auxiliaries have been dewedo and this strategy has been
successfully applied, for instance, to the totaltsgsis of cytochrome b562 (106 residues,
Scheme 6f. Despite these results, the ligation mechanishigisly sensitive to the nature of

the two amino acids at the ligation site and tipigsraach is generally less effective than NCL.

-_E-SH 1) thiol-thioester exchange o 65108
O+ HN/\.H/_ 2) S—Nacyltransfer _)LN/\”/’
> 0

flfl VL@
SH _ SH OMe

cleavage of the auxiliary
(with HF)

1) folding

2) purification 4
< -)L p.e
N

|
Scheme 6 | Schematic representation of the synthesis of cytochrome b562 using the removable
auxiliary strategy.

Expressed protein ligation
First described in 1998, this stratéygnables the synthesis of large proteins as wéieas

insertion of chemical modifications (e.g. glycosid#uorophores, labeled isotopes) and takes

advantage of the intelh auto-excision mechanism (Scheme 7a). Inteins epéde fragments
able to excise themselves from longer peptidesaiems while joining the remaining portions
(called exteins) through a native peptide bonderkgtingly, the first step of this splicing
mechanism is the formation of a thioester (or g¢stee to intramolecular NS acyl shift (or
N—O if Ser or Thr replace Cys).

Expressed protein ligation consists in introducimgthioester at the target protein
C-terminus by fusing it with a modified intein,athed to an affinity column. This resin-bound
protein thioester can then be cleaved with a tteagent and the resulting thioester undergo

native chemical ligation with an N-terminal cysteipeptide (Scheme 7b). Since the peptide is

34. Low, D. W.; Hill, M. G.; Carrasco, M. R.; Ker8, B.; Botti, P. Total Synthesis of Cytochrome »5§ Native Chemical Ligation Using
a Removable AuxiliaryProc. Natl. Acad. Sci. U. S. 2001, 98, 6554—6559.

35. a) Severinov, K.; Muir, T. W. Expressed Protdgation, a Novel Method for Studying Protein-RiotInteractions in Transcriptiod.
Biol. Chem1998 273 16205-16209. b) Muir, T. W.; Sondhi, D.; ColeAPExpressed Protein Ligation: A General MethadHmtein
EngineeringProc. Natl. Acad. Scil998 95, 6705-6710. c) Evans, T. C.; Benner, J.; Xu, MS@misynthesis of Cytotoxic Proteins
Using a Modified Protein Splicing Elemeiftotein Scil1998 7, 2256-2264.

36. Paulus, H. Protein Splicing and Related Forh#rotein Autoprocessing\nnu. Rev. Biocher200Q 69, 447-496.
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prepared by SPPS, it is virtually possible to adg ehemical modification at this level. This
strategy merges the capability of biology to affdedge recombinant proteins with the

versatility of chemistry.
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Scheme 7 | Mechanisms of a) intein-mediated protein splicing and b) expressed protein ligation. CBD
= chitin binding domain.

Conformationally assisted ligation

In case of peptides and proteins that have a higbemsity for self-association, ligation
can occur between a C-terminal thioester on onégeepnd the N-terminal amino group of a
second peptide, obviating the need for a cyst@&sielue. Despite its limited applicability, it has
been used for the synthesis of different peptides$ proteins, including RNAase A (124
residues)’ and site-specifically labeled chymotrypsin inhilbi2 (64 residued.

37. Beligere, G. S.; Dawson, P. E. ConformationAlgisted Protein Ligation Using C-Terminal Thi@$PeptidesJ. Am. Chem. Soc.
1999 121, 6332-6333.

38. Deniz, A. A.; Laurence, T. A,; Beligere, G. Bahan, M.; Martin, A. B.; Chemla, D. S.; Dawson,E?; Schultz, P. G.; Weiss, S.
Single-Molecule Protein Folding: Diffusion Fluoresce Resonance Energy Transfer Studies of the Dratiah of Chymotrypsin
Inhibitor 2.Proc. Natl. Acad. Sci. U. S. 200Q 97, 5179-5184.
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Staudinger ligation
The Staudinger reactidh consists in the reduction of an azide into an any a

phosphine, via the formation of a stable iminoplhaspne intermediate. Further

investigatio® of the potential of this reaction has led to tlevelopment of a “traceless”
Staudinger ligatioft for protein synthesis, first reported by Rainesl aoworkers in 2000
(Scheme 8). A C-terminal phosphinorthoester onpmmide reacts with the N-terminal azide
present on a second peptide to give an iminophasapko intermediate. Subsequent
intramolecular S>N acyl shift leads to an amidophosphonium salt ttet be readily

hydrolized to afford the target peptide.
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Scheme 8 | Mechanism of the Staudinger ligation of peptides mediated by a phosphinothiol. LG =
leaving group.

New phosphinothiols have been developed to imptbhedigation rate and the reaction
used not only in protein synthesis, but also ireptireas of chemical bioloy Although the
need for a cysteine residue is obviated, one ofithiéations of this strategy is the need for at

least one glycine at the ligation junction. In itese of two non-glycyl residues low yields

39. Staudinger, H.; Meyer, J. Uber Neue Organisehesphorverbindungen Ill. Phosphinmethylenderiwae PhosphinimineHelv.
Chim. Actal919 2, 635-646.

40. a) Bosch, I.; Romea, P.; Urpi, F.; Vilarras&lternative Procedures for the Macrolactamisatibf-Azido Acids.Tetrahedron Lett.
1993 34, 4671-4674. b) Saxon, E.; Bertozzi, C. E. Cellf&e Engineering by a Modified Staudinger Reactfeience200Q 287,
2007-2010.

41. Nilsson, B. L.; Kiessling, L. L.; Raines, R.Staudinger LigationA Peptide from a Thioester and Aziderg. Lett.200Q 2,
1939-1941.

42. Kohn, M.; Breinbauer, R. The Staudinger Ligat&oGift to Chemical BiologyAngew. Chem. Int. Ed. En@004 43, 3106-3116.
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(20-50%) were obtainéd

Decarboxylative condensation @ketoacids and N-alkylhydroxylamines

In this strategy, recently reported by Bode al.**

, a peptide bond is formed by

chemoselective reaction between a C-terminkétoacid on one peptide and an N-terminal
alkylhydroxylamine on a second peptide (Schem@&@}% approach does not involve a cysteine
residue and has the advantage of producing onlyooadioxide and water as byproducts.
However, the yields are strictly dependent on theire of the two amino acids at the ligation

site and are generally lower than those obtaindl mative chemical ligation.
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Scheme 9 | a) Schematic representation of the reaction between an a-ketoacid and a
N-alkylhydroxylamine, leading to the formation of an amide bond and b) insight into the mechanism of
this reaction (adapted from ref. 44).

2. Dynamic combinatorial chemistry

Dynamic combinatorial chemistry rests on bond reldity. Basic components are
reversibly connected through covalent or non-coualeteractions (i.e. at the molecular or
supramolecular level) and all the possible comimnat of this initial set of building blocks

constitute a dynamic combinatorial library (DCLjgortantly, all the members of a DCL are in

43. Soellner, M. B.; Nilsson, B. L.; Raines, RReaction Mechanism and Kinetics of the Traceleasd@nger LigationJ. Am. Chem. Soc.
2006 128 8820-8828.

44. Bode, J. W.; Fox, R. M.; Baucom, K. D. Chemestiye Amide Ligations by Decarboxylative Condeiset of
N-Alkylhydroxylamines and Alpha-Ketoaciddngew. Chem. Int. EQ006 45, 1248-1252.
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thermodynamic equilibrium. The possibility for theversible interactions to be continuously
formed and disrupted allows the system to adafftérpresence of external stinfdli

This property of DCLs has been exploited in marffetént research field& In particular,
it is used in drug discovety for the selection of species with high affinityr f given target
(Figure 2c). The thermodynamic gain upon bindingsofme library members to the target
induces a bias in the system. Hence, the DCL adaptsler to favour the formation of the best
binders at equilibrium. Other strategies for thenitfication of lead compounds include the

combinatorial approach (Figure 2a) and the kinetiget-guided synthesis (TGS, Figure*h)
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Figure 2 | Strategies used for identifying lead compounds from a chemical library (adapted from ref.
49).

In the classical combinatorial approach a chemlibahry is synthesized first and then
screened in a subsequent step. This strategy leasvieey actively pursued by pharmaceutical
companies. The repetitive application of specifiemical reactions to one (or more) starting
unit has led to the generation of combinatoriaidites whose components have high structural
diversity. However, the need for synthesis and fijpation of an enormous number of

molecules prior to screening is a serious limitatad this approach. Similarly to the DCC

45.  Lehn, J.-M. Dynamic Combinatorial Chemistry &fidual Combinatorial LibrariesChem. - A Eur. J1999 5, 2455-2463.

46. a) Moulin, E.; Cormos, G.; Giuseppone, N. Dyita@ombinatorial Chemistry as a Tool for the DesgjrFunctional Materials and
Devices.Chem. Soc. Re2012 41, 1031-1049. b) Zhang, Y.; Barboiu, M. ConstituibiDynamic Materials—Toward Natural
Selection of FunctiorChem. Rev2015 150716084026002.

47. Ramstréom, O.; Lehn, J.-M. Drug Discovery by Biyric Combinatorial LibrariedNat. Rev. Drug Disco2002 1, 26-36.

48. Hu, X.; Manetsch, R. Kinetic Target-Guided $ysis.Chem. Soc. Re201Q 39, 1316-1324.

49. Melnyk, O.; Agouridas, V. From Protein Totaln#lyesis to Peptide Transamidation and Metathekigirg with the Reversibility of
N,S-Acyl or N,Se-Acyl Migration Reaction€urr. Opin. Chem. Biol2014 22, 137-145.
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strategy, kinetic TGS combines the synthesis amhecten processes by synthesizing the
compounds in the presence of the target molecule &ereceptor). Starting from two sets of
fragments, those with high affinity to the targes anitially bound to it separately and then
connected through a chemoselective and irreversitdaction, often a Huisgen’s

cycloadditiori® between an azide and an alkyne (i.e. click chegist
a. Design of a DCL

In dynamic combinatorial chemistry the design @ thitial building blocks and of the
exchange experiments is not a trivial issue. Fatwbncerns the initial set of components, it is
important that the functional groups involved ire tbxchange reaction are conveniently
exposed (i.e. on different scaffolds, on linkersppropriate lengtf}. However, the choice of
the dynamic chemistry certainly plays a key roléhi@ design of the experiments.

The exchange reaction has to meet several requitstheReversibility on a reasonable
time scale is one of the most important ones andevantually be obtained by addition of a
catalyst. Moreover, as equilibration and selectagally occur simultaneously, the reaction
conditions should be mild enough not to interferthwhe recognition process. Also, all the
library members should in theory be soluble inréection medium and isoenergetic to avoid
the introduction of bias in the system. Importantlydesirable feature of a DCL is the
possibility to freeze the exchange reaction (i.g. dmanging the conditions, by adding
guenching reagents) to facilitate the analysihefdystem.

As already mentioned above, many reversible covaleth non-covalent chemistries have
been extensively explored (Table 1). Among thendljtamh-elimination reactions at carbonyl
groups are by far the most important class, esipectiee imine exchange one. Interestingly,
intramolecular configurational and conformationlahcges, such ass-transisomerization or

internal rotation, can also be used to produce DCLs

50. Millward, S. W.; Agnew, H. D.; Lai, B.; Lee, S.; Lim, J.; Nag, A.; Pitram, S.; Rohde, R.; HedthR. In Situ Click Chemistry: From
Small Molecule Discovery to Synthetic Antibodiéstegr. Biol.2013 5, 87—95.

51. Corbett, P. T.; Leclaire, J.; Vial, L.; West,R.; Wietor, J.-L.; Sanders, J. K. M.; Otto¥namic Combinatorial Chemistrhem. Rev.
2006 106, 3652—-3711.
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a) Reversible covalent bond formation b) Reversible non-covalent interactions
Carbonyl reactions Metal coordination M L - ML
Imine formation >—o HN-R  —— \/=N‘ ) ) ) . ) .
LA -} Electrostatic interaction r-coo HaN*—R ———  R=COO™=HN*=R
Hemiketal formation \ .\ WOH )
' o HO=R — o . \ el \ ’
Hydrogen bonding /):o )= 5 T /)-—0 ”--H—NL
. o
Transacylation i e ljl o e
GO 7R Donor-acceptor interaction D A —_— DA
Aldol formation i_| i — i
P N
Michael reaction #~° ; X0 o
\f L= — ¢) Reversible intramolecular processes
. . ) . S s Configurational
Disulphide formation “sH S, _— 5-5_ \ \ ;
. Cis—trans somerization  x=y = =—— x=y
# =N \
Diels-Aider reaction b || l J Conformational
= e ) o A 0 B A = A
Ry R Internal rolation Y n SN ( B
Metathesis reaction | | _— ' B R B 'Y ) B ;
R~ Rs . = A A = A
HO.___Ry O P Hing inversion A ST — (:%;/V \2/ .
Boronic ester formation ... ]’ R—B l 9 = [T —— T\ M ]
: B =, B
HO™ "Ry 0" R 2 N==) gL

|
Table 1 | Selection of reversible reactions or intramolecular processes used for dynamic combinatorial
chemistry (adapted from ref. 47).

b. Selection mechanisms

In a dynamic combinatorial library, the distributi@f its components deper on a
number of factors and can thus be controlled ifedht fashior®2.

External templating has been by far the most extelysused approach to direct
library’s distribution.In this strategy, a DCL equilibrates in the pregeata given templat
molecule to select and amplify the component that bimds i. Importantly, this template me
either be a guest or a hasblecule While in the first caséhe building blocks are combined
form areceptor for the given moleci (molding, Figure 3a), ithe secondnstance the initial
componats of the DCL form ispecies that binds or stabilizes a macromolt (casting, Figure
3b). Different ligands for biomolecules have been idedi with this approachHowever,
when dealing withsmall quantities osensitive biological targetst is often convenient t
separate the generation of the library from theewing phas*’. This approach consists
pre-equilibrating the DCL and then quenching the relbdgsinteractions to identify th
compounds underatic conditions. Since no amplification takes plabe best binders can
identified with classical deconvolution techniqt

52. Beeren, S. R.; Sanders, J. K. M. History and Rplesi of Dynamic Combinatorial Chemistry. Dynamic Combinatorial Chemry;
Reek, J. N. H.; Otto, S., Eds.; Wil84€H Verlag GmbH & Co. KGaA: Weinheim, Germany, 20pp. 1-22.
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b)

|
Figure 3| Selection of a library member through by addition of a) a guest or b) a host molecule or
through c) intramolecular or d) intermolecular self-templating (adapted from ref. 52).

Selection can also occur through internal tempdatmembers of a DCL are stabilized
non-covalent intramolecular or intermolecular interao8 and are thusamplified.
Intramolecular selfemplating (Figure c) occurs in those species that can fold u
themselves. This approach can thus be used to pecdim® formation of stable foldam®® or
to investigate the folding of natural and synth@iatymers. In itermolecular se-templating
(Figure 3d), noreovalent interactions among the members of thearjbrpromote the
stabilization and amplification of a new molec®”.

Selection of a library member can also occur ipoese to a physical stimulus such ¢
variation of temperature or p°°, modulation of the electric fiel or irradiatior®’. This is
particularlyimportant in dynamic materi: that can adapt armgorganize in response to th
stimuli. Finally, a phase change, either gelatiogrgstallization,can drive the formation ar

amplification of one library member. An importantgs of molecules selected with t

53. Oh, K. Jeong, K.-S.; Moore, J. S.Rfkenylene Ethynylene Sequences Joined by Imineagidk Dynamic Covalent OligomeJ. Org.
Chem.2003 68, 8397-8403.

54. Xu, S.; Giuseppone, N. S@&iiplicating Amplification in a Dynamic Combinatokiabrary. J. Am. Chem. Sc 2008 130, 1826-1827.

55.  Giuseppone, N.; Lehn, NlL- Protonic and Temperature Modulation of Constituéxpression by Component Selen in a Dynamic
Combinatorial Library of ImineChemistr 2006 12, 1715-1722.

56. Giuseppone, N.; Lehn, J.-M. Electfield Modulation of Component Exchange in Constitel Dynamic Liquid CrystalsAngew.
Chem. Int. Ed2006 45, 4619-4624.

57. IngermanlL. A.; Waters, M. L. Photoswitchable Dynamic Condtiorial Libraries: Coupling Azobenzene Photoisozaion with
Hydrazone Exchangd. Org. Chem200¢, 74, 111-117.
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strategy is that of dynamic polymers, “dynametsjenerated by reversible linkage of dynamic

monomers.

c. Further considerations and applications

The dynamic combinatorial approach has been usednomber of different research
fields. If its most obvious application is proballgug discovery’, catalyst®’ and sensof$
have also been developed, as well as dynamic potymdose adaptive nature confers them
interesting materials properti®s Interestingly, some dynamers have been commbrcial
developed as biocompatible materials for surgery.

Dynamic processes are involved in all supramolea@gaemblies and the list of possible
applications for DCC is in continuous expansion.pémantly, dynamic self-assembly
properties can be exploited to build increasingiyal devices through a bottom-up approach.

3. Peptides and proteins in dynamic combinatorial chemistry

As discussed above, dynamic combinatorial chemistrgne of the most intriguing
strategies for the identification of novel moleauigith specific binding or physico-chemical
properties. Although many different reversible clstrres have been extensively investigated,
the stable amide bond has barely been considesadtrinsic stability is due to the C-N partial
double bond characf&r the nitrogen can donate its ion pair to the neighiing carbon and the
electrons of the carbonyl group can be pushed whitar electronegative oxygen, resulting in a
stable resonance structure. Compared to its anoeterpart, the amide C-N bond is shorter
(1.32 A¥* and has a larger rotation barrier (15-20 kcal/Mofesulting in higher stability.

58. Chow, C.-F.; Fujii, S.; Lehn, J.-M. Crystallimm-Driven Constitutional Changes of Dynamic Pofysiin Response to Neat/solution
Conditions.Chem. Commur2007, 4363-4365.

59. Nicolaou, K. C.; Hughes, R.; Cho, S. Y.; Wing&r, N.; Smethurst, C.; Labischinski, H.; EndermaR. Target-Accelerated
Combinatorial Synthesis and Discovery of HighlygtatAntibiotics Effective Against Vancomycin-Resist BacteriaAngew. Chem.
Int. Ed.2000Q 39, 3823-3828.

60. Vial, L.; Sanders, J. K. M.; Otto, S. A Catalfer an Acetal Hydrolysis Reaction from a Dynam@iembinatorial LibraryNew J. Chem.
2005 29, 1001.

61. Buryak, A.; Severin, K. Dynamic Combinatori@btaries of Dye Complexes as Senséusgew. Chem. Int. EQ005 44, 7935—-7938.

62. Roy, N.; Bruchmann, B.; Lehn, J.-M. DYNAMERSyramic Polymers as Self-Healing MateriaGhem. Soc. Re2015 44,
3786-3807.

63. Corey, R. B. X-Ray Diffraction Studies of Cigine Amino Acids and PeptideBrogress in the Chemistry of Organic Natural
Products Springer Vienna: Vienna, 1951; pp. 310-340.

64. Corey, R. B.; Pauling, L. Fundamental DimensiohPolypeptide ChainBroc. R. Soc. B Biol. Sci953 141, 10-20.

65. Kemnitz, C. R.; Loewen, M. J. “Amide ResonanCeltrelates with a Breadth of C-N Rotation BarridrsAm. Chem. So2007, 129,
2521-2528.
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The only examples of reversible amide bonds iriteeture come from the Stahl group,
that improved initial finding® and achieved transamidation and amide metaffiestisoom

temperature and in the presence of a zirconiuntysatgscheme 10).

Transamidation
(@] 0
Zr(NR
R1J'I\NR2R3 + R4RS5NH _,% R1J\NR4R5 + RZR3NH
0 (0]
+ Zr(NR
RSJ'LNR4R5 + R2R3NH #‘-— RBJJ\NRZRB + R4R5NH
Amide Metathesis
- fL f]\ Zr(NRp)s j\ j'\
RT"ONR2R3 + R "NR?RS R "NR*R5 + R®™ “NRZR3

|
Scheme 10 | Transamidation and amide metathesis at room temperature (adapted from ref. 67).

Unfortunately, these remarkable results can nogaied to the peptide bond. The
necessity to operate in organic solvents and tomestal catalysts together with the lack of

selectivity for a specific bond are serious limdast of this approach.
a. Reversible chemistries leading to non-native péde bonds

Amino acids and small peptides have been amonfiyfienolecules to be incorporated
into dynamic combinatorial libraries. However, ashing reversibility at the peptide bond level
was a major challenge. Other chemistries have blees investigated, leading to non-native
peptide molecules. These reversible reactions lmavectivation barriers, are chemoselective
and are generally compatible with mild aqueous e (neutral pH, acceptable temperature
range). Interestingly, of the many that fulfill #eecriteria, only three covalent chemistries have

been applied to peptide-based DCLs.

i. Amine-imine exchange reaction

This type of reversible chemistry includes the laydne linkage that was used, for

66. Eldred, S. E.; Stone, D. A.; Gellman, S. HathtS. S. Catalytic Transamidation under Mode@aaditions.J. Am. Chem. So2003
125 3422-3423. b) Hoerter, J. M.; Otte, K. M.; Gellm&. H.; Cui, Q.; Stahl, S. S. Discovery and Medstic Study of
Al(lll)-Catalyzed Transamidation of Tertiary Amidels Am. Chem. So2008 130, 647—654.

67. Stephenson, N. A.; Zhu, J.; Gellman, S. HhIS®& S. Catalytic Transamidation Reactions Coihfgawith Tertiary Amide Metathesis
under Ambient Conditionsl. Am. Chem. So2009 131, 10003-10008.
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instance, by Sanders and cowork&r§hey provided an interesting example of how D@6 ¢
lead to unpredictable structures. From a librarydipeptide hydrazones, of all the possible
exchange products, a [2]-catenane consisting of itMerlocked macrocyclic trimers was

selected as receptor for the neurotransmitter btetiyne (Figure 4).

o
| 7% S O: ¢ ;b

n,o» Ach, TFA

Wy
1 pPFm CHCI;/DMSO ” g 5 R
K«maﬁ? N

Figure 4 | Dynamic combinatorial library based on dipeptide hydrazones (from ref. 68).

ii. Thiol-thioester exchange reaction
Peptides with one or more amide bonds replaced witithioester are called

thiodepsipeptides. Ghostt al®® reported the generation of a thiodepsipeptide owycite

library from a short peptide incorporating bothdtianalities: a cysteine residue, hence a thiol

group, and a C-terminal thioester (Figure 5).

HO,
H O

” Qw'“ <87 CO,Me pH 7 C :;>
O:EN\/L-OO ) Buffer ﬂ
HOJ~r NHSH O NH,

O o~ q

Il ;;

Figure 5| Generation of a thiodepsipeptide macrocycle library from a short tetrapeptide incorporating a
thiol and a thioester group (from ref. 69).

68. Lam, R.T.S.; Belenguer, A.; Roberts, S. lauhann, C.; Jarrosson, T.; Otto, S.; Sanders, Nl.. mplification of
Acetylcholine-Binding Catenanes from Dynamic Conaltamial Libraries Science2005 308 667—669.
69. Ghosh, S.; Ingerman, L. A.; Frye, A. G.; Lee)SGagné, M. R.; Waters, M. L. Dynamic Cyclidddepsipeptide Libraries from

Thiol-Thioester Exchang®rg. Lett.201Q 12, 1860-1863.
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In a more refined example, Ashkenasy and cowo’® investigated the behavior
thiodepsipeptides forming ced-coil structuresin the presence of thiol moleculand in

response to the introdtion of clanges in the folding conditions or af external templal

iii. Thiol-disulfide exchange reaction

Using this reversible chemistry, Rauschenbet al.”*

selected cyclic receptors f
different carbohydrates from simple (-aa-Cys tripeptides (Figure .6)n particular, one
member of the library was selected in the pres@fdd-acetyl neuraminic acid (NANs, a

major component of glycoconjuga.

—— HisHis in DCL without NANA (48 h)

” HisHis in DCL with NANA (48 h)
2.4x10" 4 '
=N
P HN_ _\
2.0x10" 1 o " 9 h 2.0times
I. N ' I NH, eoeoidivo i
HO" Y Y N - \ amplification
1.6x10" 1 g~ © s 1
S S
0
'l H \
1.2¢10'9 T__" N I, [ OH
-
8.0x10° 4 L ;
N-acetyl neuraminic acid (NANA) : HisHis A
4.0x10" 4 f\
\]
0.0 ——
T T T T 1 min
5 10 156 20 25 30
t /min —=

|
Figure 6 | Selection of the cyclic receptor for NANA, formed by two Cys-His-Cys tripeptides (adapted
from ref. 71).

iv. Non-covalent interactions
In the Case group hydrophobic and met-ion interactions have been exploited to se
stable trimeric proteins from a library of peptitglices. After an initial recogniticstep due to
the formation of an hydrophobic core, the selesfaties were further stabilizby addition of
a substoichiometrical amount of >*. This was accomplished by appending n-binding
bipyridineligands (Bpy) to the peptide subui (Figure 7).

70. Dadon, Z.; Samiappan, M.; Shahar, A.; ZarivachARlikenasy, G. A Hic-Resolution Structure That Proes Insight into Coiled-Coil
Thiodepsipeptide Dynamic ChemistAngew. Chem. Int. E@013 52, 9944-9947.

71. Rauschenberg, M.; Bomke, S.; Karst, U.; Ravoo, Byhamic Peptides as Biomimetic Carbohydrate RiecsjAngew. Chem. Int. Ed.
201Q 49, 7340-7345.

72. Roy, L.; Case, M. A. Protein Core Packing by Dyna@ombinatorial Chemistrd. Am. Chem. So201(, 132 8894-8896.
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X =gly, ala, val, leu, ile, phe X, =lle, leu, leu; X, = ala, ile, ile
8436 varlants 15 stable variants

Figure 7 | Stabilization of the trihelical structure by interaction of the bibypidine units (Bpy) with the
metal ion (from ref. 72).

An outstanding example of the potential of supramgdé interactions has been retly
reported by Song and Tezc”®. They obtained an artificial meta-B-lactamase by
metal-directed selkssembly of a monomeric redox protein. The resyli@rameric structur

was tested ifcscherichia coland showed full enzymatic activity (Figusg

4 structural
Zn sites

|
Figure 8 | Structure of the tetrameric Zn complex with enzymatic activity (adapted from ref. 73).

b. Reversible peptide bond: The enzyme approach

An interesting approach to scramble peptide frageanthe native amide bond cons
in the use of pretases or peptidases. It had already been <* that these enzymes could
engineered in order to form, as opposed to breagtige bonds. The synthesis of sev

proteins was achieved with enzy-assisted synthesis, including the large RNase A

73. Song, W. J.; Tezcan, F. A. A Designed Supramoledatein Assembly with in Vivo Enzymatic ActivitScience2014 346,
1525-1528.

74. Kullmann, W. Proteasgatalyzed Peptide Bond Formation: Application tontBgsis of the COO-Terminal Octapeptide of
CholecystokininProc. Natl. Acad. Sci. U. S. 1982 79, 2840-2844.
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residuesy. Since these enzymes can catalyse both the famatid the disruption of the
peptide bond, they can be used to generate DCLSs.

Although protein engineering is a powerful toolmpiler methods exist to shift the
equilibrium of native proteases from hydrolysis dgnthesis. These include the use of
non-aqueous cosolvents and the addition of a kexgess of one of the reactants. Moreover, if
the synthetic product precipitates or is capturgdalbmolecular trap, the equilibrium of the
system will be shifted toward its formation. A veategant application of this last approach was
described by Swanat al’® and consists in the generation of a peptide fragrilerary by
thermolysine, a soluble protease with broad spzwifi'when this experiment was carried out
in the presence of an antibody specific for theeNrinus offf-endorphin, amplification was
detected. Importantly, the antibody was protectesinf proteolysis by a semipermeable
membrane (Figure 9) and the peptide fragments aoiddate between the two compartments.

Semipermeabie

Endorphin-
selective
antibody

Library generation through protease- Selection of pentapeptide
mediated amide hydrolysis and synthesis (YGGFL) by antibody

|
Figure 9 | Generation and screening of a peptide library from Tyr-Gly-Gly (YGG) and Phe-Leu (FL)
fragments. Thermolysine catalysis both peptide hydrolysis and synthesis and is kept in a separate
compartment from the antibody by a semipermeable membrane. Amplification of the specific segment
YGGFL was observed (from ref. 47).

75. Jackson, D. Y.; Burnier, J.; Quan, C.; Stariiéy,Tom, J.; Wells, J. A. A Designed Peptide Ligéar Total Synthesis of Ribonuclease
A with Unnatural Catalytic ResidueSciencel 994 266, 243—-247.

76. Swann, P. G.; Casanova, R. A.; Desai, A.; fihof, M. M.; Urbancic, M.; Slomczynska, U.; Hopder, A. J.; Le Breton, G. C,;
Venton, D. L. Nonspecific Protease-Catalyzed Hygbis/synthesis of a Mixture of Peptides: Producvesity and Ligand
Amplification by a Molecular TraBiopolymersl996 40, 617-625.
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Thermolysine was also used by Ulijn and coworkeargether with other enzym&sto
promote supramolecular gelation. For instafidbey created a dynamic combinatorial library
of Fmoc-protected tripeptides by using thermolysioecatalyse peptide bond formation,
hydrolysis and transamidation. In the aqueous bgfiene of these library members were able
to self-assemble into fibers via hydrophobic intéicns and/om-nt stacking, thus triggering
hydrogel formation.

In another example, the use of sortase A (SrtA)iwesstigated® for N-terminal labeling
of proteins. This enzyme normally catalyzes thewge of the peptide bond between the
threonine and the glycine residues of a LPXTG métdwever, it can also be instructed to
promote the synthesis of the same bond.

Although interesting, the enzyme-based approachskasral limitations. First, shifting
the equilibrium from the native hydrolytic reactitmward the formation of peptide bonds is not
trivial. Second, enzymes are generally sensitivambiecules and instability issues might
emerge over the long equilibration times that #tenoneeded in DCC. In addition to this,
proteases are by definition incompatible with piotargets, which further complicates the
reaction setup. Finally, they are either poorlyestve for a given peptide bond (i.e.
thermolysine) or too specific for a given sequefiee sortase). Hence, specific conditions and
setups need to be defined on a case-by-case basmstunately, this enzyme-based approach
can not be considered a general methodology fangaing peptide fragments.

77. Fleming, S.; Ulijn, R. V. Design of Nanostruas Based on Aromatic Peptide Amphiphilgeem. Soc. Re2014 43, 8150-8177.

78. Toledano, S.; Williams, R. J.; Jayawarna, MijnUR. V. Enzyme-Triggered Self-Assembly of PelgtiHydrogels via Reversed
Hydrolysis.J. Am. Chem. So2006 128 1070-1071.

79. Williamson, D. J.; Fascione, M. A.; Webb, M; Eurnbull, W. B. Efficient N-Terminal Labeling éfroteins by Use of Sortagengew.
Chem. Int. Ed2012 51, 9377-9380.
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Chapter 2 - Peptides Incorporating N-(2-Thioethyl)-Cysteine

1. Introduction: Design and objectives

As already discussed in Chapter 1, scrambling geptagments at the amide bond level
is not trivial. Although the enzyme approach hasrbguccessfully used in some specific cases,
it has several limitations.

We wanted to develop an abiotic methodology to edhireversibility of this strong
covalent bond in mild aqueous conditions. To dove®,investigated the potential of native
chemical ligation. As already discussed in ChaptedCL (Scheme 11a) is the most popular
method to synthesize long peptides and consisthenselective reaction of a C-terminal
thioester with an N-terminal cysteine to form avepeptide bond in mild aqueous conditions.
In contrast, the reverse NCL (Scheme 11b) for yimhesis of peptide thioesters from peptides
containing a C-terminal cysteine, requires harsiditmns (excess of thiols, acidic conditions
and heatingf. This is due to the need for the peptide to asstheethermodynamically
disfavoredcis conformation in order for the initial NS acyl transfer to occur. Hence, the
biggest challenge in the development of a revexsilative chemical ligation was to allow the
first step of the reverse-NCL, the-BS acyl shift, to occur at low temperature (20-40) a6d

under neutral to mildly acidic conditions.

+ HS-R
o SH
G w
H [¢]

large excess of R-SH

b) (o] SH N-S | shift pH 2-6
acy shi
NH .)k W v2e %(.
g s e
(@]

thiol-thioester

SH
a) exchange W
+  HyN .

p

S-N acyl shift

_
trans cis
conformation conformation

Scheme 11 | a) Forward and b) reverse native chemical ligation.

The large diffusion of native chemical ligation Had to the development of different
strategies to widen its versatility. In particulagnsiderable efforts have been addressed to

developing synthetic protocols for the synthesip@ptide thioesters compatible with Fmoc

80. a)Kang, J.; Richardson, J. P.; Macmillan, IM&captopropionic Acid-Mediated Synthesis of Péptand Protein ThioesteShem.
Commun2009 407-409. b) Macmillan, D.; Adams, A.; PremdjeeSBifting Native Chemical Ligation into Reversediigh N-S
Acyl Transfer.Isr. J. Chem2011, 51, 885—-899.
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SPPS. Among others, C-terminal N-sulfanylethyldeii (SEAlides) have been shown to
rearrange into transient thioesters by spontanetnanolecular N»S acyl transfer. These first
findings led to the development of the C-termina(®-sulfanylethyl)amino (SEA) group. Two
group$? independently reported that peptides containifgthit can undergo intramolecular
N—S acyl shift at 37 °C and in neutral to mildly acicconditions (Figure 10a). The
exceptional reactivity of this tertiary amide wapkained with the presence of two thiol groups,

one of which is always correctly positioned for tite>S acyl shift to occur.

a) SH gl b) SH
@)J\S/\/NH HN

Hsg)N HS\) (0]

bearing a C-terminal bis(2-sulfanylethyl)amino group. b) The non-natural dynamic amino acid
N-(2-thioethyl)-cysteine (Daal).

Taking advantage of this exceptional reactivity, eesigned the modified non-natural
amino acid N-(2-thioethyl)-cysteine (Figure 10ly).analogy to the bis(2-sulfanylethyl)amino
group, this dynamic amino aciBdal) bears two thiol groups that can underge 8l acyl shift.
We introduced this dynamic unit in model peptidater at the N-terminus or internally, and
investigated the exchange reaction between themiloh aqueous conditions. We expected
peptide fragments to be scrambled specificallyhatjunction betweebaal and the amino
acid in a-position to this residue, according to a reveesiblCL mechanism extensively
described later in this Chapter. In order to féaié the exchange reaction, initial investigations
were carried out on peptides containing a glyamnthat position, an amino acid that had been

correlated to fast NCL rates. All the other amino acid resisiwere randomly chosen.

2. Peptide synthesis

In order to investigate the dynamic nature of ogsteam, we synthesized short model

81. Otaka, A.; Sato, K.; Ding, H.; Shigenaga, AecRot/sequential Native Chemical Ligation Using iNf&ylethylanilide PeptideChem.
Rec.2012 12, 479-490.

82. a)Hou, W.; Zhang, X.; Li, F.; Liu, C.-F. Pepti N,N-Bis(2-Mercaptoethyl)-Amides as Thioestee€ursors for Native Chemical
Ligation.Org. Lett.2011, 13, 386—-389. b) Ollivier, N.; Dheur, J.; Mhidia, Blanpain, A.; Melnyk, O. Bis(2-Sulfanylethyl)amino
Native Peptide LigatiorOrg. Lett.201Q 12, 5238-5241. c) Dheur, J.; Ollivier, N.; Vallin,;Alelnyk, O. Synthesis of Peptide
Alkylthioesters Using the Intramolecular N,S-AcYifs Properties of bis(2-Sulfanylethyl)amido Pepsd). Org. Chem2011, 76,
3194-3202.
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peptides containing @aal unit either in N-terminal position or internallbince the
C-terminus of these peptides was not involved m élkchange reactions, we prepared the
peptides as C-terminal amides, more stable ancretsisynthesize than their C-terminal
carboxylic  acid  counterparts. The two  starting pEg Pl-Daal-P2

(H2oN-Leu-Tyr-Lys-Gly-Daal-Ala-Lys-Leu-Leu-CONH) and Daal-P3
(Daal-Ala-Phe-Lys-Phe-CON§  and the exchange products P1-Daal-P3
(H2N-Leu-Tyr-Lys-Gly-Daal-Ala-Phe-Lys-Phe-CONE) and Daal-P2

(Daal-Ala-Lys-Leu-Leu-CONH) were isolated in their oxidized form to facilgatheir

purification and are shown in Figure 11.
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Figure 11 | Structures of the four oxidized peptides P1-Daal-P20x, Daal-P3ox, P1-Daal-P3ox and
Daal-P2ox.

a. General procedure

Reactions were typically performed on a Fmoc-Rinkee-4-methylbenzhydrylamine
(MBHA) resin crosslinked with 1% divinylbenzenesad.5 mmol scale (loading 0.74 mmol/q).
This resin, derived from the Riftkresin, allows the synthesis of peptide amides iand
typically cleaved by treatment with 95% TFA.

Unless stated otherwise, our model peptides wen¢hegized on a CEM Liberty 1

microwave synthesizer, using the Fntedtbutyl strategy. Coupling were performed at 70 °C

83. Rink, H. Solid-Phase Synthesis of Protectedi@®epragments Using a Trialkoxy-Diphenyl-MethykrsResinTetrahedron Lett1987,
28, 3787-3790.
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and 35 W (microwave power) for 5 min using 4-foldlar excess of each Fmoc-aa-OH (10 mL
of a 0.2 M solution in DMF), HBTU (4 mL of a 0.5 &blution in DMF) and DIEA (2 mL of a 2
M solution in NMP). Being sensitive to racemizatiéimoc-Cys(Trt)-OH was coupled for 2
min without microwave heating and then at 50 °Chvidd W for 4 min. Fmoc groups were
deprotected with 2 successive treatments with%®28 piperidine solution in DMF (15 mL) at
70 °C and 55 W for 3 min.

b. Insertion of the 2-thioethyl chain

In order to introduce the thioethyl chain on theteine N-terminus, we adapted a protocol
described by Liu and coworké&f&for the modification of primary amines on solicpport.

After standard deprotection of the Fmoc group attémminal cysteine, we transferred the
resin from the microwave synthesizer to a paraljlethesizer. As shown in Scheme 12, we first
activated the terminal amino group by converting iitto a sulfonamide with
2-nitrobenzenesulfonylchloride and 2,6-lutidineD&M. We then performed two successive
Mitsunobu reactiond* with 2-(tritylthio)ethanol, triphenylphosphine andiisopropyl
azodicarboxylate (DIAD) in a dry THF/DCM mixture der argon atmosphere. Finally, we
deprotected the amino group by treating the resth w 2,2’-(ethyldioxy)diethanethiol and
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) solutiorDMF. 2-(trithio)ethandf 1, was easily

synthesized in one step from 2-mercaptoethanotragtthloride in THF.

84. Mitsunobu, O.; Yamada, M. Preparation of EstéiGarboxylic and Phosphoric Acid via Quaternanp$phonium Salt8ull. Chem.
Soc. Jpn1967, 40, 2380-2382.

85. Yeo, W.-S.; Min, D.-H.; Hsieh, R. W.; Greene,lG Mrksich, M. Label-Free Detection of ProteinsRein Interactions on Biochips.
Angew. Chem. Int. EQ005 44, 5480-5483.
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3h
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Scheme 12 | Schematic representation of the three-step procedure for the incorporation of the
2-tritylthioethyl chain on the cysteine residue.

c. Glycine coupling: Acylation of N-alkyl cysteine

Due to steric hindrance, the acylation of N-alkgthemino acids generally proceeds in
low yields under standard conditions. In the patticcase of the synthesis on solid support, the
reactivity of resin-bound secondary amines towaalsated amino acids is even lower than in
solutiorf®.

We initially performed the coupling reaction usem@g-fold molar excess of Fmoc-Gly-OH,
N,N’-diisopropylcarbodiimide (DIC) and ethylcyangfiroxyimino)acetate (Oxym&) The
reaction was placed in an orbital shaker and kepeuargon for three days to achieve the
complete coupling of the glycine. In parallel, inetattempt of improving the coupling
efficiency, we investigated a second approach. éteag that the coupling was hampered by
both the N-(2-trityl-thioethyl) chain and the proti@g group on the cysteine residue, we
considered performing removal of the bulky tritybgp and simultaneous disulphide bond
formation with iodine in DME®. Although rapid and efficient, the strong colovatassociated

with iodine was very persistent. Even after seweaghings with different solvents, including a

86. Angell, Y. M.; Garcia-Echeverria, C.; Rich, . Comparative Studies of the Coupling of N-Metlgth Sterically Hindered Amino
Acids during Solid-Phase Peptide SyntheBetrahedron Lett1994 35, 5981-5984.

87. Subirds-Funosas, R.; Prohens, R.; Barbas, IREaltam, A.; Albericio, F. Oxyma: An Efficient Addie for Peptide Synthesis to
Replace the Benzotriazole-Based HOBt and HOAt wittower Risk of ExplosiorChemistry2009 15, 9394-9403.

88. Kamber, B.; Rittel, W. Eine Neue, Einfache Mt Zur Synthese von Cystinpeptidelelv. Chim. Actdl 968 51, 2061-2069.
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buffered ascorbic acfd solution in DMF, residual iodine was still presdntthe resin.
However, we performed the following coupling of Fer@ly-OH to test this approach. We
tested different conditions (i.e. different reagenbom temperature or microwave heating) and
obtained complete coupling when using microwavadiation. However, UPLC-ESI analysis
of the crude peptides showed a variety of impugjt@obably due to side-reactions associated
with iodine oxidation or to the persistency of iogiin the resin. Overall, this second strategy

was unsuccessful in improving the glycine couplng was therefore abandoned.

d. Simultaneous cleavage from the resin and side-chain deprotection

For the final cleavage of the peptide from therresid the deprotection of the side chain
protecting groups, aqueous concentrated TFA (95/048/generally the reagent of choice.
Nevertheless, during this reaction, highly reacti@gocations are generated and it is necessary
to trap them to avoid undesired reactions with il®esamino acids. Silanes are routinely used
as carbocation scavangers and, in the case of meggieontaining Cys, Met or Arg, a sulfur
containing scavenger is also generally recommended.

In our protocol the resin was suspended in a fyeghepared 10 mL solution of
TFA/TIS/2-2'(ethyldioxy)diethanethiol/bD: 92.5/2.5/2.5/2.5 vol%. After 1 h, the resin was
filtered and washed with TFA (5 mL). The combinétidtes were concentrated in vacuo and
then added to cold diethylether (200 mL). The rasylprecipitate was then separated by
centrifugation, washed with cold diethylether (2xmL) and dried under argon to afford the
crude peptides.

During the synthesis, a mini-cleavage was perforatedgular intervals to verify that the
reactions had gone to completion. A minimum amaifrithe resin was cleaved with a 1 mL
solution of TFA/TIS/2-2’(ethyldioxy)diethanethiolg®: 92.5/2.5/2.5/2.5 vol%. After 30 min
the solvent was then reduced under vacuo and tle @eptide precipitated in diethyl ether.
The precipitate was then isolated by centrifugattssolved in acidic water (0.1 %v/v formic

acid) and/or methanol and analyzed via UPLC-ESI.

89. Pohls, M.; Ambrosius, D.; Grtézinger, J.; Kegtamar, T.; Saunders, D.; Wollmer, A.; BrandenbDrgBitter-Suermann, D.; Hocker,
H. Cyclic Disulfide Analogues of the Complement Gmment C3a Synthesis and Conformational Investigatint. J. Pept. Protein
Res.2009 41, 362-375.
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e. Peptide oxidation

Bearing two vicinal thiol groups, these peptideseha high tendency to oxidize. Since
purification of these peptides in their reducedrfanight have been problematic, we added an
oxidation step. The crude peptides were thus disgah milliQ water, the pH adjusted to 7-8

with NH4CO; and compressed &irwas bubbled in this solution prior to purification
3. Exchange reaction between P1-Daal-P2 and Daa1-P3

a. Exchange reaction setup

The exchange reaction described in Scheme 13 bete®aal-P2andDaal-P3was
investigated at different pHs (6, 7, 8 and 9).

degassed
/E’(. /(N/. aqueous buffer
—pree L(. L(.
TCEP/DTT
H S\) HS\) o HS \)

= H N-Leu-Tyr-Lys-Gly- = -Ala-Lys-Leu-Leu-CONH, = -Ala-Phe-Lys-Phe-CONH,

Scheme 13 | Schematic representation of a reversible NCL based on the use of Daal
N-(2-thioethyl)-cysteine.

In order for the reaction to occitl-Daal-P2oxandDaal-P3oxneed to be reduced to the
correspondindg®1-Daal-P2andDaal-P3 Among the possible reducing agents commercially
available, we focused our attention on dithiottlgl®TT)®. This additive is routinely used for
protein assay$ to avoid disulfide formation from thiols and itshalso been used directly in
cells”. It thus seemed the ideal reagent in our invesitig®f a reversible chemistry occurring
in bio-compatible conditions. One of the main draahs related to the use of DTT is its quick

oxidation in solution. Once the quantity of redud2@T in solution is low, the peptides are

90. Kellenberger, C.; Hietter, H.; Luu, B. Regi@stive Formation of the Three Disulfide Bonds @5aResidue Insect Peptideept. Res.
1995 8, 321-327.

91. Cleland, W. W. Dithiothreitol, a New ProtectiReagent for SH GroupBiochemistryl964 3, 480-482.

92. Jocelyn, P. GSulfur and Sulfur Amino AcigdMethods in Enzymology; Elsevier, 1987; Vol. 143.

93. Tatu, U.; Braakman, l.; Helenius, A. MembrankcGprotein Folding, Oligomerization and Intracddlu Transport: Effects of
Dithiothreitol in Living Cells.EMBO J.1993 12, 2151-2157.
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reconverted in their oxidized formB1-Daal-P2oxand Daal-P3ox thus preventing the
exchange reaction to proceed. Performing the @atin degassed buffers and under argon
atmosphere was not sufficient to avoid the rapiddaton of DTT and the consequent
formation of oxidized peptides. For this reason deeided to add TCEP This powerful
reducing agent is less sensitive to air oxidat@mtDTT and its addition to the reaction mixture
allows the exchange reaction to equilibrate befloeepeptide oxidation takes place. Although
being frequently used in biochemistry, TCEP is knotw cause desulfurizatiBhas side
reaction, i.e. of cysteine into alanine. For tleigson we added to the exchange reaction just the
stechiometric amount of TCEP necessary to redue@thamolecular disulfide bonds present
in the two starting peptides.

The exchange reactions were run in 0.2 M phosghéfers prepared at pH 6, 7, 8 and 9.
In order to prevent oxidation, these buffers wexgatsed using freeze/thaw cycles and placed
under argon prior to use. For each pH, three swiatofDaal-P3(formate salt)P1-Daal-P2
(diformate salt) and TCEP were mixed in an HPLQ aral immediately frozen and lyophilized.
This lyophilized powder containing the peptidesdficoncentration 2.5 mM) and TCEP (final
concentration 5 mM) was then diluted under argath @00uL of phosphate buffer (pH 6, 7, 8
or 9) containing DTT (25 mM). The exchange readiwrere then left stirring under positive
argon pressure at room temperature in an HPLGngalted in a Schlenk tube (setup shown in
Figure 12).

|
Figure 12 | Picture of the setup: the HPLC vial containing the stirring bar and the exchange reaction
solution is inserted in a Schlenk tube.

94. Burmns, J. A.; Butler, J. C.; Moran, J.; Whitkes, G. M. Selective Reduction of Disulfides bg(@-Carboxyethyl)phosphind. Org.
Chem.1991, 56, 2648-2650.

95. Wang, Z.; Rejtar, T.; Zhou, Z. S.; Karger, BOesulfurization of Cysteine-Containing Peptidesiting from Sample Preparation for
Protein Characterization by Mass Spectromd&gpid Commun. Mass Spectrd?01Q 24, 267-275.
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b. Exchange reaction mechanism

For each conformation of peptidl-Daal-P2(trans or cis), one thiol group is always
correctly positioned for the intramolecular nucleibp attack to occur. The two possible
resulting P1-Daal-P2thioesters can then undergo transthioesterifinatm afford the two
possibleP1-Daal-P3thioesters an®aal-P2 This reaction can occur directly wibaal-P3
or through the formation of the1-DTT intermediate that can in turn undergo thiol-thtees
exchange witlbaal-P3 Finally, the twoP1-Daal-P3thioesters can rearrange, vieo8 acyl
shift, to afford peptid®1-Daal-P3All the reactions shown in Scheme 14 are fulixersible.

o SH trans-cis isomerisation HS‘B
& —_
N
HS (e} HS*

trans
N—> S acyl shift N~ S acyl shift
o OH
OH -

: SH
A~ ~_-SH S/\/\/
H 9 HS™ o Hs™ Y
N% OH ©
0 /( Y —_ *
S SoH thiol-thioester exchange SH thiol-thioester exchange
P1

Hs\)
SH
thiol-thioester exchange HN /(”/. HN
HS\)

SH

H (0] o (0]
s “sH

@)

HN\L Hs_J o
SH
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SH
L(- .
Hs\) Hs\) o)

Scheme 14 | Schematic representation of the trans-cis isomerisation, N—S acyl shift, thiol-thioester
exchange and S — N acyl shift equilibriums involved in a reversible NCL based on the use of Daal.
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c. Exchange reaction analysis

Quantitative analysis of the exchange reactiontldaeat pHs ranging from 6 to 9 were
determined by UPLC-E&inalysis. At regular time points, aliquots (2b) of the exchange
reaction mixture were diluted with a solution (475 containing HO, and the internal UV
standard 3,5-dimethoxybenzoic acidpyP of the resulting solution were then submitted to
UPLC-ESlanalysis and a seconduR injection was performed. The UV standard was ddde
account for potential errors during the sample arafoon and injection process. Different
molecules were tested as potential UV standardschhbice fell on 3,5-dimethoxybenzoic acid
as, during UPLC-ESI analysis, it elutes after tifeeent species involved in the exchange
reaction. In the resulting chromatograms the peakesponding to this molecule did not
overlap to other peaks and its area value could theiused as an internal reference. The
reaction mixture was completely oxidized in orderavoid complications in the analysis.
Indeed, these peptides have a high tendency toifgramolecular disulfide bonds and direct
analysis of the exchange reaction mixture, withant oxidation step, leads to complex
chromatograms where peaks corresponding to theeddand oxidized forms of the peptides
overlap (see page 66).

Typical chromatograms to monitor the exchange reastare shown in Figure 13. Att=0
h only the two starting peptideBl-Daal-P2oxand Daal-P3ox are present in solution
(together with oxidized DTT and the UV standardithAugh we could observe the oxidized
forms of the two exchange produét$-Daal-P3andDaal-P2 together witP1-DTTox, after
only few hours, Figure 13 shows the peptide digtrdn at equilibrium, after 46 h of
equilibration.
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Figure 13 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of the
exchange reaction between P1-Daal-P2 and Daal-P3 atpH 6 ati)t=0 h and ii) t = 46 h.

Calibration curves(Figure 14) were established for peptideP1-Daal-P2 and
P1-Daal-P3y injecting 2uL of the peptides at known conceations(62.50, 125.00, 156.2!
312.50 and 625.0QuM) under the same conditions used for dilutitige aliquots of thi
exchange reactions. Each standard point correspionds average of 3 replica. After a
manual baseline correction with the peak ani tool of OriginPro 9.0the area of the pe:
corresponding to the peptide wcorrected according to the area of the internaldtAhdarc
and plotted against the concentraticA linear regression analysis ga2 linear calibration
curves with R of 0.992and 0.9%6 that where then used to calculate the concentratiaghe

peptides in the exchange mixtt.
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Figure 14 | Calibration curves obtained by linear regression for P1-Daal-P2 and P1-Daal-P3.
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For each exchange reaction, each timepoint wasndieied as a mean of two separate
injections in the UPLC. In order to calculate thestics parameters of the exchange reaction at
each of the four pHs investigated, the UPLC chragyams recorded with UV detection were
processed as follows. After a manual baseline cbare with the peak analyzer tool of
OriginPro 9.0, the area values of the peaks cooredipg toP1-Daal-P2and P1-Daal-P3
were extracted and corrected according to the\aie® of the UV standard for each injection.
For each timepoint, the mean between the two aaézes obtained was then expressed as
concentration P1-Daal-P2 and [P1-Daal-P3 of the two peptides, according to the
calibration curves reported above. Finally, we esped the % of the exchange product
[P1-Daal-P3 as [P1-Daal-P¥([P1l-Daal-P2+[P1-Daal-P3) (Figure 15) and calculated
fitting curves for each set of values (i.e. each.pH
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Figure 15| % of exchange product [P1-Daal-P3] (=[P1-Daal-P3]/([P1-Daal-P2]+[P1-Daal-P3])) as a
function of time starting from 2.5 mM solutions of P1-Daal-P2 and P1-Daal-P3 at room temperature at
pHs 6, 7, 8 and 9 in a phosphate buffer (200 mM, DTT 25 mM).

At all the studied pHs we could indeed observe rafad formation of the exchange
products. From the graph reported in Figure 15 wald extrapolate the half-times of
equilibration {1) 5.5, 2.0, 4.0 and 1.5 h and initial rat¥s)(6.94 x 10° 8.33 x 10° 1.11 x
10" and 1.53 x 10 M-s*respectively at pH 6, 7, 8 and 9. TWgvalues were calculated using
the “tangent” tool of the Origin 9.0 software at 0 h.

This rate dependency on pH can be explained acupridi the literature on both the
reactions required to yield the exchange prodidal-P2 and P1-Daal-P3 Indeed, the
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rearrangement of amide-based bis(2-sulfanylethyhanunits into their thioester form is
favored by lowering the pH suggesting that, in addition to the increase etthamide bond
population, inhibition of the SN acyl shift by protonation of the amide could &litie
equilibrium toward thioester formation. In the peutar case of our dynamic unit, the
formation of two distinct thioesters isomerdRif-Daal-P2was confirmed at low pH (see page
68). Conversely, the second determining step of dggpamic NCL pathway, i.e. the
thiol-thioester exchange, is accelerated by a nmtidease in the pH (i.e. 8-9). This can be
simply explained with the partial deprotonatiorttod Daal thiols at higher pHs; the increased
nucleophilicity of the resulting thiolates givegiher reaction rates. Interestingly, the fastest
initial rate at pH 9 of this dynamic pathway, susgethe thiol-thioester exchange as the rate
limiting step of the overall exchange reaction.

Moreover, we could observe that the equilibriumstant (K) was strongly affected by the
medium, leading to differential expressions of pneducts at thermodynamic equilibrium for
each set of pHs. This behavior of dynamic covald@mtaries involving pH-dependent
mechanisms had already been described in thetiiteta

When performing the reaction at lower pHs, we cadderve the presence B1-DTT
together with the exchange peptides. As shown guréi 16,P1-DTT results from the
thiol-thioester exchange between one of the twsiptesthioester isomers &f1-Daal-P2and
DTT. Being in equilibrium with all the other compamts of the mixture and constantly
regenerated during the exchange procB4sDTT is not detrimental to the dynamics of the
system. Interestingly, at pH 8, the proportiofP@fDTT at equilibrium is only residual while at

pH 9 it is not even detectable.
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Figure 16 | Reversed phase chromatograms (UPLC-ESI) recorded with UV and MS detection of
exchange reactions between P1-Daal-P2 and Daal-P3, leading to P1-Daal-P3 and Daal-P2, and
showing the P1-DTT thioester intermediates (peaks in the rectangle) as a function of the pH (from 6 to
9). All chromatograms are given at thermodynamic equilibrium.

One could thus speculate that the optimal pH fierridsaction to occur is 8 or 9. However,
at these pHs and after long time of equilibratioesidual hydrolysis of the thioester
intermediates was observed, leading to the formaifesmall amounts of the C-terminal free
carboxylic peptide Leu-Tyr-Lys-Gly (see page 7d)us, in order to keep the fastest exchange
rate and to avoid long-term hydrolysis, one cansmer that the optimal pH value for this

dynamic process is close to 7.
d. Exchange reaction in detail

i. Complete oxidation of the reaction mixture prior to analysis
Figure 17 shows the effect of diluting an aliqubthe exchange reaction with the solution
containing HO, and the internal UV standard, in comparison tatohy an aliquot of the same
exchange reaction with only,B. While in the first case the seven peaks are segarated, in
the second case overlapping of the many oxidizetlraduced species present in solution

complicates the analysis of the exchange mixture.
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Figure 17 | a) Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of an
aliquot (2 pL) of the exchange reaction (25 pL) at pH 6 and after 23 h of equilibration diluted with a
solution (175 pL) containing H,O, and the internal UV standard; attribution of each peak, corresponding
to the oxidized species. b) Reverse phase chromatograms of an aliquot (2 pL) of the same exchange
reaction (25 pL) diluted with H,O (175 puL); attribution of the peaks corresponding to the reduced
species, partly overlapping the peaks corresponding to the oxidized species and shown in a).

Peaks were assigned using the corresponding mass$rigsp data. Nevertheless, the
precise attribution of three of these peaks reduuether experiments. In Figure 17a the peak
at 0.82 min could be attributed to either the [M¥i$h of P1-DTTox ester or to the [M+2H]
ion of theP1-DTTox thioester dimer. Similarly, in Figure 17b the peak 0.56 and 0.70 min
could be assigned to the [M+Hpn of the two possiblP1-DTT isomers (thioester or ester).

In order to discriminate between thioesters andrestve performed some experiments in the
presence of hydroxylamine. This was based on temisg® that thioester bonds are more
susceptible to cleavage by weak nucleophiles theygem esters. A 2 mL solution of
P1-Daal-P2(5 mM) in a pH 7 buffer containing DTT (250 mM) svket equilibrate overnight
to allow the quick formation of the possilid-DTT esters and/or thioesters. Aliquots from
half of this solution were then analyzed by UPLC-BSsuch and after a 2 min treatment with
an equivalent volume of a 2 M solution of hydroxglae buffered at pH 5 (Figures 18a and

18b). The signal remaining after treatment withroyxglamine was thus attributed to the ester

96. Xu, M. Q.; Perler, F. B. The Mechanism of Pirotgplicing and Its Modulation by MutatioBRMBO J.1996 15, 5146-5153.
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form of P1-DTT. The other half was vigorously stirred in air 8rh to allow complete
oxidation and then analyzed by UPLC-ESI as such &itel a 2 min treatment with an
equivalent volume of a 2 M solution of hydroxylamibuffered at pH 5 (Figures 18c and 18d).
The resistance oP1-DTTox to cleavage allowed the clear attribution of thealp to the

P1-DTTox ester with an intramolecular disulfide bond.
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Figure 18 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection after
overnight equilibration of a 5 mM solution of P1-Daal-P2 (5 mM) in a pH 7 buffer containing DTT (250
mM) a) before and b) after treatment (50:50 vol%) with a 2 M solution of hydroxylamine buffered at pH
5. Reverse phase chromatograms obtained as described above but after complete oxidation of the
mixture, c) before and d) after treatment with hydroxylamine.

ii. Characterization of the thioester intermediates
Previous work on peptides incorporating the bis(Pasylethyl)Jamino moiety showed

that acidic conditions favored the thioester isgmérereas the amide configuration was
predominant at neutral pH. We were thus confideat &t the pHs investigated, the last step of
the exchange mechanism was a rapid intramolecuteM &cyl shift leading to the amide
isomers of the exchange peptides. In additionfdbe(starting and exchange) peptides have
been synthesized and characterized. They havéd#darsused as references to establish
retention times for UPLC-ESI experiments. Moreoi¥|R analysis of these four compounds
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was consistent with an amide form due to the alzsenihe*C NMR spectra of any peak in the
region corresponding to the carbonyl of aliphdtio¢sters (around 200 ppm).

A first experiment was run on peptiéd-Daal-P2in order to promote the formation of
the corresponding thioesters (Figure 19). A sotutbthe peptide in a pH 6 phosphate buffer
containing TCEP (28 mM) was acidified with 2.5 %VU/NA and let stir for 20 min. As a result
we could observe two new peaks corresponding totwwee possible peptide thioesters.
Moreover, we observed an unexpected peak, whosecmal weight might correspond to the
thiazoline derivatives formeih situ by intramolecular nucleophilic addition and defrattmn
(Figure 19ii)). Neutralization of the solution with (Nj3CO; led to the reconversion of the
different species into the more stable amide peptidDaal-P2
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Figure 19 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of
P1-Daal-P2 (320 pM) i) at pH 6 under reductive conditions in a 28 mM solution of TCEP; ii) after 20
min in the same solution + 2.5 %v/v of TFA, iii) after subsequent neutralization to pH 7 using (NH4),CO3
for 5 min.

A second experiment was run on both pepti®dsDaal-P2 and P1-Daal-P3to
unambiguously assess the thioester nature of twepeaks formed in acidic conditions. Two
separate solutions of peptide4-Daal-P2and P1-Daal-P3(320 uM) at pH 6 were thus
acidified by adding 2.5 %v/v of TFA. The resultimgixtures, containing the amide and
thioester isomers of each peptide, together wightkiazoline derivatives, were then treated
with an equivalent volume of a 2 M solution of hgelylamine (buffered at pH 5). As a result
(Figure 20), for each of the peptid€d-Daal-P2and P1-Daal-P3 UPLC-ESI analysis
showed the disappearancelod peaks corresponding to the two possible theoesbtmers and
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the formation of the hydroxamic acid of the N-temalifragment together with the release of

the C-terminal fragment (respectivédpal-P2andDaal-P3.
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Figure 20 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of a)
P1-Daal-P2 (320 uM), i) at pH 6 under reductive conditions in a 28 mM solution of TCEP; ii) after 20
min in the same solution + 2.5 %v/v of TFA,; iii) after a 10 min treatment with an equivalent volume of a
2 M hydroxylamine solution buffered at pH 5; b) P1-Daal-P3 (320 uM), i) at pH 6 under reductive
conditions in a 28 mM solution of TCEP; ii) after 120 min in the same solution + 2.5 %v/v of TFA; iii)
after a 5 min treatment with an equivalent volume of a 2 M hydroxylamine solution buffered at pH 5.
The poor quality of the baseline before 0.45 min is due to the presence of hydroxylamine at high
concentrations.

iii. Characterization and quantification of the hydrolysis product
After long time of equilibration, and in particulat pH 8 and 9, the peak corresponding to the
hydrolysis product of th®1-DTT thioester appeared in the reverse phase chronaatsgin
order to show the stability of the exchange prodicDaal-P3 we have plotted its absolute
concentration against time for each of the four p®stigatedP1-Daal-P3proved to be
stable even long time after the thermodynamic dmuiim was reached, allowing us to
conclude that the hydrolysis byproducts can be awtgtl in the timescale of the reaction
(Figure 21).
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Figure 21 | Absolute concentration of exchange peptide P1-Daal-P3 plotted against the time of
equilibration at pH 6 a), 7 b), 8 ¢) and 9 d). e) Reverse phase chromatograms (UPLC-ESI) recorded
with UV and MS detection at pH 7 and after 28 h of equilibration, corresponding to the timepoint circled

in b).
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e. Exchange reaction with 1,4-butanedithiol replacing DTT

The experiment in the presence of 1,4-butaneditts run to ultimately confirm the exchange
reaction mechanism (Figure 22). This molecule iamalogue of DTT, but the lack of the two

hydroxyl groups makes it a less ambiguous reduagent to assess the reaction mechanism.
The exchange reaction run at pH 7 showed a simsitarcompared to the same reaction run in

the presence of DTT; this shows that if both esterds thioesters can be formed from DTT

during the course of the reaction, only the thieessare mandatory to promote the exchange

UV standard

reaction.
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Figure 22 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of the
exchange reaction between P1-Daal-P2 and Daal-P3 in the presence of 1,4-butanedithiol at pH 7 at
a)t=0andb) 90 h.

4. Exchange reaction between P1-Daa1-P3 and Daal-P2

In a dynamic combinatorial library the distributiof its constituents is determined by
their thermodynamic stability within this systenrofided that all the dynamic blocks are
present in solution, the distribution of the colsnts at equilibrium is not affected by the
nature of the starting species. In our systemnigans that we expected the peptide distribution
at equilibrium to be the same when starting thetrea from P1-Daal-P2and Daal-P3 or
from P1-Daal-P3andDaal-P2

We thus investigated the exchange reaction symenadrithe one hitherto described,
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consisting in the dynamic exchange betw@&dnDaal-P3and Daal-P2 The setup and the
analysis of this exchange reaction were perforngegdraviously reported. At pH 7 and after
three days of equilibration, the peptide distribntivas very similar (Figure 23@ ) to the one
observed for the “forward” exchange reaction (Feg@8aii)), starting fromP1-Daal-P2and

Daal-P3 proving the thermodynamic control of the system.

. |
Figure 23 | a) Reverse phase chromatograms (UPLC-ESI) att =0 h (i) and iv)) and t = equilibrium (ii)
and iii)) for the forward (i) and ii)) and reverse (iii) and iv)) exchange reactions at pH 7 described in b).

5. Control reaction between P1-Cys-P2 and Cys-P3

In order to provide a control for the exchange tiea¢ two analogues of the dynamic
peptides were synthesized (Figure 24}ys-P3 (Cys-Ala-Phe-Lys-Phe-CONH and
P1-Cys-P2 (HoN-Leu-Tyr-Lys-Gly-Cys-Ala-Lys-Leu-Leu-CONH) lack the N-(2-thioethyl)
group present in the dynamic peptid@sal-P3andP1-Daal-P2

NH, NH,,
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N A N NN N AL NH, N N NH
H,N TN N TN TN HoN T H H H
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NH,

Figure 24 | Structures of the two control peptides P1-Cys-P2 and Cys-P3.
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The synthesis of these peptides was entirely paddrwith standard procedures via
microwave-assisted solid phase peptide synthesiisg the standard Fmdert-butyl strategy
and HBTU/DIEA coupling system previously descrilfede page 55).

Areaction at pH 7 between peptid&k-Cys-P2andCys-P3(Figure 25a) was investigated.
Solutions of the two peptides were joined in a HPWU@&I, frozen and lyophilized. This
lyophilized powder containing the peptides (financentration 2.5 mM) was then diluted
under argon with 50QL of pH 7 phosphate buffer containing DTT (25 mNlie reaction was
then left stirring under positive argon pressum®am temperature in the HPLC vial inserted in
a Schlenk tube. At regular time points, aliquo |{2) of the exchange reaction mixture were
diluted with a solution (175puL) containing TCEP and the internal UV standard
3,5-dimethoxybenzoic acid; |2 of the resulting solution were then submittedJieLC-ESI
analysis. Due to the higher stability of these st compared to thelDaal-containing
counterparts, the conditions used in the setupimrke analysis of the reaction are slightly
different. The impossibility of forming intramolelew disulfide bonds confers higher resistance
to oxidation to these peptides. This explains #maval of TCEP in the reaction setup and the
substitution of the full oxidation for full reduota prior to UPLC-ESI analysis.

As expected, this control reaction did not yielg detectable trace of exchange products

after four weeks of equilibration (Figure 25b).
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Figure 25 | a) Schematic representation of the control reaction between P1-Cys-P2 and Cys-P3. b)

Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of the reaction
between P1-Cys-P2 and Cys-P3 at pH 7 ati) t =5 min, ii) t = 7 days and iii) t = 4 weeks.
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Chapter 3. Peptides Incorporating N-Methyl-Cysteine

1. Introduction: N-methylation of peptides and proteins

a. N-methylation of peptides and proteins in nature

N-methylation has been observed on the side claiasnino acids such as lysine and
arginine as well as on the peptide bond. Howeterfwo biosynthetic pathways are extremely
different.

N-methylation of lysine and arginine residues hesrbobserved in nuclear proteins in
eukaryotic cells. The addition of one, two or thneethyl groups on each of these amino acids
is a common posttranslational modification, finelyed by specific methyltransferases and
demethylases. Among the proteins that can undergetiylation, histones are by far the most
important ones. DNA wraps around these alkalinggme forming nucleosomes and this
process is strictly correlated to the patternsextent of histone N-methylation. The abundance
of alkaline amino acids on these peptides, angtssibility of each of these residues to be
methylated up to three times, creates an enormetusfgossible combinations. Since other
posttranslational modifications can also occurpiesin and AlliS® proposed the existence of
an “histone code” that is translated into biologfcactions when “read” by enzymes and other
proteins. It has indeed been observed that changjes methylation pattern are associated with
the development of human canter

Conversely, N-methylation of the peptide bond isaapost translational modification and
to date has not been observed in mammalian préfeinsccurs in bacteria and fungi in large
multi-enzyme complexes called non-ribosomal pepsigleghetases (NRPSs), also responsible
for the insertion of other moieties on the pepbdekbone. Frequent modifications include the
insertion of heterocyclic rings, fatty acid chaiggjcosylated amino acids, D-amino acids and

other moietie¥°.

97. Chatterjee, J.; Rechenmacher, F.; Kessler-Mebhylation of Peptides and Proteins: An Importalgment for Modulating Biological
FunctionsAngew. Chem. Int. E@013 52, 254—-269.

98. Jenuwein, T.; Allis, C. D. Translating the tdis¢ CodeScience2001, 293 1074-1080.

99. Chi, P.; Allis, C. D.; Wang, G. G. Covalent téise Modifications--Miswritten, Misinterpreted aMis-Erased in Human Canceb¢at.
Rev. Cance01Q 10, 457—-469.

100. Sieber, S. A.; Marahiel, M. A. Molecular Meolsans Underlying Nonribosomal Peptide SynthesigorApches to New Antibiotics.
Chem. Rev2005 105 715-738.
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b. N-methyl peptides as drugs

With an estimated increase to 25.4 billion US dsllen 2018, the global peptide drug
market is flourishind>. The therapeutic potential of peptides lies inirtthégh specificity
towards a broad range of targets, that resultsigh potency of action and relatively low
side-effects. As their degradation products arenaracids, they show fewer side effects than
small molecule drugs, whose metabolites are patiéntioxic. If compared to protein-based
biopharmaceuticals, they generally penetrate batter tissues, are less immunogenic and
more stable.

However, naturally occurring peptides are oftensutable for use as therapeutics. Rapid
degradation by proteolytic enzymes and high cleaariogether with poor membrane
permeability, are the main disadvantages of peptidey candidate$?. Another major
drawback in the development of peptide drugs is thegligible oral availability. In addition to
what described above, this is also due to low wgtalt tight junctions and active export into
the gut®

In order to overcome these issues, researchers dewaloped multiple strategi€,
mainly addressed to improving proteolytic stabiétyd increasing hydrophobicity. Cyclization
of the peptide sequence, replacement of naturah@macids with non natural residues and
modifications of the amide bond or of the C- orddrtinus are the most common modifications.
Moreover, peptide flexibility often results in lomeceptor subtype selectivity, therefore the
insertion of suitable conformational constraint®ithe molecule has been shown to increase
this selectivity.

Among the strategies listed above, N-methylatiothefpeptide backbone is widely used.
Remarkably, the insertion of this small modificatiof only 14 Daltons has been shown to
increase proteolytic stabilit}?>, promote membrane permeabitty inhibit peptide

aggregation”® and enhance selectivifff in biomolecular recognition processes. Recently

101. Fosgerau, K.; Hoffmann, T. Peptide Therapsu@airrent Status and Future Directiobsug Discov. Todap014 20, 122-128.

102. Cralik, D. J.; Fairlie, D. P.; Liras, S.; Pri€e The Future of Peptide-Based Drughem. Biol. Drug De013 81, 136-147.

103. Kessler, H.; Chatterjee, J.; Doedens, L.; @apé-.; Biron, E.; Hoyer, D.; Schmid, H.; Gilon,;®ruby, V. J.; Mierke, D. F. New
Perspective in Peptide Chemistry by N-Alkylation; Valle, S. Del; Escher, E.; Lubell, W. D., Ed&gvances in Experimental
Medicine and Biology; Springer New York: New YoikY, 2009; Vol. 611, pp. 229-231.

104. Vlieghe, P.; Lisowski, V.; Martinez, J.; Khtelsatisky, M. Synthetic Therapeutic Peptides: Sméeand MarketDrug Discov. Today
201Q 15, 40-56.

105. Fiacco, S. V; Roberts, R. W. N-Methyl Scanrifigtagenesis Generates Protease-Resistant G Prageimds with Improved Affinity
and SelectivityChemBioCher2008 9, 2200-2203.

106. a) Gordon, D. J.; Sciarretta, K. L.; Mered#h,C. Inhibition ofB-Amyloid(40) Fibrillogenesis and Disassembly BfAmyloid(40)
Fibrils by ShorBB-Amyloid Congeners Containing N -Methyl Amino AcidsAlternate ResidueBiochemistry2001, 40, 8237-8245. b)
Lanning, J. D.; Hawk, A. J.; Derryberry, J.; MettdiS. C. Chaperone-like N-Methyl Peptide Inhilstof Polyglutamine Aggregation.
Biochemistry201Q 49, 7108-7118.

107. Chatterjee, J.; Ovadia, O.; Zahn, G.; Marinklj Hoffman, A.; Gilon, C.; Kessler, H. Multipld-Methylation by a Designed Approach
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N-methylation has also been correlated to enhariotstinal permeability®® and oral
bioavailability'®®. All these effects can be explained with the iasegl hydrophobicity and
conformational constraints of N-methylated peptidess known that steric hindrance on the
amide bond lowers the energy difference betweasistndtrans configurations* in addition,
peptide conformation is also affected by sterierattions between the N-methyl group and the
amino acid side chains. In the particular case arfgl peptides, the removal of the
hydrogen-bonding capability prevents the formatainsecondary structural elements (i.e.
peptide aggregation infe-sheets).

The potential of N-methylation in increasing thiratfy of a lead peptide for a given target
is so striking that a N-methyl scah method has been developed. In this approachraayilof
peptides with the N-methyl group placed at difféngaositions is synthesized and tested. The
peptides with the most active conformations willgtbe selected.

Several naturally occurring cyclic and linear N-mgated peptides have been described
and their potential bioactivity investigated. Dwetheir different structures, they can interact
with various subcellular components in mammaliallscéeading to a number of potential
medical applications. Many of these natural pegtidad their synthetic derivatives are
currently on the market or in clinical trials fdvet treatment of different pathologies. Among
them, cyclosporine A is remarkable: this highly N-methylated naturalptide is
administered orally despite it violates all theibgki’s rules for oral availability. It is curremtl
used as an immunosuppressive drug in organ trartgfilan and its structure is shown in Figure
26.

Enhances Receptor Selectivily.Med. Chem2007, 50, 5878-5881.

108. Ovadia, O.; Greenberg, S.; Chatterjee, J.fdra.; Opperer, F.; Kessler, H.; Gilon, C.; Hofm A. The Effect of Multiple
N-Methylation on Intestinal Permeability of CyclitexapeptidesMol. Pharm.2011, 8, 479-487.

109. Biron, E.; Chatterjee, J.; Ovadia, O.; Langeree, D.; Brueggen, J.; Hoyer, D.; Schmid, H. A&linkk, R.; Gilon, C.; Hoffman, A.;
Kessler, H. Improving Oral Bioavailability of Pegéis by Multiple N-Methylation: Somatostatin AnaleguAngew. Chem. Int. Ed.
2008 47, 2595-2599.

110. Vitoux, B.; Aubry, A.; Cung, M. T.; Marraud,.N-Methyl Peptidesint. J. Pept. Protein Re2009 27, 617—-632.

111. Rajeswaran, W. G.; Hocart, S. J.; Murphy, W. Taylor, J. E.; Coy, D. H. N- Methyl Scan of Sdostatin Octapeptide Agonists
Produces Interesting Effects on Receptor Subtypeifigty. J. Med. Chen2001, 44, 1416-1421.

112. Laupacis, A.; Keown, P. A.; Ulan, R. A.; Mckam N.; Stiller, C. R. Cyclosporin A: A Powerfuhmunosuppressar@an. Med. Assoc.
J.1982 126 1041-1046.
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Figure 26 | Structure of cyclosporine A.

c. Design and objectives

As described in Chapt@r the insertion of N-(2-thioethyl)-cysteinBdal) in peptides led
to the first example of a dynamic NCL mechanisme $trength of this methodologysts in
the formation of a reversible peptide bonamild aqueousonditions and without relying c
the use of enzymes. Howeyére dynamic unit -(2-thioethyl)-cysteine is not a natural ami
acid. Therefore, the potential biocompatibility dmdactivity of the compounc incorporating
this unitremain to be investigate:

With the aim of developing a fully biocompatiblezeesible chemistry for the exchange
peptide fragments, we decided to further investighé mechanism of the exchange reac
As shown in Chapter 1, in acidic conditions we haveeobed the formation of both t
possible thioester isomers of the peptides. Thsmaé¢hat both the thiol groups on the dyna
unit can perform the nuclebpic attack leading to the —S acyl shift. In turn, this is onl
possible if the peptide bond assumes both cis and thetrans conformation. Indeec
N®-alkylation is known to increase the population loé¢ cis conformation of that specifi
peptide bondthereby distorting the peptide backbone. In thee aafsN-alkyl-cysteine, the
distortion of the peptides into thecis conformation favorghe intramolecular —S acyl shift,

thus the formation of their thioestisomers. For this reason N-allggsteine(N-ethyl cysteine
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in this case) has already been insérteh peptides to be used as a thioester surrogaiative
chemical ligation. Based on these premises, weskxtwur investigation on a new dynamic
unit, N-methyl-cysteine (or dynamic amino acid&a?), a non ribosomal amino acid that can
be found in natural producté,

Similarly to N-ethyl-cysteine, this residue hasoalseen used as a latent thioester
functionality. In particular, N-methyl-cysteinetae C-terminus of ubiquitine has been used by
Brik and coworker$™ to generate the ubiquitine thioestier situ. In this strategy the
N-methyl-cysteine was inserted as C-terminal resahd its thiol was initially protected with a
photolabile group. This allowed the full synthesfsubiquitine via native chemical ligation,
followed by selective deprotection of the photdbgroup and thiol-thioester exchange,
leading to the synthesis of the final ubiquitinméster (Scheme 15).

_
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Scheme 15 | Synthesis of an ubiquitine thioester by using N-methyl cysteine as a latent thioester. Pg =
2-nitrobenzyl, R = -CH,-CH,-COOH, MPA = mercaptopropionic acid.

113 Asahina, Y.; Nabeshima, K.; Hojo, H. PeptidylAlkylcysteine as a Peptide Thioester Surrogatéhi Native Chemical Ligation.
Tetrahedron Lett2015 56, 1370-1373.

114 Pérez Baz, J.; Cafiedo, L. M.; Fernandez Pyehtes Silva Elipe, M. V. Thiocoraline, a Novekpsipeptide with Antitumor Activity
Produced by a Marine Micromonospora. Il. Physice@ltal Properties and Structure DeterminatlbrAntibiot.1997 50, 738—741.

115 Erlich, L. A.; Kumar, K. S. A.; Haj-Yahya, MDawson, P. E.; Brik, A. N-Methylcysteine-Mediat&dtal Chemical Synthesis of
Ubiquitin ThioesterOrg. Biomol. Chem201Q 8, 2392-2396.
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The development of a reversible native chemicadtio;m based on this new natural
dynamic unit Daa2 allowed the scrambling of peptide fragments to uocen fully
biocompatible conditions. We can only speculateualtioe importance of these findings that
could lead to the discovery of new bioactive commsuas well as new biocompatible

materials.

2. Peptide synthesis

For the initial experiments, we incorporated N-nykttysteine in our model peptides
P1l-Daa2-P2 (H:N-Leu-Tyr-Lys-GlyDaa2-Ala-Lys-Leu-Leu-CONH) and Daa2-P3
(Daaz-Ala-Phe-Lys-Phe-CON}). Later, in order to further investigate the paianof the
exchange reaction between peptides incorporatmgéeiv dynamic unibaa2, we synthesized
peptidesP1-Daa2-P3(H,N-Leu-Tyr-Lys-GlyDaa2Ala-Phe-Lys-Phe-CONE, P1’-Daa2-P2
(H2N-Leu-Tyr-Lys-ValDaa2-Ala-Lys-Leu-Leu-CONH) and P1"-Daa2-P2
(H2N-Leu-Tyr-Lys-LysDaa2Ala-Lys-Leu-Leu-CONH). All these peptides are shown in
Figure 27.
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Figure 27 | Structures of the five peptides P1-Daa2-P2, Daa2-P3, P1-Daa2-P3, P1'-Daa2-P2 and
P1"-Daa2-P2.
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Chapter 3. Peptides Incorporating N-Methyl-Cysteine

a. General procedure

The peptides incorporating N-methyl-cysteine weyrtlsesized and cleaved from the
resin according to the general procedure reporiedhiapter 2. The only differences concern
the insertion of the alkyl chain on the cysteingraagroup and the coupling of the following
amino acid. Moreover, these peptides were lesstsent oxidation, thereby allowing their
synthesis, purification and handling in their reeldi¢orms.

b. Insertion of the methyl group

Two main strategies have been described in thealitee for the synthesis of peptides
containing N-methyl residues.

In the first strategy, an already N-methylated ananid is introduced as a building block.
The majority of Fmoc- and Boc- protected N-methyligo acids are commercially available,
although often expensive. In alternative, convehyeprotected N-methyl amino can be
synthesized in solutidi® and then used as building blocks in solid phas¢hsgis.

In the second strategy, the N-terminal residueelscsively methylated in a three step
procedure. In the first step the terminal aminougrdas converted into a sulfonamide with
2-nitrobenzenesulfonylchloride and 2,6-lutidinecotlidine, that is then removed in the third
step with DBU and a thiol. N-methylation, the seta@tep of this procedure, can be performed
using different synthetic strategies. Initially, IMi and Scanlat!’ performed the
deprotonation of the sulfonamide with MTBD, follosdveby methylation with methyl
p-nitrobenzenesulfonate. This procedure was thémied by Kessler and coworkétg who
used DBU as base and dimethyl sulfate as alkylagsmt. In alternative, a Mitsunobu reaction
with methanol, DIAD and triphenylphosphine can lefprmed (see page 56). A different
approach using methyl iodide and TBAF was repobteérlich and coworker&>.

For the solid phase methylation of the cysteinglteswe used this last strategy. As shown
in Scheme 16, the terminal amino group was first tivated with
2-nitrobenzenesulfonylchloride and 2,6-lutidindi@M under argon. Methylation with methyl
iodide and TBAF (1M solution in THF) was then perfed twice under argon atmosphere.

Finally, the methylated amino group was deprotectsd treating the resin with a

116. Sagan, S.; Karoyan, P.; Lequin, O.; Chassdglavielle, S. N- and &Methylation in Biologically Active Peptides: Syrasis,
Structural and Functional Aspec@urr. Med. Chem2004 11, 2799-2822.

117. Miller, S. C.; Scanlan, T. S. Site-Selectiv®/dthylation of Peptides on Solid SuppatAm. Chem. Sott997, 119 2301-2302.

118. Biron, E.; Chatterjee, J.; Kessler, H. OptediSelective N-Methylation of Peptides on Solid 8up J. Pept. Sci2006 12, 213-219.
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2,2'-(ethyldioxy)diethanethiol and DBU solution DMF.

3h
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Scheme 16 | Schematic representation of the three-step procedure used for the N-methylation of the
cysteine residue.

c. Glycine, lysine or valine coupling: acylation of N-methyl cysteine

As already extensively described in Chapter 1athgation of N-alkylated amino acids is
challenging and generally requires harsh couplomgdions.

For the synthesis of peptid®i-Daa2-P2and P1-Daa2-P3 we performed the glycine
coupling reaction in the microwave synthesizer ggimoc-Gly-OH (4 eq.), HATU (4 eq.) and
DIEA (5.4 eqg.) in DMF (8 mL). This solution was peged manually and added to the
microwave reaction vessel; the coupling reactios parformed at 75 °C for 20 min at 30 W
and repeated a second time.

For the synthesis of peptide4d’-Daa2-P2and P1"-Daa2-P2 the amino acid coupling
(respectively Fmoc-Val-OH and Fmoc-Lys(Boc)-OH) vpasformed at higher concentrations.
A solution of Fmoc-aa-OH (8 eq.), HATU (8 eq.) abdEA (11 eq.) was added to the
microwave reaction vessel and the coupling perfarasereported above (i.e. 75 °C at 30 W for
20 min, repeated twice).
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3. Exchange reaction between P1-Daa2-P2 and Daa2-P3
a. Exchange reaction setup

The exchange reaction described in Scheme 17 bete®aa2-P2andDaa2-P3was
investigated at room temperature at different @< ( 8) and at 37 °C at pH 7.

degassed
aqueous buffer

o SH SH oH6-8 o SH SH
rtor 37 C
o e - Lm e ol L . e
O O o} O

= H,N-Leu-Tyr-Lys-Gly- = -Ala-Lys-Leu-Leu-CONH, = -Ala-Phe-Lys-Phe-CONH,

Scheme 17 | Schematic representation of a reversible NCL based on the use of Daa2
N-methyl-cysteine.

0.2 M phosphate buffers were prepared at pH 6,d78rn order to prevent oxidation,
these buffers were degassed using freeze/thawscgole placed under argon prior to use. For
each pH, two solutions &faa2-P3(formate salt) an®1-Daa2-P2diformate salt) were mixed
in an HPLC vial and immediately frozen and lyoptelil. This lyophilized powder containing
the peptides (final concentration 2.5 mM) was tlinted under argon with 50QL of
phosphate buffer (pH 6, 7 and 8) containing DTT 1f#4). The exchange reactions were then
left stirring under positive argon pressure at raemperature in an HPLC vial inserted in a
Schlenk tube. In the case of the exchange reaatioat 37 °C at pH 7, the Schlenk tube was

put in an oil bath at constant temperature.
b. Exchange reaction mechanism

PeptideP1-Daal-P2needs to be distorted in itss conformation for the intramolecular
nucleophilic attack of the thiol group to occur.eTresultingP1-Daal-P2thioester can then
undergo transthioesterification to afford #a&-Daal-P3thioester anddaal-P2 This reaction
can occur directly wittbaal-P3or through the formation of tHel-DTT intermediate that can
in turn undergo thiol-thioester exchange withal-P3 Finally, theP1-Daal-P3thioester can
rearrange, via SN acyl shift, to afford peptidé1-Daal-P3 All the reactions shown in
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Scheme 18 are fully reversible.
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Scheme 18 | Schematic representation of the trans-cis isomerisation, N—S acyl shift, thiol-thioester
exchange and S—N acyl shift equilibriums involved in a reversible NCL based on the use of Daa2.

c. Exchange reaction analysis

Quantitative analysis of the exchange reactiontkisevas determined by UPLC-ESI
analysis. At regular time points, aliquots {25 of the exchange reaction mixture were diluted
with a solution (17%.L) containing TCEP and the internal UV standarddirBethoxybenzoic
acid; 2L of the resulting solution were then submittedJieLC-ESlanalysis and a second 2
uL injection was performed. TCEP was added to aWloedpartial oxidation of the exchange
reaction mixture, thus facilitating the analysis.

Typical chromatograms to monitor the exchange reagiare shown in Figure 27. Att=0
h only the two starting peptidéxl-Daa2-P2andDaa2-P3are present in solution (together
with DTT and the UV standard); although we couldatly observe the formation of the
exchange productBl-Daa2-P3and Daa2-P2 together withP1-DTT, after several hours,
Figure 28 shows the chromatograms after 4 daysufileration.
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o SH
UV standard
P1 N/g(
g™ N T

AU

i)

AU

Time

, :
Figure 28 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of the
exchange reaction between P1-Daa2-P2 and Daa2-P3 atpH 7 ati)t=0h and i)t =96 h.

Calibration curves(Figure 29) were established for peptideP1-Daa2-P2 and
P1-Daa2-P3vy injecting 2uL of the peptides at known concentrations (125166, 25, 312.5C
500 and 625.0QuM) underthe sameconditions used for the dilution of the aliquotstbé
exchange reactions. Each standard point correspionds average of 3 replica. After a
mantal baseline correction with the peak analyzer tddDriginPro 9., the area of the pe:
corresponding to the peptide wcorrected according to the area of the internaldtAhdarc
and plotted against the concentraticA linear regression analysis ga2 linear calibration
curves with R of 0.999and 0.91 that where then used to calculate the concentraiaghe

peptides in the exchange mixtt.
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Figure 29 | Calibration curves obtained by linear regression for P1-Daa2-P2 and P1-Daa2-P3.
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For each exchange reaction, each timepoint wasndeted as a mean of two separate
injections in the UPLC-ESI. In order to calculakee tkinetics parameters of the exchange
reaction at each of the four conditions investigatbe UPLC-ESI chromatograms recorded
with UV detection were processed as follows. Atenanual baseline correction with the peak
analyzer tool of OriginPro 9.0, the area valuethefpeaks corresponding Rd.-Daa2-P2and
P1-Daa2-P3were extracted and corrected according to the\akee of the UV standard for
each injection. For each timepoint, the mean batvwke two area values obtained was then
expressed as concentrati¢tilfDaa2-P2 and [P1-Daa2-P3 of the two peptides, according to
the calibration curves reported above. Finally, expressed the % of the exchange product
[P1-Daa2-P3 as [P1-Daa2-PJ¥/([P1l-Daa2-P2+[P1-Daa2-P3) (Figure 30) and calculated

fitting curves for each set of values.

50~
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80 120 160
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|
Figure 30 | % of exchange product [P1-Daa2-P3] ([P1-Daa2-P3]/([P1-Daa2-P2]+[P1-Daa2-P3]) as a
function of time starting from 2.5 mM solutions of P1-Daa2-P2 and P1-Daa2-P3 at room temperature at
pHs 6, 7 and 8 and at 37 C at pH 7 in a phosphate buffer (200mM, DTT 25mM).

We could extrapolate the half-times of equilibratity2) 25, 20 and 6 h and initial rates
(Vo) 1.11 x 108 1.38 x 10° and 4.16 x 1¥ M-s'respectively at pH 6, 7 and 8 at room
temperature. Th¥, values were calculated using the “tangent” toahef Origin 9.0 software
at t = 0 h. If compared to the exchange reactiowéen peptides incorporatirigaal, the
average rates of the reactions are slower. Thepcesof only one thiol group in this dynamic
unit, in contrast to the two thiol groups presenDaal, halves the possibility of the initial
intramolecular shift occurring.

Finally, we investigated the exchange reactiontat7/pand at 37 °C. The set of kinetic
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parameters obtainet} 4= 10 h and/, = 5.00 x 10 M-s™) ranges in a reasonable time scale to
extend dynamic covalent chemistry to peptides lly iocompatible conditions. Importantly,
we also observed an increase of the equilibriunstzom (K), that is known to be affected by the
reaction medium and in particular by temperatyrether than by pH.

Interestingly, in the case of peptides incorpotiimethyl-cysteine, we observed only
traces of thioestd?1-DTT even when performing the exchange reaction at.pH 6

d. Exchange reaction in detail

i. Characterization of the thioester intermediates

k **° on peptides incorporating N-alkyl-cysteine, indhg

Previous wor
N-methyl-cysteine, shows that low pH favors thdiroester isomer, whereas the amide
configuration is predominant at neutral pH. We w#raes confident that all the observed
peptides were in their amide configuration atlal pHs investigated. However, we confirmed
our hypothesis by lowering the pH of the solutiotisys promoting the formation of the
corresponding thioester isomer.

A first experiment was run on peptitkd-Daa2-P2 a solution of the peptide in a pH 6
phosphate buffer containing TCEP (28 mM) was ai@difvith 2.5 %v/v of TFA and let stir for
20 min. As a result we could observe a new peakesponding to the peptide thioester.
Neutralization of the solution with (Nj$CO; led to its reconversion into the more stable

amide peptidé1-Daa2-P2(Figure 31).

119. Hojo, H.; Onuma, Y.; Akimoto, Y.; Nakahara; Makahara, Y. N-Alkyl Cysteine-Assisted Thioediestion of PeptidesTetrahedron
Lett. 2007, 48, 25-28.
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Figure 31 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of
P1-Daa2-P2 (320 uM), i) at pH 6 under reductive conditions in a 28 mM solution of TCEP; ii) after 20
min in the same solution + 2.5 %v/v of TFA, iii) after subsequent neutralization to pH 7 using (NH4),CO3
for 5 min.

A second experiment was run on both pepti®dsDaa2-P2 and P1-Daa2-P3 to
unambiguously assess the thioester nature of tiwepeak formed in acidic conditions. Two
separate solutions of peptide4-Daal-P2and P1-Daal-P3(320 uM) at pH 6 were thus
acidified by adding 2.5 %v/v TFA. The resulting rises, containing the amide and thioester
iIsomers of each peptide, were then treated witleqnvalent volume of a 2 M solution of
hydroxylamine (buffered at pH 7). As a result (Fg32), for each of the peptides-Daa2-P2
andP1-Daa2-P3 UPLC-ESI analysis showed the disappearanteeopeaks corresponding to
the thioester isomer and the formation of the hydmiic acid of the N-terminal fragment

together with the release of the C-terminal fragnferspectivelyDaa2-P2andDaa2-P3.
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Figure 32 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of a)
P1-Daa2-P2 (320 uM), i) at pH 6 under reductive conditions in a 28 mM solution of TCEP; ii) after 20
min in the same solution + 2.5 %v/v of TFA, iii) after a 5 min treatment with an equivalent volume of a 2
M hydroxylamine solution buffered at pH 5; b) P1-Daa2-P3 (320 uM), i) at pH 6 under reductive
conditions in a 28 mM solution of TCEP; ii) after 180 min in the same solution + 2.5 %v/v of TFA; iii)
after a 1 min treatment with an equivalent volume of a 2 M hydroxylamine solution buffered at pH 5.
The poor quality of the baseline before 0.45 min is due to the presence of hydroxylamine at high
concentrations.

ii. Characterization and quantification of the hydrolysis product

After long time of equilibration, and in particulat pH 8, the peak corresponding to the
hydrolysis product of th®1-DTT thioester appeared in the reverse phase chronaatsgin
order to show the stability of the exchange prodicDaa2-P3 we have plotted its absolute
concentration against the time for each of the tmnditions investigate®1-Daa2-P3proved
to be stable even long time after the thermodynaeqiglibrium was reached, allowing us to
conclude that the hydrolysis byproduct can be ratgtein the timescale of the reaction (Figure
33).
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Figure 33 | Absolute concentration of exchange peptide P1-Daa2-P3 plotted against the time of
equilibration at a) pH 6 and rt, b) pH 7 and rt, ¢) pH 7 and 37 € and d) pH 8 and rt. €) Reverse phase
chromatograms (UPLC-ESI) recorded with UV and MS detection at pH 7, 37 T and after 98 h of
equilibration, corresponding to the timepoint circled in c).
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iii. Exchange reaction in the presence of TCEP

TCEP is a stronger reducing agent than DTT andslessitive to air oxidation. Moreover,
trialkylphosphines have been shd#hto accelerate thiol-thioester exchanges by adtigahe
thioesters as phosphonium salts. On the other lagradready mentioned in Chapter 2, TCEP is
known to promote desulfurizatidhof the cysteine moiety into an alanine residueugh a
radical mechanism.

We performed the exchange reaction at pH 7 and teowperature in the same conditions
reported above (i.e. same procedure, peptide ctiatiem 2.5 mM) but in the presence of
TCEP (25 mM) instead of DTT. In these conditiorfggraonly 19.5 h we could observe a strong
proportion of desulfurized starting material and #ibsence of exchange products. We then
repeated the same reaction in the presence ofbbthand TCEP (25 mM each), expecting
DTT to act as a radical scavenger and prevent flemation. Unfortunately, after 29 h we
obtained a mixture of the exchange products togetiid the desulfurized starting material
(Figure 34).
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Figure 34 | Reversed phase chromatograms (UPLC-ESI) recorded with UV and MS detection (a) t =0
h; b) t = 19.5 h) of the exchange reaction between P1l-Daa2-P2 and Daa2-P3 at pH 7 and room
temperature in the presence of TCEP (25 mM) instead of DTT. c) Reversed phase chromatograms
(UPLC-ESI) recorded with UV and MS detection of an exchange reaction run in the same conditions
and in a 1:1 mixture of DTT (25 mM) and TCEP (25 mM) showing the formation of both exchange
products and desulfurized starting material after 29 h.

120. Tam, J. P.; Lu, Y. A; Liu, C. F.; Shao, Jpfee Synthesis Using Unprotected Peptides thraiighogonal Coupling MethodProc.
Natl. Acad. Sci1995 92, 12485-12489.
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4. Exchange reaction between P1’-Daa2-P2 and Daa2-P3

The rate and efficacy of native chemical ligatioavé been shovih to be strictly
correlated to the nature of the C-terminal resithueester. In the case of sterically hindered
amino acids such as proline, isoleucine and vathneeaction proceeds prohibitively slowly
even in the presence of thiophenol catalysts.

In order to probe the limit of our reversible natiehemical ligation approach, we have
synthesizedP1’-Daa2-P2 bearing a valine residue (instead of a glycine)-position toDaa2
and investigated its exchange reaction witha2-P3 The conditions were optimized to
promote the formation of the exchange productsitipepand DTT concentrations were
increased (respectively to 7.5 mM and 50 mM) amrdaction was run at pH 8 and 37 °C.
Within three days of equilibration we could indegloserve the formation of the exchange
productsP1’-Daa2-P3andDaa2-P2(Figure 35), confirming the claim that our methamtp/ is
strictly related to the original non-reversible NQhterestingly, we did not observe any trace of
theP1’-DTT thioester, nor of the hydrolysis byproducts.

The precise measurement of the kinetic parametecengpassed the scope of this
experiment. Due to the long time of equilibratidme exchange reaction was stopped after the
detection of the exchange products, before it coabith its thermodynamic equilibrium.
Moreover, the precise analysis of the reaction tigeewas precluded by precipitation,

presumably of the exchange prodidt-Daa2-P3 during the course of the reaction.
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Figure 35 | a) Reversed phase chromatograms (UPLC-ESI) recorded with UV and MS detection at i) t
=0 handii) t=19.5 h) of the exchange reaction between P1'-Daa2-P2 and Daa2-P3 (7.5 mM) at Ph 8
and 37 T in the presence of DTT (50 mM). b) i) Calculated and ii) experimentally obtained mass
spectra for the exchange product P1'-Daa2-P3.
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5. Exchange reaction between P1”-Daa2-P2 and P1-Daa2-P3

The reactions reported so far occurred betweenpegiides bearing the dynamic unit
(Daal or Daa? internally in one case and at the C-terminushe other case (peptide
transamidation). In order to broaden the scopaipfreethodology, thus extending it to peptide
metathesis, we investigated the exchange reactioarong between two peptides containing
an internaDaa2

Model peptided?1”-Daa2-P2 and P1-Daa2-P3were thus synthesized according to the
procedure previously reported. The exchange readteiween them (Figure 36a) was then
initially performed according to the standard pomioreported above (peptide concentration
2.5 mM, DTT concentration 25 mM) at pH 7. Although could detect the exchange products,
we optimized the conditions to promote their fonmatand repeated the reaction. In order to
clearly characterize the species involved in th@ldgjium, we increased the concentration of
starting peptides (5 mM) and DTT (125 mM) and weught the temperature to 37 °C. As a
result, we could indeed observe the formation eftito exchange produdfd”-Daa2-P3and
P1-Daa2-P2 together with the other species involved in thyilérium, i.e. Daa2-P2
Daa2-P3 P1"-DTT, P1-DTT and the starting peptideg8l”-Daa2-P2 and P1-Daa2-P3
(Figure 36b).

a) b)
o SH 0 SH )
o % !

aqueous buffer
pH 7,37 C
DTT

SH -
P2
N ) ) -
O

= HyN-Leu-Tyr-Lys-Lys-

Figure 36 | a) Schematic representation of the exchange reaction between two peptides incorporating
internal dynamic units P1"-Daa2-P2 and P1-Daa2-P3. b) Corresponding reverse phase
chromatograms (UPLC-ESI) recorded with UV and MS detection of the exchange reaction described in
a) ati) t =0 and ii) t = 48 h for an initial concentration of 5 mM of each peptide, at pH 7 and 37 T in a
phosphate buffer containing DTT (125 mM).
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Chapter 4 - Affibody Molecules: Toward a First Biological
Application of Reverse NCL

1. Introduction

a. Affinity proteins

Affinity proteins are nowadays invaluable tools time fields of biotechnology and
medicine. Their ability to bind a plethora of dié@t molecules with high affinity and
specificity has been extensively explored, leadang variety of applications.

Immunoglobulins (Ig, also called antibodies, Abg aaturally designed affinity proteins,
used by the immune system to identify a specifitggen on pathogens, such as bacteria or
viruses. Due to their high affinity to a specifiolacular target, they have been routinely
employed in research and diagnostics. Moreoveunaber of antibody-based drugs have been
approved for therapeutic use and others are clyrientlinical developmerit’. Despite being
the most widely used affinity proteins for a plethof different applications, immunoglobulins
have some disadvantages. These large (150 kDagimsotare composed of different
polypeptide chains (Figure 37) and have complegagylation patterns, making them difficult
to manufacture. Moreover, for therapeutic applaai they show limitations in terms of

impaired interactions with the immune system, ptemmwkinetics and tissue accessibiffty

Lightchains

\l: Heavy chains l/

YN
Fab fragment
_ \L Variable region

Fc fragment Constantregion

Figure 37 | Schematic representation of an antibody, showing the two heavy chains, the two light chains,
the variable and constant regions and the Fab and Fc fragments.

121. Leavy, O. Therapeutic Antibodies: Past, Pieaed FutureNat. Rev. Immuno201Q 10, 297.
122. Chames, P.; Van Regenmortel, M.; Weiss, By,Ba Therapeutic Antibodies: Successes, Limitatiand Hopes for the Futuigr. J.
Pharmacol 2009 157, 220-233.
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Advances in protein engineering, together with aor@ased understanding of the
immunoglobulin chemistry and interactions, have tedthe development of recombinant
antibody fragmentg® The smaller size of these engineered proteinsvalbne to overcome
the majority of limitations associated to the aadiuse of antibodies.

Although very important biomolecules, immunoglobsliare far from being the only
naturally occurring binding proteins. Other affingroteins are present in nature and have been
investigated as a starting point for the developnémew affinity ligand**. Around 50
different protein scaffolds have hitherto been reggmband, although very different in terms of
structure and function, they show similar geneealtdres. They are relatively small proteins,
often composed by a single polypeptide chain, aadased on stable architectures. They can
thus be obtained in high yields by bacterial exgiges and, in some cases, by solid phase
synthesis, allowing the insertion of non-biologiggbups. The general absence of cysteine
residues improves stability and, in addition, opéespossibility to the insertion of one of these
moieties in a specific position for successive agajion. Finally, affinity protein structures
have to be tolerant to a certain degree of randatioiz. This is of fundamental importance for
the creation of libraries and the consequent deleaif their members specific for a given

target.

b. Affibody molecules

Affibody molecules are among the most successtidgd and documented non-Ig affinity
molecules, originally derived from the Ig-bindingrdain B in the staphylococcal protein A.
The high solubility and folding properties of theséatively short peptides, suggested further
investigation; they were thus engineered in ordend¢rease chemical stability. The engineered
variant of this 58 amino acid peptide, denoted fhdior>>, retained its affinity toward the Fc
fragment of the antibody and showed interestingoerties. It consists of threehelices
(Figure 38a) forming a very stable three-bundleicttre, characterized by rapid folding
kinetics. Due to small size (6.5 kDa), affibody emiles can be either produced in a
prokaryotic host, with low manufacturing costssgnthesized by SPPS, enabling the insertion
of different chemical modifications. This domairstihus been investigated as a scaffold for the

selection of novel affinity peptides.

123. Holliger, P.; Hudson, P. J. Engineered Antibbrhgments and the Rise of Single Domaliet. Biotechnol2005 23, 1126—-1136.

124. Gronwall, C.; Stahl, S. Engineered AffinityoRins--Generation and Applicatiods.Biotechnol2009 140, 254-269.

125. Nilsson, B.; Moks, T.; Jansson, B.; AbrahmdénEIlmblad, A.; Holmgren, E.; Henrichson, C.; @snT. A.; Uhlén, M. A Synthetic
IgG-Binding Domain Based on Staphylococcal ProfeifProtein Eng. Des. Sel987, 1, 107-113.
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Figure 38 | a) Frontal and top view of the affibody molecule (Z domain). b) Sequence of the Z domain;
the randomized positions in affibody libraries are shown in grey (adapted from ref. 126).

Combinatorial libraries were created by randomaratif 13 surface-exposed residues on
helices 1 and 2 (Figure 38b), including many anaiaials originally involved in the Fc-binding
region of the Z domain and their members denotiloafies. The classical strategy involved
the creation of libraries by phage display, follaley biopanning against different targéts
Different affibody molecules were thus selectedndestrating high affinity (i) in the pM to
uM range toward specific targétd

Initially investigated for biotechnological applteans, affibody molecules have recently
proved to be invaluable tools in imaging as wellimstherapy?°. An overview of the

applications of affibody molecules is shown in Fg39.

126. Eigenbrot, C.; Ultsch, M.; Dubnovitsky, A.; iihmsén, L.; Hard, T. Structural Basis for HighiAity HER2 Receptor Binding by an
Engineered ProteirRroc. Natl. Acad. Sci. U. S. 201Q 107, 15039-15044.

127. Nord, K.; Gunneriusson, E.; Ringdahl, J.; 58h Uhlén, M.; Nygren, P. A. Binding Proteind&ged from Combinatorial Libraries of
an Alpha-Helical Bacterial Receptor Domaiat. Biotechnol1997, 15, 772-777.
128. Nygren, P.-A. Alternative Binding Proteinsfibbdy Binding Proteins Developed from a Small Téidelix Bundle Scaffold=EBS J.

2008 275 2668-2676.
129. Lofblom, J.; Feldwisch, J.; Tolmachev, V.; Bson, J.; Stahl, S.; Frejd, F. Y. Affibody Moleesi Engineered Proteins for Therapeutic,

Diagnostic and Biotechnological ApplicatiofEBS Lett201Q 584, 2670-2680.
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Figure 39 | Overview of selected applications of affibody molecules (adapted from ref. 129).

c. Design and objectives

The description of the first example of abiotic eesible native chemical ligation was
indeed an important achievement. However, an inapbrilestone in the project was to use
reversible NCL for the preparation or discoverypmfactive peptides.

With an affinity (Ko) of 22 pM™° for its important biological target,«r2 is probably the
most extensively studied affibody. HER2 is a memifethe human epidermal growth factor
receptor family and, being overexpressed in anesgiye form of breast cancer, has become an
important biomarker and target of therapy. The eggion status of HER2 predicts the response
of HER2-target therapy; it is therefore importantriention that &"in-Zyer2has recently been
used for in-human imaging of the HER2 expressidor@ast cancer metastaSesAs shown in

130. Orlova, A. Tumor Imaging Using a Picomolariaity HER2 Binding Affibody MoleculeCancer Res2006 66, 4339-4348.

131. Sérensen, J.; Sandberg, D.; Sandstrém, M.nWag, A.; Feldwisch, J.; Tolmachev, V.; Astrém; Qubberink, M.; Garske-Roman,
U.; Carlsson, J.; Lindman, .H-irst-in-Human Molecular Imaging of HER2 Expressim Breast Cancer Metastases Using the
111In-ABY-025 Affibody MoleculeJ. Nucl. Med2014 55, 730-735.
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Figure 40, this affibody specifically binds HER2thae junction of domains Ill and IV in its
extracellular domain (ecd), in a position distamni those targeted by the traditional

therapeutic antibodies trastuzumab and pertuzumab.

HER2ecd

. |
Figure 40 | Crystal structure of the affibody molecule Zygr, (red) in a complex with HER2ecd. For
reference, Fab fragments of the therapeutic antibodies pertuzumab (cyan) and trastuzumab (blue) are
shown in the positions where they bind HER2ecd (from ref. 126).

Our goal was the preparation of affibodies usingyaamic chemistry approach via
reversible NCL. Interestingly, NCL has already besad to synthesize affibody molecdfés
specific for 19G (44c), HER2 (44er2) and insulin (Zasuin). The substitution of GIn-Ser with
Gly-Cys in positions 40-41, in the loop betweenided 2 and 3, determined only minor
changes in the binding affinities of these molesufer their targets. The authors also
substituted Asp with Glu in position 2, not involvén the binding, to prevent possible
aspartimide formation during peptide synthesis.mdalified this Zier.Ssequence (Figure 41a)
by introducingDaa2 (N-methyl-cysteine) in the two loops between theé helices of gero.

We synthesized the three peptides correspondinghé¢o three a-helices of Zer, and
incorporatingDaa2 moieties (helices 1, 2 and 3, respectively in Fegutlb, 41c and 41d). We
then planned to investigate the exchange reactimng these three fragments in the presence
or absence of the target molecule HER2. In thiedatase, we expected to observe an
amplification of the exchange peptide analoguedigrZthe H1-H2-H3 trimer (Figure 41e).

132. Lindgren, J.; Ekblad, C.; Abrahmsén, L.; Esils Karlstrom, A. A Native Chemical Ligation Appaobefor Combinatorial Assembly of
Affibody Molecules.ChemBioCher2012 13, 1024-1031.
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H1-HER2 % H2-HER2 X H3

a) | VENKFNKEMRNAYWEIAL | -LPNLNN-[QQKRAFIRSLYD| -DPSGC- | ANLLAEAKKLNDAQAPK |
* 3

b) | VENKFNKEMRNAYWEIAL | -LPNGDaa2

c) Daa2N- [QQKRAFIRSLYD| -DPSGDaa2

d) Daa2-  ANLLAEAKKLNDAQAPK |

e) [VENKFNKEMRNAYWEIAL | -LPNGDaa2N- [QQKRAFIRSLYD] -DPSGDaa2- [ ANLLAEAKKLNDAQAPK |

|
Figure 41 | a) Zyero sequence synthesized by NCL in ref. 132; design of affibody helices b) H1-HER?2,
¢) H2-HER2 and d) H3; e) H1-H2-H3 exchange product trimer. Helical sequences are shown inside the
rectangles, whereas the residues in between correspond to the loops connecting the helices; the amino
acids underlined in red correspond to the residues that have been modified from the original Zyggr,
shown in a).

Despite the high affinity of grofor its target molecule, the high cost (1 mg ~ 16Dof
HER2 was a serious limitation for our investigagoiVe thus started a collaboration with Dr.
Marc Ruff in the IGMBC (Institut de Génétique et Belogie Moléculaire et Cellulaire,
lllkirch, France) to express the extracellular domaf HER2 in cells. After a first failed
attempt to express this domainHscherichia coli following a published proceduré he is
currently trying to express it in CHO (Chinese Heéen©vary) cell$*

In parallel, we investigated,¢, that specifically binds a much cheaper target jpnqte0
mg ~ 380 €), although with a lower affinity gk 22 nM). We thus synthesized a second set of
Daa2containing affibody helices, derived fromy& and investigated the exchange reaction
among them. In the presence of the protein (IgGgxypeected to observe an amplification of the
H1-H2-H3 trimer, analogue togg and shown in Figure 42b.

Whereas helix 3 is the same for both the HER2-basedigG-based libraries, helices 1
and 2 differ for 13 residues that, as explainetiezan this Chapter, have been randomized in

order to select affibodies that strongly bind tisgecific target.

133. Liu, X.; He, Z.; Zhou, M.; Yang, F.; Lv, H.;uY'Y.; Chen, Z. Purification and CharacterizatibifiRecombinant Extracellular Domain of
Human HER?2 from Escherichia Cdfirotein Expr. Purif2007, 53, 247-254.

134. Franklin, M. C.; Carey, K. D.; Vajdos, F. Eeahy, D. J.; de Vos, A. M.; Sliwkowski, M. X. Imgits into ErbB Signaling from the
Structure of the ErbB2-Pertuzumab Compl@ancer Cell2004 5, 317-328.

100




Chapter 4- Affibody Molecules: Toward a Biologiégdplication of Reverse NCL

a)

ﬂi] a -DPSGDaa2-

b) ANLLAEAKKLNDAQAPK |

Figure 42 | H1-H2-H3 exchange product trimers specific for a) Zuer, and b) Z4s. The sequences
corresponding to the three helices are shown in the rectangles; the randomized residues are shown in
grey; the amino acids underlined correspond to the residues that have been modified from the original
a) Zuere and b) Z,4 sequences described in ref. 132.

2. Peptide synthesis

In order to investigate the exchange reaction anadfilgody helices, we synthesized the
helices specific for Her2 and 1gG in their StBu tpated form: helix 1 (Her2)
H1(StBu)-HERZ2, helix 2 (Her2H2(StBu),-HERZ2, helix 3 (Her2 and IgGH3(StBu), helix 1
(IgG) H1(StBu)-IgG and helix 2 (IgG) H2(StBu),-IgG. Moreover, helix 2 (Her2)
incorporating just one dynamic end was synthesti2aStBu)-HER2. All these peptides are
shown in Figure 43.

H1(StBu)-HER2:  NH,-VENKFNKEMRNAYWEIALLPNG-Daa2(StBu)-CONH,
H2(StBu),-HER2:  NH,-Daa2(StBu)-NQQKRAFIRSLYDDPSG-Daa2(StBu)-CONH,
H3(StBu): NH,-Daa2(StBu)-ANLLAEAKKLNDAQAPK-CONH,
H1(StBu)-IgG: NH,-VENKFNKEQQNAFYEILHLPNG-Daa2(StBu)-CONH,
H2(StBu),-1gG: NH,-Daa2(StBu)-EEQRNAFIQSLKDDPSG-Daa2(StBu)-CONH,

H2a(StBu)-HER2  NH,-Daa2(StBu)-NQQKRAFIRSLYDDPSG-CONH,

|
Figure 43 | Structures of peptides H1(StBu)-HER2, H2(StBu),-HER2, H3(StBu), H1(StBu)-IgG,
H2(StBu) »-IgG and H2a(StBu)-Her2 .

a. General procedure

Syntheses were performed using microwave-assist&PSS and the standard
Fmoctert-butyl strategy on a Rink-amide-ChemMatrix resirb{Ommol/g loading, 0.1 mmol
scale). ChemMatrix resins are chemically stabletamitophilic, combining the advantages of
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polystyrene-based and PEG-grafted resins. Theypearsed in different polar solvents due to
their high polarity. In particular, their high swel properties have to be taken into
consideration when performing peptide synthesithasvolume occupied by the resin in the
reaction vessel is much higher than for standasithseand extensive washings are needed after
each step. ChemMatrix resins have been shown #dlgienprove the purity of long peptides,
e.g. allowing the efficient synthesis of HIV-1 peasé® (99 amino acids) and polypeptide
AB**® (42 amino acids).

For the synthesis of the affibody helix peptidewiag from 18 to 23 amino acid residues,
we added DMF and DCM washings after each couplimdjdeprotection step to remove the
residual reagents trapped in the resin beads. Merewhile performing the synthesis at 0.1
mmol scale, we set the microwave synthesizer pammat 0.25 mmol. As a result, we
increased the reaction volumes while keeping tfferdnt reagents at the same concentration
(standard 0.1 mmol scale volumes were not suffidee to the high swelling properties of this
resin).

We generally performed the peptide couplings &Z@nd 35 W (microwave power) for 5
min using ten-fold molar excess of each Fmoc-aa{®lhL of a 0.2 M solution in DMF),
HBTU (2 mL of a 0.5 M solution in DMF) and DIEA (L of a 2 M solution in NMP). This
standard coupling procedure was slightly differenthe case of few amino acids. Double
couplings were performed for Fmoc-Arg(Pbf)-OH deethe steric hinderance of the Pbf
protecting group (2,2,4,6,7-pentamethyldihydrobdémzm-5-sulfonyl). In the case of residues
sensitive to racemization, milder conditions wesedi Fmoc-His(Trt)-OH was coupled for 2
min without microwave heating and then at 50 °Chvi@s W for 4 min, the insertion of the
N-methyl-cysteine moiety is extensively describetbhy.

b. Fmoc group deprotection

Fmoc groups were deprotected with 2 successivéegds with a solution of 5 %v/v
piperazine in DMF (10 mL) containing 0.1 M HOBt & °C and 55 W for 3 min. This
deprotection cocktail was preferred to the moradded 20 %v/v piperidine in DMF (used in
the syntheses described in chapters 2 and 3) lassibeen shofhto reduce aspartimide

formation, together with racemization. During Fnu®protection of peptides containing Asp,

135. Frutos, S.; Tulla-Puche, J.; Albericio, F.raBi E. Chemical Synthesis of 19F-Labeled HIV-btPase Using Fmoc-Chemistry and
ChemMatrix Resinint. J. Pept. Res. Th&007, 13, 221-227.

136. Bacsa, BBésze, S.; Kappe, C. O. Direct Solid-Phase SynttoégieeB-Amyloid (1-42) Peptide Using Controlled MicrowaMeating.
J. Org. Chem201Q 75, 2103-2106.
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aspartimide formation can occur, in particularia presence of the “Asp-aa” sequence where
aa = Gly, Asn, Ser or Ala. The nitrogen atom attacko thea-carboxy group attacks the
aspartic acid side chain ester forming a five memimey that can easily react with a

nucleophile, i.e. piperidine or be hydrolyzed (Suk€l9).

OtBu R
,i K ﬂ JYM—‘
O O .
Yl A Q)
o R " 0

reaction
with piperidine

hydrolysis o H H
S RPN N AN N
HO. %‘/He{ {\ﬂ/ : C‘PJN%‘/H;{ }:\g/
H

piperidine.

The addition of 0.1 M HOBt to the standard 20 %pifseridine solution in DMF has been
shown to reduce aspartimide formation, but bettsults were achieved after substitution of
piperidine with piperazine. In addition, this defgeiion mixture has been shown to reduce
racemization. This base-induced side reaction lsad@en shown to occur during the coupling
step and it’s particularly common in peptides comtg a C-terminal cysteine. Due to the
presence obaa2 (often in C-terminal position), His and Asp in thiéibody helix peptides, the
solution of piperazine in DMF (5 %v/v containingdl0M HOBt) was used to achieve Fmoc

deprotection for this set of peptides.
c. Insertion of N-methyl-cysteine
I. First approach: In situ N-methylation

We initially performed the synthesis idB using the same protocol described in Chapter 3

for the N-methylation of peptides in solid phashislthree step protocol consists in activating
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the N-terminal cysteine group as NBS, performingniithylation with methyl iodide and
TBAF and finally removing the NBS group by treatrheith a thiol and DBU. However, the
purity of the final peptides was not satisfactf2LC analysis of a small portion of the resin
(mini-cleavage) at regular intervals during thetbgsis showed an increased amount of side
products after the N-methylation steps. Considetivag all the target peptides incorporate one
or two (in the case dfi2-Her2 andH2-IgG) N-methyl-cysteine residues, we investigated a
different synthetic strategy.

ii. Second approach: Coupling of N-methyl-cysteine

In alternative to the in-situ methylation, a secomgkthod for the synthesis of
N-methylated peptides, as mentioned in Chaptes Ba insertion during peptide synthesis of
an already N-methylated amino acid as a buildingchl Many of these Fmoc-protected
N-methyl amino acids are commercially available@an generally be synthesized in few steps
from cheaper standard precursors. In the casert#iceamino acids, including cysteine, the
synthesis of N-methylated analogues can be morkeagang and not many strategies are
described in the literature. For this reason wectedl a two step procedure reported by Ruggles
et al’*" for the N-methylation of Fmoc-Cys(StBu)-OH to atfdmoc-NMeCys(StBu)-OH in
good vyields (Scheme 20). The authors tested theolidaone method for the synthesis of
Fmoc-N-methyl-cysteine bearing different protectgrgups on the side chains. They found
that the StBu group allowed for the synthesis 0bEfNMeCys(StBu)-OH with high yields and
minimal formation of side products, i.e. the thiokdine derivative.

~tBu
S (CH,0),, CSA TES, TFA $/tBu
toluene FmocN™\ CHCl, <
OH reflux, 24h . o) 1t, 20h
FmocHN _— l\‘ _— OH
(0] 97% _S (0] 77% FmocN
§ o

tBu

Scheme 20 | Two-step synthesis of Fmoc-Cys(StBu)-OH, as reported in ref. 137.

Fmoc-NMeCys(StBu)-OH was easily synthesized; howetlhe presence of the StBu
protecting group had to be taken into considerafidns protecting group is not cleaved in

acidic conditions, unlike the more common Trt groWe synthesized our peptides in their

137. Ruggles, E. L.; Flemer, S.; Hondal, R. J. Ablé Synthesis of N-Methyl Cysteirigiopolymers2008 90, 61-68.
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StBu-protected form as we considered that the iaduwonditions (DTT) used in our exchange
reactions were sufficient to obtain in-situ remowagthis protecting group.

In contrast with our first approach, our newly desid synthetic scheme allowed for the
synthesis of the peptides in higher purity. The tolwomatograms shown in Figure 44
correspond to the crude peptides obtained withwoedifferent approaches reported above.

a) i x M]
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b)
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[IRL1] 0.40 UBU U iU 1.00 120 1.0 150 15U 2 Uy FRLT] 2 40 2 65U 2 b0

Figure 44 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of the
crude product H3(StBu) synthesized with a) approach i (in situ N-methylation) or b) approach ii
(coupling of N-methyl cysteine). The peak corresponding to H3(StBu) is indicated by the arrow.

d. Glycine coupling: Acylation of N-methyl cysteine

As already described in Chapter 2 and 3, the doylaif N-alkylated amino acids is
challenging and generally requires harsh conditi¢ies the synthesis of these peptides a
concentrated solution of Fmoc-Gly-OH (10 eq.), HAT1O eq.) and DIEA (11 eq.) in DMF (4
mL) was prepared and added to the microwave reagtssel; the coupling reaction was then

performed at 75 °C for 20 min at 30 W and repeatsdcond time with a fresh solution.

e. Simultaneous cleavage from the resin and side-chain deprotection

In the case of the affibody helix peptides, theresas suspended in a freshly prepared 5
mL solution of TFA/phenol/kD/TIS: 88/5/5/2 vol%. After 2 h, the resin wasdiéd and
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washed with TFA (5mL). The combined filtrates weomcentrated in vacuo and then added to
cold diethylether (200 mL). The resulting precifgtavas then separated by centrifugation,
washed with cold diethylether (2 x 40 mL) and dnedier argon to afford crude peptides.
During the synthesis, a mini-cleavage was perforategdgular intervals to verify that the
reactions had gone to completion. A minimum amairithe resin was cleaved with a 1 mL
solution of TFA/phenol/RO/TIS: 88/5/5/2 vol%. After 30 min the solvent wiaen reduced
under vacuo and the crude peptide precipitatediethyl ether. The precipitate was then
isolated by centrifugation, dissolved in acidic &af0.1 %v/v formic acid) and/or methanol

and analyzed via UPLC-ESI analysis.

3. Exchange reactions among H1-HER2, H2-HER2 and H3 or H1-IgG,
H2-IgG and H3

We investigated the exchange reaction among tlkee tidfibody helices specific for HER2
or for IgG, represented in Figure 45. We aimed bseove thein situ formation of the
H1-H2-H3 trimer and its amplification in the presence o trget protein; however other
exchange products are involved in the exchangeioeeand they will be further discussed later

in this chapter.

I
"B + oo o -~ (330D

b)

m HER2:  NH,-VENKFNKEMRNAYWEIALLPNG-
IgG: NH,-VENKFNKEQQNAFYEILHLPNG-

m HER2: -NQQKRAFIRSLYDDPSG-
IgG: -EEQRNAFIQSLKDDPSG-

-@ = -Daa2-CONH, @®- = NH,-Daa2- —&@- =-Daa2-

HER and IgG: -ANLLAEAKKLNDAQAPK-CONH,

Figure 45 | a) Exchange reaction among the three affibody helices, showing only the desired
H1-H2-H3 trimer for simplicity; b) explanation of the symbols used in a).
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a. Exchange reaction setup

The exchange reactions were run in 0.2 M phospragenmonium bicarbonate buffers
prepared at pH 7.4. In order to prevent oxidatibese buffers were degassed using freeze/thaw
cycles and placed under argon prior to use. Saisitad each of the three helices were mixed
together in a vial, frozen and lyophilized. Thi®hilized powder containing the peptides
(final concentration ranging from 5@M to 1 mM) was then diluted under argon with the
degassed buffer containing DTT (1.3 to 625 mM). Exehange reactions were then left
stirring in a vial placed into a Schlenk tube eqeigp with a Young PTFE valve and containing
a 250 mM DTT solution in degassed buffer at thedmt This solution acts as scavenger to
prevent traces of oxygen to oxidize the speciesqgmein the reaction mixture (Figure 46d).

Initial attempts at performing the exchange reactising a standard Schlenk tube under a
positive pressure of argon (Figure 46b) were uressfal due to rapid oxidation of the mixture
(Figure 46a). In order for the exchange reactiooctur, DTT needs to be in its reduced form to
remove the StBu protecting groups and to keepybeine thiols reduced. As shown in Figure
46¢, with this second setup only a small amounDdfT was oxidized after 4 days of
equilibration.
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Figure 46 | a) Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of an
exchange reaction among the affibody helices based on Zgg, after 12 h of equilibration in b) the first
setup. c) Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of an
exchange reaction among the affibody helices based on Zygr, after 4 days of equilibration in d) the
second setup.
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b. Exchange reaction analysis

i. UPLC-ESI analysis

Studying the exchange reaction among affibody bslio the presence of the specific
proteic target and demonstrating the amplificatbris best binder were the objectives of this
project. We envisaged to study the system witliiaffibody helices/protein ratio, which led to
high dilutions of the exchange mixtures in ordeatoid protein aggregation.

The UPLC-ESI that we have in our laboratories wagial for the investigation of the
exchange reaction between model peptides incotpgraitherDaal or Daa2and described in
the Chapters 2 and 3. However, in the case ofXtieaage reaction among affibody helices, the
UV and ESI-MS detectors were not sensitive enougtietect low amounts of the exchange
products. In addition to thel1-H2-H3 trimer, possible exchange products include the fou
dimersH1-H2, H2-H3, H1-H3 andH2-H2, H2 cyclized,H2-H2 cyclized, different trimers
and tetramers. Moreover, each peptide incorporaing-terminal Daa2 can undergo
transthioesterification with DTT, forming the cosp®nding thioester that can in turn be

hydrolysed (Figure 47e).
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Figure 47 | Schematic representation of the exchange reaction among a) affibody helices 1, 2 and 3
can lead to the formation of b) the H1-H2-H3 trimer but also to several ¢) dimers, d) different trimers or
tetramers, e) DTT thioesters, hydrolysis and cyclization products. The aim of this figure is to give a
general overview of the complexity of the exchange reaction mixture, other exchange products, DTT
thioesters and hydrolysis products can be formed but have not been included.
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At peptide concentrations of 5M, the only detectable species were DTT, the stgurti
peptides (initially StBu protected) and the cydii@a product ofH2. H2-HER2 andH2-1gG
are the only starting peptides incorporating twaoatyic units and they can therefore undergo
intramolecular cyclization resulting in the lossarfe N-methyl-cysteine moiety. We had to
increase to peptide concentration to 1 mM in ordeobserve other exchange products,
including theH1-H2-H3 trimer (Figure 48).

In addition, the UPLC-ESI mass detector has a nudeaveight cut-off of 2 kDa, that
complicates the detection of the exchange pept\ds. molecular weights around 4 and 6.5

kDa, dimers and trimers were observed as [M+2H] [M+6H]®" ions.
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Figure 48 | Reverse phase chromatograms (UPLC-ESI) recorded with UV and MS detection of an
exchange reaction among the affibody helices based on Z,4c in @ 0.2 M ammonium bicarbonate buffer
at pH 7.4 (peptide concentration 1 mM, DTT concentration 25 mM) after a) 1 h and b) 7 days of
equilibration. cyc. = cyclized product; hyd. = hydrolised product

ii. MALDI-TOF analysis
The need for an improvement in the analysis ofetkehange mixture led us to initiate a
collaboration with Dr. Jean-Marc Strub from the LB®I (Laboratoire de Spectrométrie de
Masse BioOrganique) in Strasbourg, France.
We initially analyzed our exchange mixtures via nmxaassisted laser
desorption/ionization time-of-flight analysis (MALETOF). Species with high molecular
weights can be detected by this relatively softization technique. In addition, its high

sensitivity allows one to overcome the necessity doncentrated samples (i.e., as for
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UPLC-ESI).

In our case, a 3L aliquot of the exchange reaction mixture wastdduwith 20uL of a
formic acid solution (0.5 %v/v in water) in ordergrevent oxidation. L of this mixture was
then diluted 1000 fold with a 0.1 %v/v TFA solutigdnly 1uL of this final solution was then
analyzed by MALDI. It was co-deposed on a metdlgleth a solution of the matrix, generally
a-cyano-4-hydroxycinnamic acid (CHCA) or 2,5-dihyriybenzoic acid (DHB). A laser pulse
was then applied under high vacuum conditions &edrésulting ionized species detected
according to their m/z ratio. As salts can intexfarth the matrix recrystallization, MALDI
analysis is very sensitive to their concentratiothie sample; in particular, it is not compatible
with phosphate buffet®, that we routinely used for our exchange reactiaMe therefore
substituted it with an ammonium bicarbonate buffer.

We initially analyzed a library based ome&. (peptide concentration 338V, DTT
concentration 125 mM) in a 0.2 M ammonium bicarltertauffer and we could characterize
different species involved in the exchange reac{leigure 49). However, after 3 days of
equilibration, we did not detect any trace of tleéixi-helix2-helix3 trimer.
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138. Kallweit, U.; Bornsen, K. O.; Kresbach, G. Mlidmer, H. M. Matrix Compatible Buffers for Analgsof Proteins with Matrix-Assisted
Laser Desorption/lonization Mass Spectrome®gpid Commun. Mass Spectrat@96 10, 845-850.
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Figure 49 | MALDI-TOF spectra of the analyzed exchange reaction using a CHCA matrix. The
molecular weights correspond to the masses of the peptides with a +7 increment, probably due to a
problem during the instrument calibration. th. = thioester product; agg. = peptide aggregate.

Although promising, the intensity of the peaks esponding to the exchange peptide
dimers was one order of magnitude lower than tleeadrthe starting peptides. In addition, we
observed problems of reproducibility. We perfornd@8LDI-TOF analysis on libraries based
on either Zer2 Or Zyc at different peptide and DTT concentrations ancbvgerved either no
formation of dimers and trimers, or trace amouifithem.

In order to improve the detection of the exchangelpcts present in lower amounts than
the starting peptides, we decided to fractionageekchange mixture prior to MALDI-TOF
analysis. To do so, we injected an aliquot (B) of the reaction mixture in the UPLC-ESI,
manually collected up to 9 different fractionshe t5 minute chromatography and individually
analyzed them by MALDI-TOF. In addition, this procee also allowed us to monitor the
exchange reactions run in a phosphate buffer.

Unfortunately, MALDI-TOF analysis only showed theginal starting peptides together
with thioester and hydrolysis products and cyclibetix 2. It is possible that dimer and trimer
exchange products were lost during the filtratioocpdure necessary before injection in the
UPLC-ESI. This eventuality was further investigatath another analytical technique and will

be discussed later in this chapter.

iii. UPLC-ESI-TOF
Although an improvement if compared to UPLC-ESI, MA-TOF analysis didn’t meet
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our expectations. Thanks to the collaboration vdth Jean-Marc Strub, we had access to a
second instrument: @anoAcquityUPLC coupled to an ESI-TOF detector. Its 25 cnucol
provides for a better separation of the peptidetuméand itsSYNAPTdetector for a more
accurate analysis of the species present in tletioeamixture. A 1uL aliquot of the reaction
mixture was diluted with 10QL of a 0.1 %v/v TFA solution in water and justu® of the
resulting solution were injected in the UPLC-ESIHO

We initially analyzed a library based onyd (peptide concentration 338M, DTT
concentration 625 mM) in a 0.2 M ammonium bicarttenbuffer. After 10 days of
equilibration we could characterize the four passthmers, cyclization products (6f2 and
H2-H2 dimer), thioester and hydrolysis products andHiieH2-H3 trimer. Importantly, the
state of charge of each peak was well definedwallp us to inequivocably attribute the peaks
to the different species, even in the case of geptwith high molecular weights and complex
ionization patterns. Figure 50 shows only the peaksesponding to thel1-H2-H3 trimer;

however, all the peptides present in the exchangg¢ura were characterized in the same
fashion.
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Figure 50 | Reverse phase TIC chromatogram (UPLC-ESI-TOF) of the exchange reaction among the

affibody helices based on Zy in a 0.2 M ammonium bicarbonate buffer at pH 7.4 (peptide

concentration 333 yM, DTT concentration 625 mM) after 10 days of equilibration and isotope

distribution corresponding to the H1-H2-H3 trimer.
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We then analyzed exchange reactions run in diffe@mditions with the same instrument.
Interestingly, in the case of a library based gg &ith a peptide concentration of 1 mM (DTT
concentration 25 mM, in a 0.2 M ammonium bicarbermaiffer) we could also characterize the
H1-H2-H2 trimer and thed1-H2-H2-H3 tetramer.

c. Influence of the filtration on the library

As already mentioned earlier in this Chapter, fliltg was mandatory prior to injection of
exchange reaction aliquots in the UPLC-ESI. Indase of UPLC-ESI-TOF, high dilutions and
the presence of a pre-column made this step supadl We could thus investigate the
influence of the filtration step on the exchange&torie composition detected.

We analyzed a library based oggZ(peptide concentration 338V, DTT concentration
125 mM) in a 0.2 M ammonium bicarbonate buffereAffilution of a JuL aliquot with 100uL
of a 0.1 %v/v TFA solution, AL of the resulting mixture were either injectedsash or after
filtration through the Corning pipette tips. Indedtle resulting chromatograms were not
superimposable (Figure 51a) and the m/z distrilbutidhe area corresponding to the elution of
dimers and trimers (£ 32-38 min) revealed the presence of only tra¢esfferent exchange

products (Figure 51b) in the case of the filterachple.
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Figure 51 | a) Reverse phase TIC chromatograms (UPLC-ESI-TOF) of the exchange reaction among
the affibody helices based on Z, in a 0.2 M ammonium bicarbonate buffer at Ph 7.4 (peptide
concentration 333 uyM, DTT concentration 125 mM) after 5 days of equilibration; the analysis was run
either on a filtered or a non-filtered sample. b) MS of the area corresponding to t, = 32-38 min, showing
the loss of different species after filtration.

This experiment might explain the reason why weldoot observe dimers and trimers

when analyzing fractions of the exchange mixtuee MIALDI-TOF. The sample aliquot was
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filtered prior to injection in the UPLC-ESI and thier retained different exchange peptides. It
is also probable that part of the starting peptidese retained but not completely, due to their

relatively high concentration.

d. Influence of the exchange reaction medium on the library

We then investigated whether the buffer compositifluenced the rate or the extent of
the exchange reaction. To do so, we performeddaahange reactions (peptide concentration
50 uM, DTT concentration 25 mM) in parallel among adfity helices based ongé. Two
reactions were run in a phosphate buffer and therdivo in an ammonium bicarbonate buffer.
Moreover, for each of these reaction couples, | a@se 150 mM NaCl and 0.02 %w/v NaN
were added to the buffer.

At this stage, we had a large amount of data comogrexchange reactions run in either
the phosphate or the bicarbonate buffer (introduocefdcilitate MALDI-TOF analysis). We
wanted to verify if these data were superimposaileeover, with the objective of studying
the system in the presence of the protein targeinwestigated the influence of the addition of
NaCl (150 mM) and Nai(0.02 %w/v) on the rate and extent of the exchargetion. While
NaCl is often recommended in protein reconstitujpwatocols, Nal is a commonly used
anti-microbial agent to prevent protein (and peptidegradation.

Interestingly, we did not observe any significanmffedence among the four different
conditions used. We decided to continue our ingasitns in a phosphate buffer containing
NaCl (150 mM) and Nap(0.02 %w/v).

e. StBu group deprotection and exchange reaction Kinetics

Another step in the understanding of our system thasinvestigation of the kinetics
involved. In order for the exchange reaction touscthe StBu protecting groups on the initial
peptides need to be removed.

Two different reactions take place: the initial Steprotection and the exchange reaction
among the deprotected species. Careful monitoffiaifferent libraries based ongé, gave us
insights into their kinetics.

We initially analyzed a library based onyg (peptide concentration 50M, DTT
concentration 25 mM) in a 0.2 M phosphate buffertaming 150 mM NaCl and 0.02 %w/v
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NaNs. Interestingly, and although complete removal led 65tBu group was observed after
12-24 h forH1 andH3 and 33 h foH2, after only 45 min we could already detect all finar
possible dimers and cyclizad2 and H2-H2. However, for the peak corresponding to the
H1-H2-H3 trimer we had to wait 49 h (Figure 52).
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Figure 52 | MS peaks corresponding to the exchange products H1-H2 and H1-H2-H3 over time of an

exchange reaction among the affibody helices based on Z,4c in a 0.2 M phosphate buffer containing
NaCl (150 mM) and NaNs (0.02 %w/v) at pH 7.4 (peptide concentration 52 uM, DTT concentration 25
mM).

This experiment demonstrated that equilibratiothefexchange mixture starts as soon as
a little amount of deprotected starting peptideprissent in solution. Unfortunately, it also
shows the slow rate of the StBu group deprotection.

4. Exchange reaction between H1-Her2 and H2a-Her2

The initial investigation of the exchange reac@onong the three helices ofigk. showed
the rapid propensity of helix 2 to cyclize. Althdutheoretically able to undergo exchange
reactions with other species in equilibrium, thyslic peptide is likely to act as a spectator in
the library. As a result, the amount of helix 2uadily participating in the exchange reaction is
diminished. To address this issue, we investigdhed exchange betwedAl-HER2 and
H2a-HER2, an analogue oH2-HER2 containing only one N-methyl-cysteine moiety, in
N-terminal position.

While helix3 provides to the overall stability dfet affibody architecturé®, helices 1 and

139. Honarvar, H.; Jokilaakso, N.; Andersson, KalMberg, J.; Rosik, D.; Orlova, A.; Karlstrom, A.;Bolmachev, V.; Jarver, P.
Evaluation of Backbone-Cyclized HER2-Binding 2-keiffibody Molecule for in Vivo Molecular ImagindNucl. Med. Biol2013 40,
378-386.
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2 are directly involved in the recognition proce€3ne can thus hypothesize that the
helix1-helix2 dimer would probably retain a certdiegree of binding affinity to HER2.

The exchange reaction betweéfl-HER2 and H2a-HER2 was performed in a
bicarbonate buffer (200 mM, peptide concentratidd @, DTT concentration 125 mM) and
monitored by UPLC-ESI-TOF that showed the formatodrithe helix1-helix2 dimer (Figure
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Figure 53 | Reverse phase TIC chromatogram (UPLC-ESI-TOF) of the exchange reaction between
H1-HERZ2 and H2a-HERZ2 in a 0.2 M ammonium bicarbonate buffer at pH 7.4 (peptide concentration
333 puM, DTT concentration 125 mM) after 9 days of equilibration and isotope distribution

corresponding to the exchange product H1-H2a.

5. Exchange reaction in the presence of the protein: preliminary

studies

We realized that both the target proteins gr2 and Zyc are sensitive to the reduction
conditions (DTT) used to promote the exchange m@aciThe extracellular domain of the
HER?2 protein contains multiple disulfide bontfsand the whole structure of antibodies,
including 1gG*, is based on disulfide bonds. In order to overctiieissue, we considered
different options.

Initially we hypothesized that a minimum amountDof T would have been sufficient to
promote the exchange reaction without being detrtaidor the protein. However, Singh and

Whitesides reportédf that a DTT concentration of 4.8 mM could complgtelduce I1gG in 1

140. Rawale, S. V.; Kaumaya, P. T. P. Design, S3sithand Analysis of Constrained B-Cell EpitopefidER-2 Protein. ItUnderstanding

Biology Using PeptideBlondelle, S. E., Ed.; Springer New York: New XpNY, 2006; pp. 124-125.
Liu, H.; May, K. Disulfide Bond Structures IgfG Molecules: Structural Variations, Chemical Mazfitions and Possible Impacts to

141.
Stability and Biological FunctioMAbs4, 17-23.
Singh, R.; Whitesides, G. M. Reagents for R&#duction of Native Disulfide Bonds in ProteiBfoorg. Chem1994 22, 109-115.

142.
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h. Moreover, when we analyzed libraries based,gh(@eptide concentration M ina 0.2 M
phosphate buffer containing 150 mM NaCl and 0.02/¢dMaNs) in the presence of reduced
concentrations of DTT such as 5 mM or 1.3 mM, wel@mot detect anyd1-H2-H3 trimer
after 5 days of equilibration. Therefore, this isde@s quickly abandoned.

We then considered performing the two reactionaiseply: the StBu removal first and, in
a second moment, the exchange reaction. The exparidesign consisted in removing the
StBu protecting group with a resin-bound reduciggrd and then transferring the solution of
the deprotected peptides on a second resin, capBpitemoting the exchange reaction.

To do so, we coupled TCEP on a ChemMatrix resilipwong a procedure reported by
Subra and coworke¥ and shown in Scheme 21.
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Scheme 21 | Synthesis of resin-bound TCEP.

ATR-IR analysis of the resulting resin showed vilmabands corresponding to the newly
formed amide linkage (1655 ¢thand the carboxylic acids (1731 ¢m TCEP loading can
indeed be determined by ICP-AES; however, we hasteperformed this analysis at this
preliminary stage of investigation. We tested #abucing power of this TCEP-bound resin on a
library based on gz (peptide concentration 2Q0M) in a 0.2 M phosphate buffer containing
150 mM NaCl and 0.02 %w/v NaNSince metal cations are known to reduce the TCEP
activity, we improved the initial results by addiB®TA (20 mM) to the buffer. Using 35 mg of
TCEP-bound resin in these conditions, after 2 holwgerved complete removal of the StBu
group from the starting peptides and only tracab®torresponding desulfurized products. We
then transferred this solution to a second vialt@iomg a mercaptoalkyl-PEG200-Hypogel
resin, as we expected the terminal thiol grouphos resin to promote the exchange reaction.
However, after 5 days of equilibration we could abserve any trace of exchange products.

We could indeed overcome this issue by using aemift resin-supported thiol. For

143. Miralles, G.; Verdié, P.; Puget, K.; Maurras, Martinez, J.; Subra, G. Microwave-Mediated Retthn of Disulfide Bridges with
Supported (tris(2-Carboxyethyl)phosphine) as R&siond Reducing AgenACS Comb. Sc2013 15, 169-173.
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instance, we could envisage to immobilize MPAA, tycal NCL catalyst, on a solid support.
However, the in-situ removal of StBu groups leamlshe formation otert-butyl thiol, that
could be detrimental for the protein stability letmedium.

The best approach to investigate the system imptégence of a protein target probably
consists in running the exchange reaction amongde=pwith free N-methyl-cysteine thiol
groups. The slow rate of StBu deprotection andpibesible incompatibility of the resulting
tert-butyl thiol with the protein targets, are indeedjon hurdles. Different thiols could be
covalently attached on a resin to promote the exghaeaction and the protein either kept in a
separate compartment by a semipermeable membrainetioe case of IgG, immobilized on a
second resin. However, these are only speculatistiBere was no time for me to perform the

synthesis of the deprotected affibody helices.
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Chapter 5. Dynamic Glycopeptides: Toward Biological
Applications of Reverse NCL

1. Introduction: Protein glycosylation

Carbohydrates are important biomolecules thatkargroteins and nucleic acids, are able
of forming many different structures. The multifuectional groups (mostly hydroxyl groups)
present on monosaccharides allow for the formatiba plethora of different carbohydrate
structures, including branched ones, from a redgtigmall number of sugar units.

Besides their fundamental role as energy sourceés@nctural materials, carbohydrates
are involved in a variety of biological functions. particular, when conjugated to lipids or
proteins and exposed on the cell surface, they playucial role in various recognition
processes, intercellular communication and trartsmuevents (Figure 54},
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Figure 54 | Participation of cell surface carbohydrates in recognition events with a) another cell,
b) toxins, c) viruses, d) antibodies and e) bacteria (from ref. 144).

Glycoprotein biosynthesis by the cellular enzymati@chinery is a complex phenomena
and many elaborate glycosylation routes have badamtified. Indeed, the attachment of sugar
residues is considered one of the most complicptesd-translational modifications that a
protein can underd®. Thirteen different monosaccharides and eight arairids are involved
in the carbohydrate-peptide linkage, giving risateariety of possible combinations. Despite
other bonds exist, naturally occurring glycopepgigeost commonly incorporate N- and O-
glycosidic linkages. Interestingly, S-linked glyeoteins have been extensively investigated as

analogues of O- or N-linked glycoproteins. Theorgased enzymatic resistance and chemical

144. Pashkuleva, |.; Reis, R. L. Sugars: BurdeBiomaterials of the Future®? Mater. Chem2010Q 20, 8803.
145. Spiro, R. G. Protein Glycosylation: Naturestbbution, Enzymatic Formation, and Disease Ingilans of Glycopeptide Bonds.
Glycobiology2002 12, 43R — 56R.
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stability**°, together with their high tolerability, makes thattractive synthetic targets for the
development of therapeutic agents.

As already mentioned above, carbohydrate-protéaraction has a critical role in many
biological events; however, most saccharides bivair tprotein receptors only weakly, with
association constants seldom beyond WD'. Nature has circumvented this low affinity
through multivalency. Lectins are natural carbolayehbinding proteins, specific for different
mono- or polysaccharides and are aggregated intlered oligomeric structures that
simultaneously bind several saccharide units. Thagdévalent interactions are referred to as
the “cluster glycoside effect*’ and can determine an enhancement of the bindfimjtgfof
several orders of magnitude.

In glycoproteins, only a few carbohydrate residoésheir complex oligosaccharide
architectures are directly involved in the recoignitprocess. The role of the other residues is
limited to that of a structural matrix. Based ois thbservation, glycodendrimé?® were first
developed, followed by a number of multivalent fuldE based on very different
architecture¥'®. The highest contribution to the binding enhanasriegenerally attributed to
the so-called chelate effect, strictly correlatedhte distance among the binding sites. In this
case, the nature of the spacer between the mealtivataffold and the carbohydrate moieties
plays an important role. Another mechanism for lmigdenhancement is statistical rebinding,
the quick replacement of a bound ligand by a neamwy due to proximity and high local
concentratioft®.

Considering the variety of biological events invoty carbohydrate-protein interactions,
the development of specific multivalent inhibitdias a great therapeutical potential. For
instance, a number of multivalent glycoconjugatsedoh vaccines for various bacterial

infections are already commercially available atiters under clinical triats.

146. Capon, B. Mechanism in Carbohydrate Chemi€imgem. Rev1969 69, 407—-498.

147. Lundquist, J. J.; Toone, E. J. The Clustec@ide EffectChem. Rev2002 102, 555-578.

148. Roy, R.; Zanini, D.; Meunier, S. J.; Romanasaysk. Solid-Phase Synthesis of Dendritic Sialoditgbitors of Influenza A Virus
Haemagglutinind. Chem. Soc. Chem. Commii@93 1869.

149. Renaudet, O.; Roy, R. Multivalent Scaffold§igcoscience: An OverviewChem. Soc. Re2013 42, 4515-4517.

150. Pieters, R. J. Maximising Multivalency EffegtdProtein-Carbohydrate Interactio@rg. Biomol. Chen009 7, 2013-2025.

151. Bhatia, S.; Dimde, M.; Haag, R. Multivaleny@conjugates as Vaccines and Potential Drug Cateid/led. Chem. Commug014
5, 862-878.
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2. Dynamic glycopeptides with high affinity for Wheat Germ
Agglutinine (WGA)

a. Design and objectives

The formation of active biomolecules by means okrsible native chemical ligation
was one of our research goals, as already repart&hapter 4. In this case, we aimed at
extending this approach to glycopeptides, usingexific lectin to drive the formation of its
best binder. Interestingly, Fioreet al. ®* have recently described a tetravalent
glycocyclopeptide with high affinity (1= 1.5 nM) for wheat germ agglutinine, a lectinenfro
Triticum vulgaris that specifically binds N-acetyl-glucosamine (Ghkdy and
N-acetylneuraminic acid. It is a stable homodimeostgn and each polypeptide chain is
organized into four domains, containing bindingesitat a distance of 14-15"3 The
tetravalent glycopeptides described belongs to R#AFT (regioselectively addressable
functionalized template) family. Initially describéy Mutter and coworket¥, RAFTs are
cyclic decapeptides whose well-defined geometrgasferred by a proline-glycine and a
proline-x sequence (where x is mostly a glycinguFe 55). Importantly, these molecules have
an upper and a lower face, that can respectiveltacoup to 4 or 2 side chains of the remaining

residues. These side chains (often lysines) canltbiwonveniently orthogonally functionalized

forming multivalent systems anchored to differeabstrates or conjugated to different

molecule$™®,

PG1 PG-I
PG1 \ PG1

Lokna ke d
PR S -y

| PG,
PG,

G. /K\K/

|
Figure 55 | Structure of a RAFT cyclopeptide with orthogonally protected lysine side chains on the two
faces of the molecule. PG, = protecting group 1; PG, = protecting group 2.

152. Fiore, M.; Berthet, N.; Marra, A.; Gillon, EDumy, P.; Dondoni, A.; Imberty, A.; Renaudet, @travalent Glycocyclopeptide with
Nanomolar Affinity to Wheat Germ Agglutini©rg. Biomol. Chen2013 11, 7113-7122.

153. Schwefel, D.; Maierhofer, C.; Beck, J. G.;[8=ger, S.; Diederichs, K.; Méller, H. M.; Welte,.VWittmann, V. Structural Basis of
Multivalent Binding to Wheat Germ Agglutinid. Am. Chem. So201Q 132, 8704-8719.

154. Dumy, P.; Eggleston, I. M.; Cervigni, S.; Sllh; Sun, X.; Mutter, M. A Convenient Synthesis®fclic Peptides as Regioselectively
Addressable Functionalized Templates (RARBtrahedron Lett1995 36, 1255-1258.

155. Boturyn, D.; Defrancqg, E.; Dolphin, G. T.; Gar, J.; Labbe, P.; Renaudet, O.; Dumy, P. RAFTdN@onstructs: Surfing to Biological
Applications.J. Pept. Sci2008 14, 224-240.
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In collaboration with the group of Prof. Stéphanecént at the University of Namur

1152 (Figure

(Belgium), we have designed a RAFT similar to tine described by Fioret a
56a), where N-methyl-cysteinBda?) replaces the alanine residues (Figure 56b). Ahaxge
reaction among two linear glycopeptides shown guFé 56c, in the presence of WGA, would

lead to the formation and amplification of the esponding cyclic dimer.

a) R R H
‘ L
Lys_, —Lys__ HO
Gly/ Y Ala Pro _ HO S
R e e
Pro=LyS~pp—Lys~gly o

b) <)

Daa2 Llys Pro Gly Lys Daa2

Figure 56 | a) Cycloglycopeptide with high-affinity for WGA described by Fiore et al.”™; b) design of the
dynamic cycloglycopeptide; c) design of the linear dynamic glycopeptides whose cyclization affords b).

b. Glycopeptide synthesis

We planned to perform the synthesis of the lineareptide
FmocDaa2(StBu)-Lys(Mtt)-Pro-Gly-Lys(Mtt)Daa2StBu)-e in standard SPPS conditions as
shown in Scheme 22; this short peptide incorporatesStBu-protected N-methyl-cysteine
units Daa2 and two lysines protected as 4-methyltrytil (MA&¥s already reported in Chapter
4, the StBu group on the N-methyl-cysteine moietras expected to be easily removed in the
reducing conditions (DTT) used for the exchangectiea. In the case of lysine, Mtt was
preferred to the standard Boc protecting groupt & ¢leaved is mild acidic conditioh§
allowing for a selective deprotection of this mgiatithout causing simultaneous cleavage of
the peptide from the resin. In alternative to Mg, also considered the possibility of using the
allyloxycarbonyl group (Allocy’, that can be selectively cleaved by Pd{@Ph the presence

of PhSiH; as a scavenger.

156. Li, D.; Elbert, D. L. The Kinetics of the Rewad of the N-Methyltrityl (Mtt) Group during the 8thesis of Branched PeptiddsPept.
Res.2002 60, 300-303.

157. Thieriet, N.; Alsina, J.; Giralt, E.; Guibé,; Rlbericio, F. Use of Alloc-Amino Acids in Solihase Peptide Synthesis. Tandem
Deprotection-Coupling Reactions Using Neutral Ctinds. Tetrahedron Lettl997, 38, 7275-7278.
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NHMtt
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Scheme 22 | Planned synthesis of the linear glycopeptide to be used as starting material in the
exchange reaction.

After selective deprotection of the side chain agroups on the two lysine moieties, we
planned to couple the carbohydrate @idn solid phase with DIEA in NMP, according to a
previously reported protocSf. After standart?® Fmoc deprotection, cleavage from the resin
and deacetylation in solution, we expected to obtiae final glycopeptide. Deacetylation is
normally performed with NaOMe in MeOH; however, aonia-saturated methan®l is a
valid milder alternative for the synthesis of glpeptides, whose backbone can undergo
racemization in harsh basic conditions.

Compound was synthesized according to Scheme 23.

158. Wittmann, V.; Seeberger, S. Spatial Screenih@yclic Neoglycopeptides: Identification of Pojtent Wheat-Germ Agglutinin
Ligands.Angew. Chem. Int. EQ004 43, 900-903.

159. a) Sjolin, P.; Elofsson, M.; Kihlberg, J. Rerabof Acyl Protective Groups from GlycopeptideBase Does Not Epimerize Peptide
Stereocenters, atElimination Is Slow.J. Org. Chem1996 61, 560-565. b) Hojo, H.; Nakahara, Y. Recent Pragimeshe Field of
Glycopeptide SynthesiBiopolymers2007, 88, 308—-324.

160. Kunz, H.; Waldmann, H. Construction of DisaaitleN-Glycopeptides - Synthesis of the Linkage i&egof the
Transmembrance-Neuraminidase of an Influenza Vikagew. Chem. Int. EA985 24, 883-885.
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thiourea NazS,0s
AcCl acetone - DCM/HO Ac
_ma2eh reflux, 5h 45T, 2h30
AcO ACO AcO
o AcO AcO NH2 ¢ SH
47% 95% 84% AcO
ACcNH AcNH AcNH NHZ AcNH
7
allyl alcohol
AIBN, CHCI3 | 76%
o 50 T, 2h
h g T j
Ac ° NOz
Py, DCM OAc
Ao 2 SO~ O . 2h A o/m/
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AcNH b 97% AcO S\~ -OH
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9 NO, 8

Scheme 23 | Planned synthesis of the linear glycopeptide, to be used as a building block in the
exchange reaction.

Compound? was synthesized according to a protocol reporietie literatur&’ starting
from commercial N-acetyl-D-glucosamine. Simultareaaetylation of the hydroxyl groups in
positions 3, 4 and 6 and chlorination of the anaenearbon with acetyl chloride afforded
compound5 with a 47% vyield. Successive reaction with thieure acetone provided the
corresponding isothiouronium chlori@ewith a 95% yield and compoundwas then obtained
with sodium metabisulfite in phase-transfer comdit (84% yield). For the synthesis of
compound8, we explored two different strategies in paralhile alkylation of the thiol
group with bromopropanol and triethylamifié in DCM allowed for the synthesis of
compound 8 with a 54% vyield, the same reaction performed wailyl alcohol and
azobisisobutyronitrile (AIBN) in chloroform gave mopound8 with a 76% yield. This second
strategy, adapted from a protocol reported by Kremp Myers®®, was thus preferred to the
first one. Finally, compoun@ was obtained with a 97% vyield by reacting compo8rwith
p-nitrophenylchloroformate and pyridine in DCM.

The synthesis of compoudvas carried out in the laboratories of Prof. StégghVincent
in Namur (Belgium). Although planned in detail, ggthesis of the final glycopeptide was not
performed. An exchange reaction between two or mukecules of this glycopeptide would
lead to a library of linear and cyclic componenBeing an analogue to the RAFT
cycloglycopeptide, we expect the cyclic dimer todmeplified in the presence of its protein
target, WGA. Unfortunately, the structure of WGAsimbilized by 32 disulfide bonds, 16 in

161. Floyd, N.; Vijayakrishnan, B.; Koeppe, J. Bavis, B. G. Thiyl Glycosylation of Olefinic Prote: S-Linked Glycoconjugate Synthesis.
Angew. Chem. Int. E@009 48, 7798-7802.

162. Hoang, K. L. M.; Bai, Y.; Ge, X.; Liu, X.-W.4ploring the Native Chemical Ligation Concept faghly Stereospecific Glycosylation
ReactionsJ. Org. Chem2013 78, 5196-5204.

163. Knapp, S.; Myers, D. S. SynthesisidbalNAc Thioconjugates from anGalNAc Mercaptan]. Org. Chem2002 67, 2995-2999.
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each subunif. This project was thus momentarily stopped in ptdeurther investigate the
exchange reaction on a simpler system, with theabilve of developing a protocol that allows

the exchange reaction to occur without being detnital for the protein target.
3. Dynamic glycopeptides with high affinity for O-GlcNAcase (OGA)

a. Protein 3-0-GlcNAcylation

Protein glycosylation is fundamental in a numberbaflogical events. As discussed
above, protein glycosylation generally results mnthed polysaccharidic structures, often
presented on the cell surface or in the extraallohatrix. Unlike the “classical” protein
glycosylation 3-O-GlcNAcylation on the side chains of serine am@onine residues has been
mostly observed within the cytoplasm or nucleoplaktareover, the O-GIcNAc units are not
further modified nor incorporated in complex polysiaaridic structures.

O-GIcNAcylation is involved in fundamental biologicprocesses, such as regulation of
transcription, protein trafficking and turnover,daresponse to cellular stress. Importantly, its
dysregulation has been associated with the aetiyadd different human diseases, including
diabete$™ and neurodegenerative disordéts

It is interesting to underline that the mechanisid amescale of the O-GIcNAc cycling
are very similar to those of phosphorylafiyhThese two events are independently regulated
and can occur on the same polypeptide or protaiviging cells with a rapid response
mechanism to different stimuli. Fine tuning of miot interactions and functions strictly
depends on the enormous molecular diversity thabeagenerated by these two modifications.
Importantly, while in some proteins O-GIcNAc andpBesphate compete for the same
hydroxyl group of serine or threonine, in othereasathey occupy adjacent sites.

Only two enzymes regulate O-GIcNAcylation: O-GlcNAmnsferase (OGT), that
catalyzes the installation of this monosacchariae pooteins from the substrate donor
UDP-GIcNAc, and O-GIcNAcase (OGA), responsibleifsrcleavage (Figure 57).

164. Portillo-Téllez, M. D. C.; Bello, M.; Salcedd;.; Gutiérrez, G.; Goémez-Vidales, V.; Garcia-Hewez, E. Folding and
Homodimerization of Wheat Germ AgglutiniBiophys. J2011, 101, 1423-1431.

165. Wells, L.; Vosseller, K.; Hart, G. W. A RolerfN-Acetylglucosamine as a Nutrient Sensor andiied of Insulin Resistanc€ell.
Mol. Life Sci.2003 60, 222-228.

166. Leroy, J. G. Congenital Disorders of N-Glydatign Including Diseases Associated with O- as IViisl N-Glycosylation Defects.
Pediatr. Res2006 60, 643-656.

167. Hart, G. W.; Housley, M. P.; Slawson, C. Qyglof O-LinkedB-N-Acetylglucosamine on Nucleocytoplasmic Proteature2007,
446, 1017-1022.
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UDP-GIcNAc OGT  ypp
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‘\H HN7=O

GIcNAc OGA ,0

|
Figure 57 | O-GIcNAc cycling: addition of O-GIcNAc to the lateral chain of a Ser or Thr residue by OGT
and its removal by OGA. The protein shown is not in scale with the sugar (adapted from ref. 168).

OGA s a 130 kDa enzyme, bearing the hydralasdytiatdomain in its N-terminus. This
enzyme is responsible for the removal of O-GlcNAanf more than 1000 peptides and
proteins®® however, van Aalten and coworkEfshave pointed out some common features in
the binding of different O-GlcNAcylated peptideSQ&A. The sugar always occupies the same
position in the OGA binding pocket and assumées'Bboat conformation. Regarding the
peptide backbone, it assumes a “V-shaped” confeomatound the O-GIcNAc moiety and its
side chains point away from the surface of the ey

Among the glycopeptides investigated in this stagyl1-amino acid fragment of protein
p53 was shown (Figure 58a) to have high affinitydoth human OGA (hOGA, K= 21 uM)
andClostridim perfrigen®OGA (CpOGA, Ky = 3uM). The authors noticed that the “V-shaped”
conformation of this peptide in the OGA binding ketwas stabilized by an hydrogen bond
between the Asp and Thr residues adiacent to tH®©S&cNAc) (Figure 58b). Disruption of
this hydrogen bond by substitution of either As@ br with Val resulted in a drastic reduction
in the binding affinity of the peptide to OGA (Figu58c).

168. Shen, D. L.; Gloster, T. M.; Yuzwa, S. A.; o, D. J. Insights into O-Linked N-Acetylglucosam ([0-9]O-GIcNAc) Processing
and Dynamics through Kinetic Analysis of O-GlcNAcamsferase and O-GIcNAcase Activity on Protein $abss.J. Biol. Chem.
2012 287, 15395-15408.

169. Ostrowski, A.; van Aalten, D. M. F. Chemicalals to Probe Cellular O-GIcNAc Signallingiochem. J2013 456, 1-12.

170. Schimpl, M.; Borodkin, V. S.; Gray, L. J.; vAalten, D. M. F. Synergy of Peptide and Sugar iGIONAcase Substrate Recognition.
Chem. Biol2012 19, 173-178.
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Figure 58 | a) Sequence and binding affinity of different peptides derived from protein p53. b)
Conformation of the peptide bound in the active site of CpOGA as determined by X-ray crystallography
and showing the intramolecular hydrogen bond between the lateral chains of Asp and Thr c) Table
showing the reduced affinity of the glycopeptides for hOGA after disruption of the hydrogen bond by
replacement of either Thr or Asp with Val (adapted from ref. 170).

b. Design and objectives

In this project, we aimed at investigating the fation of glycopeptides with high affinity
for OGA by means of reversible native chemicaltima

We designed a glycopeptide based on the fragmemraiein p53 shown above, by
substituting the Thr residue adiacent to Ser(O-@lkcNwith a N-methyl-cysteine moiety
(Daa?. Moreover, we replaced Ser(O-GIcNAc) with Cys(8fAc) that should in principle
be bound but not cleaved by OGA (Figure 59a). Bssumption is based on the observation
that the pseudosubstrate Ala-Cys(S-GIcNAc)-AlahitsiCpOGA ",

a) QLWVDTTPPPG QLWVD«TDaaZPPPG

O-GIcNAC S-GIcNAc

b) QLWVD«TDaaZ

+ Daa2PPPG + Daa?

S-GIcNAc S-GIcNAc

Figure 59 | a) Design of a dynamic glycopeptide, analogue to the one described in ref. 170. b)
Exchange reaction between two fragments of this glycopeptides, leading to its formation.

QLWVDTDaaZPPPG

171. Rao, F. V; Dorfmueller, H. C.; Villa, F.; Alvd, M.; Eggleston, I. M.; van Aalten, D. M. F. @&ttural Insights into the Mechanism and
Inhibition of Eukaryotic O-GIcNAc HydrolysiE£MBO J.2006 25, 1569-1578.
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The exchange reaction shown in Figure 59b betwwerfragments of this glycopeptide
should lead to its formation together wibaa2 Addition of randomized glycopeptides
fragments (i.e. bearing a mannose unit or havivglaesidue replacing the Asp one) and of
OGA to the library should lead to the amplificatioaof the full glycopeptide
NH2>-QLVDC(S-GIcNAc)DaaZPPPG-CONH

c. Glycopeptide synthesis
We planned to perform the synthesis of both glyptide fragments by solid phase

peptide synthesis. The strategy consists in intimgdua Fmoc-Cys(S-GIcNAc(Ag)}OH unit

in the sequence. The synthesis of this moleculeplamed as shown in Scheme 24.

AcO SH
CBry, PPhg TBAHS, A OAC
HO DCM Br EtOAc/NaHCOj sol
0 C, 25 min r,5h AcO Q
A _— AcO S
FmocHN COOtBu 5206 FmocHN COOtBu 96% AcNH
10 11 FmocHN COOtBu
;I'tFﬁl]TIS/HZO ‘>99%
OAcC
AcO Q
AcO S
AcNH

FmocHN COOH
Scheme 24 | Planned synthesis of Fmoc-Cys(S-GIcNAc(Ac)3)-OH.

Compoundl1 was obtained according to a procedure reporte@hwyand Schmidf?
Commercial Fmoc-Ser-OtBu was initially brominateddar standard conditions to afford
compound 10 with a 62% vyield. The resulting brortamime derivative was then coupled in
phase-transfer conditions to compouficsynthesized according to the procedure previously
reported in this Chapter. The final C-terminus dégetion in acidic conditions and in the
presence of TIS and- B as scavengers was not performed; however, épisrted’® to occur
with quantitative yield.

The synthesis of compountl was performed in the laboratories of Prof. Stéphane

172. Zhu, X.; Schmidt, R. R. Efficient SynthesisSstinked Glycopeptides in Aqueous Solution by a@wgent StrategyChemistry2004
10, 875-887.

173. Hsieh, Y. S. Y.; Wilkinson, B. L.; O'ConnelM. R.; Mackay, J. P.; Matthews, J. M.; Payne, RSynthesis of the Bacteriocin
Glycopeptide Sublancin 168 and S-Glycosylated Vasi®rg. Lett.2012 14, 1910-1913.
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Vincent in Namur (Belgium) and we planned to stacbllaboration with Prof. Tony Lefebvre
from the University of Lille (France), who can prde us with OGA. However, before studying
the system in the presence of this precious prtaejet, we wanted to improve few parameters
of the exchange reaction by testing it on a simpjatem. Although planned in detail, this

project was thus momentarily stopped.
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CONCLUSIONS AND PERSPECTIVES

The main objective of my PhD was to develop a &t chemistry to scramble peptide
fragments in mild, bio-compatible conditions. Tdigwe this goal, we have investigated the
potential reversibility of a well-known reaction jpeptide chemistry: native chemical ligation
(NCL). The beauty of this two-step reaction restshe easy formation of a peptide bond in
mild aqueous conditions. Importantly, a cysteirsdee is essential in this process.

With the idea of further enhancing the reactivitly aysteine, we have attached a
2-thioethyl chain on its amino group. Peptides rpoeating this new dynamic amino acids
were shown to quickly exchange fragments. Hencehawe developed the first example of a
reversible chemistry that can be applied to peptidethe amide bond level (Chapter 2).
However, one of the limitations of this strategythe necessity to incorporate a non-natural
amino acid in the peptide sequence. Since the wmkrimoactivity and biocompatibility of
N-(2-thioethyl)-cysteine is a potential issue, wedstigated which naturally occurring cysteine
modification could lead to a reversible amide jumti{Chapter 3). N-methyl cysteine, that can
be found in many natural peptides, was thus inttedun our model peptides. Indeed, it was
shown to be a new dynamic unit. We have thus desdtiwo small modifications of the peptide
backbone at the cysteine level that can activaspexific bond for exchange reactions.
Importantly, the peptide fragments are scramblethen presence of DTT in physiological
conditions: aqueous buffer, mildly acidic to mildigsic pH and room temperature (20-40 °C).
With this project we have added reversible NCLh® list of covalent interactions that can be
used in dynamic combinatorial chemistry. One cary @peculate about the possible
applications of this reaction, that can range fabmog discovery to materials science.

A second important goal of this project was to juteva practical application of this
strategy. Using reversible NCL, we wanted to credyaamic combinatorial libraries of
peptides to test against a given biological targethis end, we have designed a project based
on two affibody molecules specific for either th&RR protein or 1gG. In Chapter 4 | have
extensively described the different issues thatrgatkin this project. From a library of
affibody helices, we have demonstrated the formasiodifferent polypeptides, including the
full affibody trimer. However, complications ariseldie to the incompatibility of the target
molecules with the reducing conditions used fordkehange reactions.

In order to overcome these problems, we decidefdirtber investigate the exchange
reaction in a simpler system. First, we have sysileel short model peptides incorporating a
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non-protected N-methyl-cysteine, obviating the nedn-situ StBu deprotection during the
exchange reaction. Second, we have greatly siraglthe setup, allowing the reaction to occur
in an Eppendorf tube under ambient atmosphere.Wasspossible by substituting DTT with a
mixture of TCEP and ascorbic acid. While TCEP iseducing agent less sensitive to air
oxidation than DTT, ascorbic acid was added to gmeW CEP-induced desulfurization of the
peptides (i.e. cysteine into alanine). We have theastigated the exchange reaction between
the model peptides in this new setup and explonedcatalytic behavior of different thiol
molecules. These first results are indeed encougagnd similar experiments will soon be
performed in the presence of resin-bound TCEPrAf&mization of all the parameters, it will
be possible to perform the exchange reaction arttengffibody helices in the presence of their
biological target. Although | have actively pantated in the design of these experiments, this
work has been mainly carried out by CristianeRand is thus not further discussed in this
manuscript.

During this PhD, | have also tried to extend themamic peptide” approach to
glycopeptides (Chapter 5). To this end, | havegtesi two different projects in collaboration
with Prof. Stéphane Vincent. In one case the targdecule is the lectine WGA, in the other
case the enzyme OGA. However, these two projeetsstl at an initial stage. Due to the
complications emerged in the project with the aftii» molecules, we preferred to momentarily
stop other experiments and focus on further ingatihg the exchange reaction in the simpler

system discussed above.

So far my PhD work has resulted in one publicaéiod one patent:
* Ruff, V., Garavini, V, Giuseppone, N. Reversible native chemical ligatid facile
access to dynamic covalent peptidesAm. Chem. So2014 136, 6333-6339

* Ruff, Y., Giuseppone, N., Garavini, Réactions d’échanges peptidiques par ligation
chimique.Eur. Appl.2013 EP13306843.7
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Experimental Section

1. Solvents and reagents

All reagents and solvents were purchased from Sighdach, Carlo Erba, Iris-Biotech,
Polypeptide, Alfa Aesar and Fisher Scientific a¢ thighest commercial quality and used
without further purification unless stated otheeviBry solvents were obtained using a double
column SolvTechpurification system. Water was deionized by usadMillipore Q-POD

Milli-Q system.

2. Peptide synthesis

Solid phase peptide synthesis was performed orceomave synthesizer (CEMberty 1) and

on a parallel synthesizer (HeidolBynthesis 1 Unless stated otherwise, all Fmoc amino acids
were introduced with standard side chain proteagirayips: Pbf for Arg; Trt for Asn, Cys, GIn
and His; tBu for Asp, Glu, Ser, Thr and Tyr; Boc fys and Trp; no protecting groups were
needed for Ala, Gly, lle, Leu, Met, Phe, Pro and Va

3. Chromatographic methods

a. Thin Layer Chromatography (TLC)

Analytical TLC was performed on silica TLC Al foilgsilica gel matrix with fluorescent

indicator 254 nm, thickness: 500m, Sigma-Aldrich). Compounds were visualized by
fluorescence quenching detection (Bioblock VL-4C-LAmp, 6 W, 254 nm and 365 nm)
and/or dipping into standard staining solutionseldasn phosphomolybdic acid and cerium
molybdate.

b. Preparative absorbance flash column chromatography

Flash chromatography was performed on silica g€ £ 230-400 mesh, 40-63m,

Sigma-Aldrich). Separations were performed manuading glass columns of different sizes.
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c. Analytical Ultra Performance Liquid Chromatography (UPLC)

i. UPLC-ESI
Analytical Ultra Performance Liquid ChromatograptyPLC) was carried out on a Waters
ACQUITY UPLCcoupled with a&SQD Acquityelectrospray mass detector and a photodiode
array (PDA) detector (190-500 nm, 80Hz). Compouwmele separated on a Wat&GQUITY
UPLCHSSTS3 1.8um particle size, 2.1 x 50 mm column or WateGQUITY UPLC BEHCs
1.7 pum, 2.1 x 50 mm column using 0.1 %v/v formic acidwater (solvent A) and 0.1 %v/v
formic acid in acetonitrile (solvent B) as the tmobile phases. Data were processed with the
MassLynx 4.1 — XP software. The two gradients y#eand B) are shown below.

Gradient A
Time (min) Flow (mL/min) % Solvent A % Solvent B
0 1 95 5
3.5 1 5 95
4 1 5 95
4.10 1 95 5
5.10 1 95 5
Gradient B
Time (min) Flow (mL/min) % Solvent A % Solvent B
0 1 95 5
0.80 1 80 20
2 1 72.5 27.5
4 1 20 80
4.10 1 95 5
5.10 1 95 5

ii. UPLC-ESI-TOF
The affidody exchange reaction mixtures were amayzy Dr. Jean-Marc Strub on a Waters
nanocACQUITY UPLCcoupled to aWaters SYNARTan hybrid quadrupole orthogonal
acceleration time-of-flight tandem mass spectromedeipped with a Z-spray ion source and
a lock mass system. Peptides were separated ontersMLQUITY UPLC BEH13@C;g

column 1.7 um patrticle size, 75 pm x 250 mm usidglev/v formic acid in water (solvent A)
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and 0.1 %v/v formic acid in acetonitrile (solvent B

d. Preparative High Performance Liquid Chromatography (HPLC)

Preparative High Performance Liquid Chromatogra@iL.C) was carried out on a Waters
AutoPurification system, coupled to a Wate8QD 3100electrospray mass detector and a
Waters 2489 UV/Visible detector. Purifications weexformed either using 0.1 %v/v formic
acid in water (solvent A) and 0.1 %v/v formic acidmethanol (solvent B) as the two mobile
phases on a Wate&unFire Prep C18 QB3 um 19x150 mm column or using 0.05 %v/v
ammonia in water (solvent C) and 0.05 %v/v ammaniaethanol (solvent D) as the two
mobile phases on a WatetBridgePrep C18 QB um 19x150 mm column (typical gradients

shown below).

Time (min) Flow (mL/min) % solvent A (or C) % solvieB (or D)
0 23.28 100 0
4.95 23.28 100 0
29.03 23.28 5 95
37.06 23.28 5 95
37.86 23.28 100
45.89 23.28 100

4. Structure determination
a. Nuclear Magnetic Resonance (NMR)

'H NMR spectra were recorded either oBraker Avance 408pectrometer at 400 MHz, on a
JEOL ECX-40Gpectrometer at 400 MHz or oBauker Avance 508pectrometer at 500 MHz
and'®C NMR spectra either at 100 MHz or 125 MHz. Resicialvent peaks were taken as
reference (CDGI 7.26 ppm forH NMR and 77.36 fot°’C NMR; DMSO-a@: 2.50 ppm forH
NMR and 40.45 ppm fo’C NMR). In the case of compounds solubilized #Dspectra were
internally referenced to the GHsignals oftBuOH (1.24 ppm forH NMR and 30.29 ppm for
13C NMR). Spin multiplicities are reported as a sids), doublet (d), doublet of doublets (dd),
triplet (t) with coupling constants (J) given in - multiplet (m). Broad peaks are marked as

br. When specifiedH and™3C resonances were assigned with the aid of additinformation
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from respectively 2D NMR proton COrrelation SpestopY (COSY) or Heteronuclear

Multiple-Quantum Correlation (HMQC) experiments.
b. Mass Spectrometry (MS)

i. ESI-MS
ESI-MS spectra were acquired using the WaBpd mass detector directly connected to the
output of an UPLC-ESI or HPLC column.

ii. ESI-TOF
ESI-TOF spectra were acquired using the WaYSNAPTmass detector connected to the
output of thenanoACQUITY UPLColumn.

iii. MALDI-TOF
MALDI-TOF measurements were carried out on AwtoflexTM MALDI-TOF mass
spectrometer (Bruker Daltonics GmbH). Externalljibzation was performed with standard
peptide/protein calibration mixtures that containédpeptides/proteins (Bruker Daltonics
GmbH) covering the 1000-4000 m/z or the 5000-17&%00 mass range. Mass data collected
during MALDI-TOF analyzes were processed using shéware toolflexAnalysis(Bruker
Daltonics GmbH). Sample preparation was performét the dried droplet method using a
mixture of 1 pL of sample with 1 puL of matrix satut (10 mg/mL of 2,5-dihydroxybenzoic
acid in water/acetonitrile/TFA 50/50/0.1) driedrabm temperature.

c. Infrared spectroscopy

IR spectra were recorded on a Fourier transformaiafl spectrometevertex 70(Bruker),

equipped with a diamond ATR accessory (Smiths detes).

d. Polarimetry measurements

Optical rotatory powers were measured oReskin-Elmer 241polarimeter at 20 °C with a

wavelength of 589 nm (sodium lamp). Optical rotatpower values were obtained with the

Biot law [a]%’ = “'6120 wherea is the deviation angle of the polarized light &t°Z, C is the

sample concentration (g/100 mL) and the length of the cell (dm).

138




Experimental Section

5. Synthesis and characterization of organic compounds

a. Chapter 2

Compound 1
Ho/\/STrt

1

To a solution of triphenylmethyl chloride5.39 g, 68.99 mmdlin CHCl; (20 mL),
2-mercaptoethanol (16.1 mn, 1.26 g) was addexhd the reaction was left stirring under ar:
for 24 h. The solvenwas thel evaporged and the crude recrystallized with cyclohexamea
CHCI5 (100 mL, 20:1) to obtain compouil (4.19 g, 81 %hs a white soli. 'H NMR (CDCk,
400 MHz, 25°C)8 = 7.457.15 (m, 15H), 3.37 (J= 6.1 Hz, 2H), 2.47 (] = 6.1 Hz, 2H), 1.57
(s, 1H) ppm;*C NMR (CDC3, 100 MHz, 25°C):6 = 144.72, 129.54, 127.89, 126.72, 66,
60.81, 35.18 ppm; ESI-M$n/z calcd for GiH»OS [M+H]" 321.13, found 321.%

Peptidesncorporating the dynamic unit-(2-thioethyl)-cysteine (Daal)
Peptide synthesis was performed on a F-Rink-amideMBHA resin (0.74 mmol/¢ 0.5
mmol scaleJsing a combination of conventional and microv-assisted SPF

Swelling of the resiifin the nicrowave synthesizer): the resin was let swell MA(15 mL)

for 30 min.

Fmoc deprotectiofin the microwave synthesizer): t successive treatmerof the resin with
a 20 %v/vpiperidine solution in DMK15 mL) at 70 °C and 55 Wér 3 min

Amino acid coupling(in the microwave synthesizer): f-fold molar excess of ea«
Fmoc-aa-OH (10 mL of a 0 solution in DMF), HBTU (4 rL of a 0.5M solution in DMF)
and DIEA (2 mL of a 2 Msolution in NMP)at 70 °C and 38V (microwave power) for min.

Fmoc-Cys(Trt)-OHwas coupled for 2 m without microwave heating and then a °C with
25 W for 4 min.
Successive Fmoc deprotection and amino acid cauteps led to the synthesis
sequences P2 and P3, respectively NHCys(Trt)-Alalys(Boc-Leu-Leue and
NH,-Cys(Trt)-Ala-Phekys(Boc-Phe-.
Sulfonylation (in the parallel synthesize a solution of 2aitrobenzenesulfonylchloride
mmol, 443 mg) and 2,&#idine (3 mmol, 347.L) in CH,CI, (5 mL) was added to the resind
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let shake for 3 h.

Alkylation (in the parallel synthesizer): a solutiorilg®.5 mmol, 800 mg), triphenylphosphine
(2.5 mmol, 655 mg) and DIAD (2.5 mmol, 48R) in a dry THF/CHCI, mixture (5 mL and 6.5
mL respectively) was added to the washed resinnargen atmosphere and let shake for 5 h.
This reaction was then repeated once more for Li2sho

Removal of NBSin the parallel synthesizer): a solution of 22thyldioxy)diethanethiol (10
mmol, 1.63 mL) and DBU (5 mmol, 748.) in DMF (5 mL) was added to the resin and let
shake for 2 h. The reaction was repeated a seaoeddadr 2 h.

For peptide$1-Daal-P2andP1-Daal-P3

e Fmoc-Gly-OH coupling (in the parallel synthesizea)solution of Fmoc-Gly-OH (4
mmol, 1.19 g), DIC (4 mmol, 620L) and OxymaPure (4 mmol, 568 mg) in DMF (5
mL) was let shake for 72 h at rt under argon atrhesp
e Successive Fmoc deprotection and amino acid cay@ieps (in the microwave
synthesizer) of Fmoc-Lys(Boc)-OH, Fmoc-Tyr(tBu)-@Hd Fmoc-Leu-OHR1).
Cleavage(in the parallel synthesizer): the resin was sndpd in a 10 mL solution of
TFA/TIS/2-2'(ethyldioxy)diethanethiol/bD: 92.5/2.5/2.5/2.5 vol% for 1 h, then filtered and
washed with TFA (5 mL). The combined filtrates weoaicentrateth vacuoand then added to
cold diethylether (200 mL). The precipitate wasasaped by centrifugation, washed with cold
diethylether (2 x 40 mL) and dried under argonfford crude peptides.
Oxidation crude peptides were dissolved in milliQAH(1 mL/50 mg), the pH was adjusted to
7-8 with (NH,),COs and compressed air was bubbled in the resultingiso for 30 min. Prior
to purification, the pH was lowered to 4-5 withrfac acid.
Purification preparative HPLC using 0.1 %v/v formic acid intara(solvent A) and 0.1 %v/v
formic acid in methanol (solvent B) as mobile plzaea the preparative SunFire Prep C18
column. Fractions were automatically collected gdime ESI-MS signal of the peptide as a
trigger and then individually analyzed via UPLC-E®he pure fractions were then combined

and the organic solvent removed under vacuum fityophilization.
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e P1-Daal-P20x

TPRLITRI e

(0] = O

O (0]

2x I

H™ ™0
P1-Daal-P2ox

H NMR (D0, 500 MHz 25 °C): & = 8.53 (bs, 2H), 7.14 (d,= 8.6 Hz, 2H), 6.83 ((J= 8.6 Hz,
2H), 4.59 (dd,) = 9.7 Hz,6.8 Hz, 1H), 4.40-4.15 (m, 7H), 4.08:93 (m, 2H), 3.8-3.76 (m, 1H),
3.55-3.32 (m, 2H), 3.22:87 (m, 8H), 1.8-1.53 (m, 17H), 1.50-28 (m, 7H), 0.9-0.84 (m,

18H) ppm;**C NMR (DO, 125 MHz, 25 °C):6 = 177.98, 175.94, 175.13, 174.41, 173

17289, 172.21, 171.65, 170.76, 163.90, 163.62, 155131,.31, 128.20, 118.21, 116..

115.89, 56.19, 54.17, 53.72, 53.57, 53.07, 52.2534 50.89, 40.58, 40.42, 40.16, 39.

39.82, 36.81, 31.33, 30.91, 26.96, 26.92, 25.0491224.51, 22.95, 22.80, 55, 22.29, 22.00,
21.48, 21.21, 17.16 ppmiJPLC (gradient A): , = 0.83 min; ESIMS: m/z calcd for
CuoHgaN12010S, [M+2H]?* 533.35, found 533.6

s-8

& Lo S0
" NQLH NQLH NH,
H o = o = o)

Daal-P3ox

e Daal-P30ox

'H NMR (D,0O, 500 MHz,25 °C): § = 8.45 (s, 1H), 7.42-15 (m, 10H), 4.5-4.50 (m, 2H),
4.27-4.16 (m, 2H), 3.86 (dd= 10.75 Hz, 4.27 Hz, 1H), 3.5242 (m, 1H), 3.34 (dJ = 13.48
Hz,J=4.27 Hz, 1H), 3.22-88 (m, 9H), 2.81 (dcJ = 13.48 Hz,10.75 Hz, 1H), 1.6-1.50 (m,
4H), 1.31 (dJ = 7.17 Hz, 3H), 1.2-1.14 (m, 2H) ppm**C NMR (D,O, 125 MHz, 25 °C):8 =
176.19, 174.88, 173.39, 188, 171.54, 137.07, 136.61, 129.96, 129.88, 129129.48.
127.94, 62.84, 55.51, 55.43, 53.88, 50.42, 49.9823 37.67, 37.64, 31.21, 26. 22.48,
17.12 ppm; UPLC (gradie®®): t, = 0.86 min; ESI-MS: m/z calcd fors@HsN-OsS, [M+2H]*
336.68, found 336.83.
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e P1-Daal-P3ox

+
N

H,
o) ? h O o
H,N \)J\N \/ N N\:)J\N N\;)kN NH
o '\@o s ) o = " o M oo
OH
o]
2x HJ\_ I:IH3

[0}

P1-Daal-P3ox

'H NMR (D0, 500 MHz 25 °C): § = 8.46 (s, 1H), 7.4%-18 (m, 10H), 7.13 , J= 8.6 Hz, 2H),
6.83 (d,J= 8.6 Hz, 2H), 4.6%.50 (m, 4H), 4.3-4.16 (m, 5H), 4.08.95 (m, 2H), 3.8-3.69 (m,
1H), 3.43-3.27 (m, 2H), 3.23:87 (m, 13H), 1.6-1.50 (m, 12H), 1.41-27 (m, 4H), 1.2-1.11

(m, 2H), 0.99-0.88 (m6H) ppm;**C NMR (D;0, 125 MHz, 25 °C)s = 176.20, 175.5, 173.64,
173.61, 173.52, 172.90, 172.10, 171.48, 163.91,6863155.30, 137.14, 136.70, 131.

129.96, 129.93, 129.54, 129.48, 128.22, 128.04,8827118.20, 116.23, 115.89, 56.14, 55

55.34, 54.16, 53.58, 52.39, 50.83, 41.45, 40.7R323%9.79, 8.88, 37.59, 37.28, 36.78, 31.

31.04, 26.97, 26.91, 24.52,.88, 22.53, 22.30, 22.02, 16.59 pfUPLC (gradient A):;= 0.92

min; ESI-MS: m/zcalcd for CssHgoN12010S, [M+2H]?* 567.29, found 567.2

e Daal-P20x

NH
.t
s H™ 0
& e e
\ N\)J\ﬁ NJJ\H NH,
H o - o \[/ o

Daal-P2ox

'H NMR (D;0, 500 MHz,25 °C): 5 = 8.47 (bs, 1H), 4.41-4.22 (m, $H4.11-4.00 (m, 1H),
3.62-3.45 (m, 2H), 3.23:89 (m, 2H), 3.0-2.89 (m, 4H), 1.86-51 (m, 10H), 1.5-1.40 (m,
2H), 1.40-1.31 (d3J = 7.50Hz, 3H), 1.08-0.69 (m, 12H) ppn*C NMR (D,O, 125 MHz,
25 °C):8 = 178.00, 17%4, 175.13, 174.31, 63.07, 54.12, 53.01, 52.76FH049.54, 40.4:
40.14, 39.88, 30.97, 26.97, 25.04, 25.02, 22.9B81222.76, 21.45, 21.24, 17 ppm; UPLC
(gradient A): t= 0.73 min; ES-MS: m/z calcd for GH4oN705S, [M+H]* 302.67, found
302.93.
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Peptides incorporatingystein: (Cys)

Peptide synthesis was performed on a F-Rink-amideMBHA resin (0.74 mmol/¢ 0.5
mmol scale) using microwasassisted SPPSwelling of the resin, Fmoc deprotection, am
acid coupling, cleavage and purification e performed according to the procedure repc
above (for the synthesis of peptides incorporabagl)

The peptides @re isolated in their reduced form and their ptassesse by UPLC-ESI.
In order to prevent oxidation during the NNacquisition, wedwered the pH of ,O by adding
an excess of formic acid. Howe, and even after degassing the solvent, we coulgnevent
the partial oxidation o€ys-P3 (disulfide dimer), resultingn additional peaks in tr*H and**C
NMR spectra.

« P1-Cys-P2
NHs NH,
e H g’ e e
M N;QLN N AL N\;)I\N N\:)J\N NH,
o oH & HO§ ¢+ H § = H §
T, w7
X
OH H)LO,
P1-Cys-P2

IH NMR (D,0, 500 MHz,25 °C): § = 8.32 (s, formate), 7.15 (@= 8.0 Hz 2H), 6.83 (d,) = 8.0
Hz, 2H), 4.62 (ddJ = 8.9 Hz, 7.2 H, 1H), 4.52 (t] = 6.5 Hz), 4.384.20 (m, 5H), 4.00 (J =
7.4 Hz 1H), 3.89 (s, 2H), 3.-2.86 (m, 8H), 1.86-1.52 (m, 18H), 1.8Q7 (m, 7H), 0.9-0.82
(m, 18H) ppm*3C NMR (D,O, 125 MHz, 25 °C)6 = 177.20, 174.73, 174.31, 173.50, 173
172.34, 171.57, 170.73, 169.98, 154.54, 130.55,4P27115.43, 55.29, 55.23, 53.46, 53.
52.23, 51.98, 51.53, 49.90, 42.19.79, 39.62, 39.35, 39.07, 39.01, 35, 95, 30.222&6.18
25.33, 24.24, 24.23, 23.71, 22.14, 22.01, 21.98& .55, 21.12, 20.66, 20.44, 16.30 p|
UPLC (gradient A): t= 0.68min; ESI-MS: m/z calcd for §Hg,N12010S [M+2H]** 504.31,
found 504.28.
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e Cys-P3

HS
4 O Ve
. N;QJ\N N\:)kN NH,
I w I w1
o \
HJ\O_

NH;

+

Cys-P3

'H NMR (D20, 500 MHz,25 °C): § = 8.29 (s, formate), 7.43-10 (m, 10H), 4.5-4.45 (m, 2H),
4.44-4.31 (m, 1H), 4.28-13 (m, 1H), 3.3-3.27 (m, 0.5H), 3.12-85 (m, 7.5H), 1.€-1.49 (m,
4H), 1.37-1.31 (m, 3H 1.2¢-1.11 (m, 2H) ppm*C NMR (D,O, 125MHz, 25 °C):§ =
173.20, 173.07, 68.39, 168.24, 137.07, 137.05, 136.61, 136.59,9R29129.90, 129.8(
129.51, 129.49, 129.47, 127.95, 55.70, 55.60, 55884, 54.70, 53.84, 53.82, 52.17, 50
50.26, 39.83, 39.80, 37.99,.93, 37.80, 37.71, 37.65, 31.37, 31.26, 26.97,2&5.76 22.46,
22.43, 17.55, 17.16 ppm; UPLC (gradient A, = 0.82 min; ESMS: m/z calcd for
CaoH43N70sS [M+H]" 614.31, found 614.0

b. Chapter 3

Peptidesncorporating the dynamic unN-methyl-cysteine (Daa2)

Peptide synthesis was performed on a F-Rink-amideMBHA resin (0.74 mmol/¢ 0.5
mmol scaleJsing a combination of conventional and microv-assisted SPPS, according
the procedure described above (for the synthegemtides incorporating Daal) with fe
exceptions.

Swelling of the resirfin the microwave synthesizer): see ab

Fmoc deprotectiofin the microwave synthesizer): see ab

Amino acid couplindin the microwave synthesizer): see ab

Sulfonylation(in the parallel synthesizer): see ab:

Methylation(in theparallel syntheser): methyl iodide (10 mol, 622uL) in a 1 M solution o
TBAF in THF (5 mL) was added to the resin undeoargnd let shake for 1 h. The reaction
repeated a second time with a fresh solu

Removal of NBSin the parallel synthesizer): see ak

For peptide$1-Daa2-P2andP1-Daa2-P3

e Fmoc-Gly-OH P1) coupling (in the microwave synthesizer): a saolti of
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Fmoc-Gly-OH (2.0mmol, 595 m), HATU (2.0 mmol, 760 mgand DIEA 2.7 mmol,
470 uL) in DMF (8 mL) was added to the microwave reantivessel; the couplin
reaction was performed at 75 °C for 20 min at 3@Ml repeated a second t with a
fresh solution.

e Successive Fmoc deprotection and amino acid cay@ieps (in the microway
synthesizer) of Fmotys(Boc-OH, Fmoc-Tyr(tBu)-OH and Fmekeu-OH.

For peptide$1’-Daa2-P2andP1”-Daa2-P2
e Fmoc-Val-OH P1) or FmoeLys(Boc)-OH @17) coupling (in the microwav

synthesizer): a solution of Fm-aa-OH (Fmoc-Val-OH: 4 mmol, 1.36 g;
Fmoc-Lys(Boc)-OH4.0 mmol, 1.87 g), HATU (4.0 mmol, 1.52 gnd DIEA 5.5 mmol,
958 uL) in DMF (8 mL) wasadded to the microwave reaction vessel; the cog
reaction was performed at 75 °C for 20 min at 3@Ml repeated a second t with a
fresh solution.
* SuccessiveFmoc deprotection and amino acid coupling stepstt{g microwave

synthesizer) of Fmotys(Boc-OH, Fmoc-Tyr(tBu)-OH and Fmekeu-OH.

Cleavagdin the parallel synthesizer): see ab

Oxidation none, the peptides were purified in their reduicenh.

Purification see above.

In order to prevent oxidation during the NNacquisition we lowered the pH of ;O by
adding an excess of formic acid. Howe, oxidation still occurred in some cas resulting in
additional peaks in th# and**C NMR spectra.

e P1-Daa2-P2

+ +
NHs NH,
L O " a’s e e
N N N N NH
o = 0 o = o = 0

OH 2x

H™ 0
P1-Daa2-P2

'H NMR (D,0, 500 MHz 25 °C): & = 8.29 (s, formate), 7.15 (@= 8.1 Hz 2H), 6.81 (dJ= 8.1
Hz, 2H), 5.04 (dd) = 8.3 Hz, 6.4 H, 1H), 4.63-4.57 (m, 1H), 4.40:22 (m, 5H), 4.0-3.97 (m,
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2H), 3.272.11 (m, 12H), 1.6-1.53 (m, 18H), 1.53-1.30 (m, 6H) 1.0281 (m, 18H ppm;**C

NMR (D,0, 125 MHz,25 °C): = 177.99, 175.72, 175.14, 174.37, 173.68, 172.97,6B,
171.48, 170.73, 155.33, 131.33, 128.13, 116.22.666.22, 54.25, 53.65, 53.04, 52.77, 52
50.90, 40.57, 40.41, 416, 39.87, 39.81, 31.54, 31.29,95, 26.98, 26.92, 25.03, 25.01, 24.

22.94, 22.79, 22.54, 22.27, 22.02, 21.43, 21.2M6L@Fpm; UPLC (gradient A);= 0.72 min;
ESI-MS: m/z calcd for GHgaN12010S [M+2H]**511.32, found 511.67.

e Daa2-P3

S o =" o
N N\:)J\N N\:)J\N NH,
| o H H o z H o
0 \H
H)J\O_

NH;,

+

Daa2-P3

'H NMR (D20, 500 MHz,25 °C): § = 8.25 (s, formate), 7.4313 (m, 10H), 4.5-4.49 (m, 2H),
4.36 (q,d = 7.0 Hz, 1H 4.21 (ddJ = 7.5 Hz, 6.6 Hz, 1H), 4.09 (dd= 6.2 Hz, 4.6 H, 1H),
3.19-3.08 (m, 2H), 3.08-89 (m, 6H), 2.72 (s, 3H, 3-C(1)), 1.68 1.52 (m, 4H), 1.35 (¢J =
7.0 Hz, 3H), 1.30-115 (m, 2H ppm;**C NMR (D,O, 125 MHz, 25 °C)s = 172.50, 172.44,
166.65, 136.28, 135.80, 129.17, 129.06, 128.71,702827.16, 61.70, 54.954.66, 53.03,
49.64, 39.03, 37.01, 36.85, 31.37, 30.47, 26.186221.66, 16.35 ppm; UPL(gradient B):
= 0.88 min; ESI-MS: m/zalcd for (3;HsN70sS [M+H]* 628.33, found 628.1

e P1-Daa2-P3

.
NH,
e " o™ L0 20
N N\/l]\N N A N\:)J\N N\H)I\N NH,
o L H o o ¢ H o i H o
o 9

OH 2 x _ \
H/U\O

NH3

+

P1-Daa2-P3

'H NMR (D0, 500 MHz,25 °C): § = 8.28 (s, formate), 7.41-22 (m, 8H), 7.2-7.08 (m, 4H),
6.86-6.75 (dJ = 8.6 Hz, 2H, 496 (dd,J = 9.0Hz, 6.3 Hz, 1H), 4.59 (dJ = 9.9 Hz, 6.6 Hz,
1H), 4.57-4.48 (m, 2H), 4.389:14 (m, 3H), 4.11-3.94 (m, 2H), 3.2368 (m, 16H), 1.6-1.47

146




Experimental Section

(m, 10H), 1.46%.11 (m, 8H), 1.0-0.86 (m, 6H) ppm**C NMR (D;0O, 125 MHz, 25 °C):5 =
176.21, 175.32, 173.67, 173, 173.43, 172.96, 171.64, 171.43, 170.72, 155.3.11,
136.64, 131.33, 129.95, 129.91, 129.50, 129.48,1652827.94, 127.91, 116.22, 60.96, 56
55.53, 55.36, 54.01, 53.64, 52.34, 50.75, 42.147%4®9.83, 39.80, 37.60, 37.49, 31.77, 31
31.11,26.94, 26.92, 24.52, 22.94,.54, 22.52, 22.27, 22.02, 16.84 ppuPLC (gradient B);,
= 0.97 min; ESI-MS: m/zalcd for GsaHgoN12016S [M+2H]?* 545.34, found 545.7

« P1'-Daa2-P2

4 4
NH, NH,
HS
L o e . L o
N NJLN N:QLN N\:)J\N N\)LN NH,
o ¢ o _~_ o ¢ H o \(H o)
:\OH 9

2x

H” ™o
P1'-Daa2-P2

'H NMR (D,O, 500 MHz 25 °C): & = 8.49 (s, formate), 7.17 (= 8.6 Hz, 2H), 6.87 ((J=8.6
Hz, 2H), 5.06 (dd,] = 8.6 Hz, 6.9 Hz, 1H), 4.¢4.62 (m, 1H), 4.53 (d, 1+J = 8.5 Hz),
4.45-4.25 (m, 6H), 3.88 (8,= 6.7 Hz, 1H), 3.24 (s,H), 3.10-2.91 (M8H), 2.1+2.05 (m, 1H),
1.87-1.79 (m, 2H), 1.78-59 (n, 15H), 1.51-1.36 (m, 6H), 1.08-0.89 (Nt ppm;*°C NMR
(D20, 125 MHz, 25 °C)6 = 178.00, 175.72, 175.22, 175.08, 174.48, 173.00,71/, 171.5C
155.25, 131.16, 128.26, 116.17, 60.74, 56.22, 558315, 53.10, 52.79, .69, 50.89, 40.44,
40.17, 39.87, 32.83, 30.90, 27.00, 25.02, 22.98(%22.62, 22.46, .98, 21.62, 21.47, 21.1
18.69 ppm; UPLCdradient A): ;= 0.84 min; ESI-MS: m/z calcd fors@HggN12010S [M+2HF*
532.34, found 532.67.

« P1'-Daa2-P2

.
H, NH,
o) 0 0
H H H H
Hij\’rN :S\WN j\WN\)L:i(NVKHJi;\IHz
0 o = o * e} Y 0
o)

4
N
o HS
\_)J\ \)J\N
R |
3
NHy Ao

P1’-Daa2-P2

'H NMR (D0, 500 MHz,25 °C): § = 8.22 (s, formate), 7.14-7.04 (m, R18.8%-6.73 (m, 2H),
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4.94-4.86 (m, 2H), 4.64:18 (m, 7.5H), 4.C-3.90 (m, 2H), 3.41 (d] = 6.1 Hz, 1H), 3.20-3.10
(m, 1.5H), 3.1R.78 (m, 9H), 2.7-2.64 (m, 2H), 2.0%-.87 (m, 1H), 1.8-1.50 (m, 19H),
1.49-1.24 (m, 8H), 1.00-74 (m, 16H) ppm™*C NMR (D,O, 500 MHz,25 °C): & = 177.96,
177.89, 175.58, 175.10, 174.95, 174.50, 174.29,20{4174.16, 173.01, 172.67, 171.
170.78, 170.76, 167.00, 163.87, 163.59, 155.28,2155131.20, 131.17, 120.53, 118.
11618, 116.11, 115.89, 113.57, 52.98, 52.75, 52.887%4 40.47, 40.44, 39.86, 39.81, 32.
27.28,27.13, 27.01, 25.06, 25.02, 24.49, 22.98222.89, 22.86, 22.83, 22.78, 22.59, 22
22.35, 21.89, 21.60, 21.47, 21.32, 21.22, 17.421 ppm; UPLC ¢radient B): ;= 0.65 min;
ESI-MS: m/z calcd for GHggN13010S [M+2H]?*546.85, found 547.26.

c. Chapter 4
Compound 2
D
DY
O N—\
Lo
NP

2

To a room temperature solution of Fr-L-Cys(StBu)-OH (5.@, 12 mmol) in toluene (117 n)
was added permaldehyde (1.€ g, 60 mmd and camphorsulfonic acid (185 mg, 0.81 mm
The reaction was heated in a D-Stark apparatus under reflux (bath at 20 °C). After 18 h
the solvent was evaporated under vacuum and the ailideas purified byflash column
chromatography (Si§) cyclohexane/EtOAc 10:— 4:1) to afford compoun2 (5.02 g, yield
97%) as a white viscous gumy (cyclohexane/EtOAc 4:1) = 0.54 NMR (CDCls;, 400 MHz,
25°C):6 =7.78 (dJ=7.5Hz, 2H), 7.57 (dJ= 7.5 Hz, 2H), 7.4%.31 (m, 4H), 5.5-5.18 (br
m, 2H), 4.774.34 (br m, 2.5H), 4.:-4.19 (br m, 1H), 4.05 (br s, 0.5H), 3.55 (br sH),53.22
(br s, 0.5H), 3.00 (br s, 0.5H), 2.72 (br s, 0.5H29 (s, 9H) ppr*C NMR (CDCls, 100 MHz,
25°C):6=170.62, 151.95, 143.24,141.14, 127.78, 127.0658241992, 78.31, 77.20, 67.6
55.24, 48.20, 46.86, 29.44 ppm; -MS: m/z calcd for GH2sNO4S, [M+H] *444.13, found
444 .38.
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Compound 3

To a stirring solution of compour2 (900 mg, 2.0 mmol) in CHE[10 mL)was added TES
(3.3 mL, 20.3 mmol) and TFA (5L, 67.3 mmol). The reaction was stirred at roomgerature
for 18 h and then concentrated under vacuum. Tédtneg oil was then dissolved CH,Cl,
and concentrated under vacuum (3 x 20 mL). Puti6oaby flash columr chromatography
(SiOy,, cyclohexar/EtOAc 10:1— 4:1) afforded compourigl(700 mg, 77%) as a white solid
a 2:1 conformer ratidz = 0.32 (EtOAc)*H NMR (CDCk, 400 MHz,25 °C): & = 7.81-7.73 (m,
2H), 7.66-7.55 (m, 2H); 7.48:36 (m, 2H), 7.3-7.28 (m, 2H), 4.74 (ddl = 10.4, 4.7, 0.6H),
4.68 (dd,J = 10.4, 4.8, 0.33H), 4.¢4.41 (m, 2H), 4.31 (t) = 7.0, 0.66H), 4.25 (IJ = 5.5,
0.33H), 3.34 (ddJ = 14.0, 4.6, 0.66H), 3.18 (dJ = 14.0, 10.6, 0.66H), 3.-3.07 (m, 0.33H),
3.05 (s, 2H), 2.96 (s, 1H), 2.69 (J = 14.0, 10.24, 03H), 1.36 (s, 6H), 1.33 (s, 3H) pp*°C
NMR (CDCl, 100 MHz,25 °C): 6 = 175.33, 175.28, 156.62, 156.10, 143.81, 143.41,25b,
127.83, 127.65, 127.05, 125.06, 124.84, 124.79,911%8.00, 67.84, 59.91, 58.81, 48.
47.11, 47.02, 39.23, 38.94, 33.87, 33.07, 29.88-MS: m/z calcd for GHo/NO,S, [M+2H]#
446.15, found 446.20.

Affibody helices
Peptide synthesis was performed on a ChemMh-Rink-amideresin (0.51 mmol/( 0.1 mmol
scale) using microwavassisted SPP

Swelling of the resinthe resin was let swell in DMF (10 mL) for 30 n

Fmoc deprotectiartwo siccessive treatmenof the resin with a 5 %w/giperidine solution ir
DMF (10 mL) containing.1 M HOBt a 70 °C and 55 W for 3 min.

Amino acid couplingtenfold molar excess of each Fn-aa-OH (5 mLof a 0.2 M solution in
DMF), HBTU (2 mL of a 0.9M solution in DMF) and DIEA (1 mL of a 21 solution in NMP)

at 70 °C and 35 W (microwave power) for 5 min. Deuwuplings were performed in the ci

of Fmoc-Arg(Pbf)OH and Fmo-His(Trt)-OH was coupled for 2 min without microwa
heating and then at 50 °C w 25 W for 4 min.
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Coupling of compoun@: a solution 03 (178 mg, 0.4 mmol), HATU @2 mg, 0.4 mmol) an
DIEA (94 uL, 0.54 mmol) in DMF (4 mL) was added to the reS3ine coupling was performe

and repeated a second time.
Coupling of Fmoc-Gly-OHa solution of Fmc-Gly-OH (297 mg, 1 mmol), HATU (380 mg,
mmol) and DIEA (235uL, 1.1 mmol in DMF (4 mL) was added to the microwave reac

vessel; the coupling reaction was performed at7ff 20 min at 30 W and repeated a sec
time with a fresh solution.

Cleavage(in the parallel synthesizer): the resin was sudpénin a 5 mL solutic of
TFA/phenol/HO/TIS: 88/5/5/2 vol% for 2 h, then filtered and Wwead with TFA (5 mL). The
combined filtrates were concentralin vacuoand then added to cold diethylether (200 n
The precipitate was separated by centrifugatioished with cold dietylether (2 x 40 mL) an
dried under argon to afford crude pepti

Purification preparativeHPLC using either 0 %v/v formic acid in water (solvent A) ar
0.1 %v/vformic acid in methanol (solvent B) as the two n®lghases on a WateSunFire
Prep C18 QBb um 19x150 mm column or using 0 %v/vammonia in water (solvent C) a
0.05 %v/vammonia in methanol (solvent D) as the two mobliages on a WateXBridge
Prep C18 QBb pm 19x150 mm column. Fractions were automaticalljected using the
ESI-MS signal of the peptide as a trigger and then iddally analyzed via UFC-ESI. The
pure fractions were then combined and the orgaslieat removed under vacuum prior

lyophilization.

e Helix 1 Her2

COOH
CONH,

i]:%/N\/J\ /[::ETE)L \/)k /[i;{\VJL N\,)L /[%(N\J)L \/)g /[jf \J)L /LT(N\“JL ’ti;};ii CONH2 Nm
\100H CONH2 COOH ;%E%
NH2 Hy N’LQNH

H1(StBu)-Her2

UPLC (gradient A): &= 1.25 min; EI-MS: m/z calcd for GoH10gN34034S3 [M+3H]**947.81,
found 948.43; MALDI-TOFm/z calcd for G,H198N34034Ss [M+H] " 2839.40 foun: 2840.44.
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e Helix 2 Her2

ABu
S

s ST s
~conm, © CONH2 \L \© \L Y “~COOoH

HyN NH NH

,tBu

H2(StBu) ,-Her2

UPLC (gradient A): &= 0.96 min; ES-MS: m/z calcd for GosH16eN30020S4 [M+3H]**802.39,
found 802.73; MALDI-TOFm/z calcd for GoH1s6N30026S4 [M+H] * 2403.13 found 2404.35.

e Helix 3

HWL%JK¢JL)\(N¢LWUBYN¢L¢N¢J\WN¢JY?£(

~ 0] o © o ©
LR LT Y
NH
H3(StBu)

UPLC (gradient B):;t= 0.90min; ES-MS: m/z calcd for GsH15:N25025S, [M+2H]?*1000.55,
found 1000.40; MALDITOF: m/z calcd for GgH15:N25025S, [M+H] " 1998.08, foun 1999.02.

 Helix1IgG
ngﬁ ¢§ANM$LJ4M¢¢¢yM .

NH2

H1(StBu)-1gG

UPLC (gradient B):;t= 1.25min; ES-MS: m/z calcd for @H194N34036S, [M+2H]** 1419.20,
found 1419.80.
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 Helix 219G

HZNYNH

~tBu COOH

&&$¢~¢a»mJ%¢§¢M“ i
COOH CONHZ oo \© CONH2 oo

H2(StBu) »-IgG

UPLC (gradient B):;t= 1.05min; ES-MS: m/z calcd for GH1seN2705,S, [M+2H]%* 1172.54,
found 1173.68.

e Helix 2a Her2

tBu

fYJL £¢§¢ﬁ(¢%¢& %HL

“ConH, ° “COOH

CONHZ NH

A )s

H,N"NH H,N"SNH

H2a-Her2

UPLC (gradient A):,t= 0.74 min; ES-MS: m/z calcd for GuH15:N26026S, [M+2H]%* 1100.25,
found 1101.25.

Compound 4

jv COOH
o
Q™ O H
NY\/P\/\COOH
MeQ O 0
OMe

4

H-Rink Amide ChemMatrix resin (514 mg, loading 0.5tol/g) was swollen with C,Cl, (20
mL) for 30 minand then DMF (5 m) for 30 min. A solution of HBU (99 mg, 262 mmol) ii
DMF (3 mL) was slowly added to a stirred solution of DIEAX (8., 524 mmol) and TCEP- H(
(75 mg, 262 mmol) in DMF (4 L). After 5 min thissolution was added to the swelled re
and the final mixture shakdar 24 h on an orbital shaker. The resin was waslesdral time:
with DMF (3 x 5 mL), HCI 1M (5 mL), phosphate 200MtEDTA 0.2 M buffer at pH 7.4 (!

152




Experimental Section

mL), methanol (3 x 5 mL), diethylher (5 mL) and CECl, (2 x 5 mL) and dried under vacut
IR (ATR): 3557 2865, 1731, 1655, 1611, 1588, 1538, 1508, 1483588,11296, 1246, 120
1902, 946, 840 crh

d. Chapter 5
Compound 5
OAcC
AcO Q
AcO
AcHN o
5

N-acetyl-D-glucosaminés.0 g, 22.6 mmolwas suspended ircetyl chloride(30 mL) and left
stirring at room temperature under argon. Afteh2e solution was diluted wilCH,CI, (100
mL) and poured into ice water (1(mL). After phase separation, tlagueous phase w
re-extracted with CkCl, (3 x 50 mL). The ombined organic phases were then washed w
saturated solution of NaHG@100 mL), dried over MgS§) filtered and concentrated unc
vacuum. Purification byflast column chromatography (SiOEtOAc/cyclohexane 7:3
afforded compound (3.38 g, 47%) aa white solid. R(EtOAc/cyclohexane 7:3) = 0.4'H
NMR (CDCl, 400 MHz, 25 °(): § = 6.19 (d,J = 3.7 Hz, 1H), 5.85.78 (m, 1}), 5.36-5.29 (m,
1H), 5.22 (tJ = 9.8 Hz, 1H), 4.5-4.50 (m, 1H), 4.33-4.24 (m, 2H), 4.%731 (m, 1H), 2.11 (¢
3H), 2.06 (s6H), 1.99 (s, 3H) pprr*C NMR (CDCE, 100 MHz, 25 °Q: & = 171.4, 170.5,
170.1, 169.1, 93.6, 70.9, 70.1, 66.9, 61.1, 534,20.6, 20.5 ppr

Compound 6
OAc

AcO SR
AcHN NNH:

HoN cl”

Compounds (3.79 g, 10.36 mmol)nd thiourea (1.34 g, 17.62 mmalere dissolved in dr
acetone (57 mL) under argofhe reaction was heated to reflux (60 °C, oihpadfter 1h the

white precipitate waslfered and washed with acetoiThe filtrate was returned to reflux a
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the proces repeated 4 more time45 min each time) to afford compou@d4.35 g, 95%) as a
white solid."H NMR (DMSO-d6, 400 MHz, 25 °C)5 =9.44 (s, 2H), 9.24 (s, 2H), 8.43 J =
9.3 Hz, 1H), 5.70 (dJ = 10.4 Hz, 1H), 5.09 (tJ = 9.7 Hz, 1H), 4.90 (tJ = 9.8 Hz, 1H),
4.26-4.09 (m, 2H), 4.08-90 (m, 2H), 1.98 (s, 3H), 1.95 (s, 3H), 1.9B(), 1.77 (s, 3H) ppr
3C NMR (DMSO0-d6,100 MHz, 25 °(): 6 =170.0, 169.8, 169.6, 169.3, 80.6, 74.7, 72.7, ¢
61.5, 51.2, 22.5, 20.6, 20.4, 20.3 p

Compound 7

To a stirring mixture of CkCl, (30 mL) and HO (20 mL) were added compoui6 (4.13 g,
9.34 mmol) and N&,0,4 (2.13 g, 11.18 miol) under argon. The resulting mixture \ heated
under reflux (45 °C, oil batHpr 2.5 h an then brought to room temperatt The phases were
separated, and the agueous phase extracte(CH,CI, (2 x 50 mL). The combined orgar
phases were then washwith H,O (1 x 50 mL) and brine (1 x 50 mL), dried over My,
filtered and concentrated under vacuum to affordpound7 (2.86 g, 84%) as a white solRs
(EtOAC/EtOH 9:1) = 0.8'H NMR (CDCls, 400 MHz, 25 °C)8 = 5.785.61 (m, 1H), 5.1-5.05
(m, 2H), 4.59 (tJ = 9.7 Hz 1H), 4.24 (ddJ = 12.5 Hz,4.7 Hz, 1H), 4.1-4.08 (m, 2H),
3.74-3.64 (m, 1H), 2.57 (d,= 9.4 Hz, 1H), 2.10 (s, 3H),@5 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3
ppm;**C NMR (CDCE, 100 MHz,25 °C):8 = 171.2, 170.8, 170.469.2, 80.3, 76.2, 73.4, 68
62.1, 56.8, 23.3, 20.8, 20.7, 20.6 p

Compound 8

OAc
AcO Q

s
AcO
AcHN N\__OH

A solution of compound (100 mg, 0.28 mmol) and AIBN (30 mg, 0.18 mmol}id:1 allyl
alcohol/CHC} mixture (2.8 mL) was heated atlux (50 °C, oil bath) undeargon for 2 h. The
solvent was then removed under vacuum and puiiicdty flash columi chromatography
(SiO,, EtOAC/EtOH 19:1) afforded compoui8 (97 mg, 84%) as a white solid; (EtOAc) =
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0.2; [a]2° =-81.4 (C = 0.5 ilCH,Cl,); '"H NMR (CDCk, 400 MHz, 25 °: § = 5.92 (dJ = 9.5

Hz, NH, 1H), 5.15 (tJ = 9.5Hz, 1H,H-3), 5.07 (t,J = 9.7 Hz, 1HH-4), 4.5 (d,J = 10.4 Hz,
1H, H-1), 4.25-4.10 (m, 3HH-2, H-6, H-6"), 3.77-3.65 (M, 3HH-5, -CH,-OH), 2.92-2.78 (m,
2H, -S-CH,-), 2.08, 2.03, 2.0, 1.98 (4 x s, 12H, -COdg), 1.92-1.70(m, 2}, -CH,-) ppm;*3C

NMR (CDCl, 100 MHz, 25 °(): § = 171.33, 170.96, 170.78, 169.51 (420CHs), 84.62 C-1),
76.18 C-5), 73.88 C-3), 68.47 C-4), 62.38 (-6), 60.44 (CH,OH), 53.0¢ (C-2), 31.89
(-CHy-), 25.99 (-S€H,-), 23.43, 20.93, 20.87, 20.78 (-COCHs) ppm; ES-MS: m/z calcd
for C17H27NOeS [M+H]* 422.15, found 422.4

Compound 9

OAc

AcO S

AcHN 0o

Compound (80 mg, 0.19 mmol),-nitrobenzenchloroformate (57 mg, 0.28 mmol) and DR
(4.6 mg 0.04 mmol) were suspended in (CH,CI, (4 mL) under argon. Pyridine (‘uL, 0.38
mmol) was then added dropwise and the reactionefastirring at oomtemperature. After 2
h the reaction was diluted wiCH,CI, (50 mL) and washed with HCI 5% (1 x 10 mL), ,ClI
ss (2 x 10 mL) and brine (2 x 10 mL). The orgariage was the¢ dried over MgSy,, filtered
and concentrated under vacuum. Purification flash column chromatography(SiO,,
EtOAC/EtOH 4:1)afforded compoun9 (110 mg, 99%) as white solids BEEtOAC/EtOH 19:1)
= 0.68; [a]%® =-58.4 (c = 0.5n CH,Cl,); *H NMR (CDCk, 400 MHz, 25 °(): § = 8.28 (dJ =
9.3 Hz, 2H, ArH), 7.39 (dJ= 9.2 Hz, 2H, ArH), 5.60 (dJ=9.2 Hz, 1HN-H), 5.18 (tJ=9.5
Hz, 1H,H-3), 5.11 (t,J=9.7 Hz, H, H-4), 4.59 (dJ=10.3 Hz, 1HH-1), 4.3¢(t,J= 6.2 Hz,
2H, -CH,-0-), 4.26-4.04m, 3+, H-2, H-6, H-6), 3.74-3.64 (m, 1HH-5), 296-2.72 (m, 2H,
-S-CHy-), 2.18-1.68 (m, 14HCH2-, 4 x -COQH3) ppm;**C NMR (CDCE, 100 MHz, 25 °C)5
= 171.01, 170.72, 170.41, 169.42 (4-COCH3), 155.60 ¢(Ar)-O-), 152..8 (-O-CO-0-),
145.41 C(Ar)-NO,), 125.20, 121.7 (2 x C(Ar)-H), 84.48 C-1), 75.93(C-5), 73.67 C-3),
68.54 C-4), 67.80 (€H,-0-), 62.:7 (C-6), 53.13 C-2), 28.74 (-SEH>-), 26.24 -CH2-), 23.28,
20.78, 20.74, 20.67 (4 x —@B13) ppm; ESI-MS: m/z calcd for GH3oN»013S [M+H]"587.15,
found 587.45.
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Compound 10
Br

FmocHN COOtBu
10

PPh (137 mg, 0.52 mmoljas added portnwise to a stirring solution &fmoc-Ser-OtBu (100
mg, 0.26 mmol) and CBK147 mg, 0.44 mmol) in drCH,Cl, (2.7 mL) at 0 °C. After 20 mi
the mixture was concentrated under \um and purified vidlash column chromatograpl
(SiO,, cyclohexane/EtOAc 4:1to afford compoundlO (60 mg, 52%) as a white solid;

(cyclohexane/EtOAc 4:1) 6.4;'H NMR (CDCk, 400 MHz, 25 °C)5 = 7.7¢ (d, J = 7.5 Hz,
2H), 7.63 (dJ = 7.4Hz, 2H),7.45-7.39 (m, 2H), 7.38-31 (m, 2H), 5.78 (cJ = 7.2 Hz, 1H),
5.75-4.68 (m, 1H), 4.48-35 (m, 2H), 4.26 (J = 7.2 Hz, 1H), 3.81 (dd] = 10.5, 3.0 Hz, 1H)
3.78 (dd,J = 10.5, 3.3 Hz, 1H), 1.54 (s, 9tppm; *C NMR (CDCE, 100 MHz, 25 °): § =

167.11, 15.48, 143.72, 143.61, 141.24, 127.70, 127.04, B18B98.52, 67.26, 54.46, 47.C
34.31, 27.90 ppm.

Compound 11
OAc

AcO Q
AcO S

AcNH
FmocHN COOtBu

11

To a vigorouslystirred solution o017 (119 mg, 0.33 mmol) an#l0 (115 mg, 0.26 mmol) i
EtOAc (5.2 mL), was added iNaHCG; solution (pH 87, 5.2 mL) followed by
tetrabutylanmonium hydrogen sulfe (350 mg, 1.03 mmolAfter 5 h the solution was dilute
with CH,Cl, (60 mL), washed witlsaturated agueous NaHg@ x 20 mL) and brine (2 x 1
mL). The organic phase wdsed over MgS(, filtered and concentratewl vacuc. Purification
by flash columnchromatographxchromatography (Si§) cyclohexane/EtOAc 2:— 1:1 —
2:3)afforded compountil (180 mg, 96%) as a white solRs (cyclohexane/EtOAc 2:&= 0.35;
'H NMR (CDCk, 400 MHz, 25 °C: § = 7.76 (dJ = 7.5 Hz, 2H), 7.66-57 (m, 2H), 7.44-7.36
(m, 2H), 7.367.28 (m, 2H), 6.0-5.89 (m, 2H), 5.16 (= 9.7 Hz, 1H), 5.07 (J= 9.7 Hz, 1H),
4.69 (d,J =10.4 Hz, 1H), 4.5-4.40 (m, 2H) 4.39-4.29 (m, 1H), 4.2802 (m, 4H), 3.7-3.62
(m, 1H), 3.30 (ddJ = 14.1, 2.7 Hz, 1H), 2.¢-2.81 (m, 1H), 2.04 (s, 3H), 2.02 (s, 3H), 2.01
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3H), 1.87 (s, 3H), 1.47 (s, 9H) ppmC NMR (CDCk, 100 MHz, 25 °C)5 = 170.81, 170.58,
170.33, 169.33, 169.18, 151.06, 143.70, 143.56,1%41127.66, 127.04, 125.03, 124.94,
119.91, 83.36, 82.73, 75.91, 73.66, 68.29, 66.2914 53.85, 52.81, 46.98, 27.85, 22.98,
20.55, 20.47 ppm; ESI-MS: m/z calcd foge844N2012S [M+H]* 729.27, found 729.44.

6. Exchange reaction protocols

a. Chapters 2 and 3

Phosphate buffensere prepared at pH 6, 7, 8 and 9: the amounadtRO, required to give a

0.2 M solution in 20 mL of water (551 mg) was dissd in water (10 mL). The resulting acidic
solution was titrated to pH 6, 7, 8, or 9 using 2NdOH and its volume adjusted to 20 mL.
Buffers were degassed using freeze/thaw cyclepkegd under argon prior to use.

Exchange reaction between peptides incorporatin@ioethyl)-cysteine (Daal)

Setup Each of the two peptides (formate salts) wasotliesl in water to give a 5 mM solution.
250puL of each of these two solutions were mixed, togettith 250uL of a TCEP solution (2
eg., 10 mM, 7.1 mg in 2.5 mL of water neutralizathv8.4 mg of NaHC@) and immediately
frozen and lyophilized. The lyophilized powder detmixed peptides and TCEP was then
diluted under argon with 5Q€ of 0.2 M phosphate buffer (pH 6, 7, 8 or 9) camitag 25 mM
DTT (5.8 mg in 1.5 mL) and left stirring at roonmtperature.

Analysis A 1 mL solution containing ¥, and an internal UV standard (3,5-dimethoxybenzoic
acid) was prepared as follows: 2B H,0, (30 % solution), 2@L UV standard solution (5 mM

in a 0.2 M pH 7 phosphate buffer) and 987 water. For each time point an aliquot of the
reaction (25uL) was diluted with 175uL of this solution, then filtered and injected imet
UPLC-ESI (2 x 2uL injections).

Control exchange reaction between peptides incatiog cysteine (Cys)

Setup Cys-P3(formate salt) ané®1-Cys-P2(diformate salt) were dissolved in water to give
two 5 mM solutions. 25QuL of each of these two solutions were mixed togetied
immediately frozen and lyophilized. The lyophilizeawder of the mixed peptides was diluted
under argon with 50QL of 0.2 M phosphate buffer (pH 7) containing 25 noWDTT (5.8 mg

in 1.5 mL) and left stirring at room temperature.
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Analysis A 1 mL solution containing TCEP and an internalV Ustandard

(3,5-dimethoxybenzoic acid) was prepared as folld®@ uL of a 10 mM TCEP solution in
water and 4QuL UV standard solution (5 mM in a 0.2 M pH 7 phoaghbuffer) . For each time
point an aliquot of the reaction (2&) was diluted with 17%L of this solution, then filtered

and injected in the UPLC-ESI (2 X 2. injections).

Exchange reaction between peptides incorporatingdtihyl-cysteine (Daa?2)
Setup
* Between P1-Daa2-P2 and Daa2-P3
P1-Daa2-P2(formate salt) an®aa2-P3(formate salt) were dissolved in water to give
two 5 mM solutions. 25QL of each of these two solutions were mixed togetrel
immediately frozen and lyophilized. The lyophilizeowder of the mixed peptides was
diluted under argon with 5Q€. of 0.2 M phosphate buffer (pH 6, 7 or 8) contaqR5
mM of DTT (5.8 mg in 1.5 mL) and left stirring aiom temperature or at 37 °C.
* Between P1’-Daa2-P2 and Daa2-P3
P1’-Daa2-P2(formate salt) an®aa2-P3(formate salt) were dissolved in water to give
two 5 mM solutions. 25QL of each of these two solutions were mixed togetrel
immediately frozen and lyophilized. The lyophilizeowder of the mixed peptides was
diluted under argon with 25@_ of 0.2 M phosphate buffer (pH 7) containing 1281m
of DTT (28.9 mg in 1.5 mL) and left stirring at 3C.
* Between P1"-Daa2-P2 and P1-Daa2-P3
P1"-Daa2-P2 (formate salt) an®1-Daa2-P3(formate salt) were dissolved in water to
give two 5 mM solutions. 750L of each of these two solutions were mixed togethe
and immediately frozen and lyophilized. The lyoat powder of the mixed peptides
was diluted under argon with 5@ of 0.2 M phosphate buffer (pH 8) containing 50
mM of DTT (11.6 mg in 1.5 mL) and left stirring &t °C.
Analysis A 1 mL solution containing TCEP and an internalV Ustandard
(3,5-dimethoxybenzoic acid) was prepared as folld®@ uL of a 10 mM TCEP solution in
water and 4QL UV standard solution (5 mM in a 0.2 M pH 7 phoafehbuffer) . For each time
point an aliquot of the reaction (2&) was diluted with 17%L of this solution, then filtered
and injected in the UPLC-ESI (2 & injections).
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b. Chapter 4

Phosphate buffersere prepared at pH 7.4: the amount of BB} required to give a 0.2 M

solution in 20 mL of water (551 mg) was dissolvedwater (10 mL). The resulting acidic
solution was titrated to pH 7.4 using 2 M NaOH #@adolume adjusted to 20 mL. Buffers were
degassed using freeze/thaw cycles and placed angi@n prior to use.

Phosphate buffers (0.2 M) containing NaCl (150 naidd NaN (0.02 %w/v)were prepared at
pH 7.4: NaHPO4 (551 mg) and EDTA (117 mg) were dissolved irtew&10 mL). The
resulting acidic solution was titrated to pH 7.4ngs2 M NaOH. NaCl (175 mg) and Nai#

mg) were then dissolved in the buffer solution #edfinal volume was adjusted to 20 mL. The
buffer solution was degassed using freeze-thawesyahd placed under argon prior to use.

Ammonium bicarbonate buffergere prepared at pH 7.4: the amount ofyNBO; required to

give a 0.2 M solution in 20 mL of water (158 mg)sahassolved in water (10 mL). The resulting
basic solution was titrated to pH 7.4 using foraed (10 %v/v) and its volume adjusted to 20
mL. Buffers were degassed using freeze/thaw cyatesplaced under argon prior to use.
Ammonium bicarbonate buffers (0.2 M) containing N&050 mM) and NaR (0.02 %wi/v)
were prepared at pH 7.4: NHCO; (158 mg) and EDTA (117 mg) were dissolved in wétér
mL). The resulting basic solution was titrated kb’p4 using formic acid (10 %v/v). NaCl (175

mg) and NalN (4 mg) were then dissolved in the buffer soluteord the final volume was
adjusted to 20 mL. The buffer solution was degasset) freeze-thaw cycles and placed under

argon prior to use.

Exchange reaction among the affibody helices H1-BHEHR-HER2 and H3, H1-IgG, H2-1gG
and H3 or between H1-HER2 and H2a-HER?2.

Setup Each peptide was dissolved in water to give tloeéwvo) 500uM solutions. Equivalent
volumes of these three (or two) solutions were ohiogether in a vial and immediately frozen
and lyophilized. The lyophilized powder of the nmixpeptides was then diluted under argon
(final peptide concentration from 538V to 1 mM) with the appropriate buffer at pH 7.4
containing DTT (from 1.3 mM to 625 mM). The exchamgactions were then left stirring in a
vial and placed into a Schlenk tube, that was gugpdpwith a Young PTFE valve and contained
a 250 mM DTT solution in degassed buffer at theédoot

Analysis Aliquots of the exchange reaction were treatemiating to different protocols and

depending on the chosen analysis method:
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- UPLC-ESI: 20uL aliquots were injected as such or after dilutiath a 0.5 %v/v formic acid
solution in water (3@L, injections of 2QuL).

- MALDI-TOF: 30 uL aliguots of the exchange reaction mixture weftetdd with 20uL of a
formic acid solution (0.5 %v/v in water)..il of this mixture was then diluted 1000 fold with a
0.1 %v/v TFA solution. 1L of this final solution was then co-deposed onetahplate with a
solution of the matrix, CHCA or DHB, and analyzed.

-UPLC-ESI-TOF: 1uL aliquots of the reaction mixture were dilutedwitOOuL of a 0.1 %v/v

TFA solution in water; 2iL of the resulting solution were then injected.
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Annex 1 - Structures and abbreviations of amino acids

Full name Abbreviations Structure
Alanine Ala, A J\
H,N~ "COOH
+
HZN\fNH2
NH
Arginine Arg, R
H,N~ ~COOH
NH,
Asparagine Asn, N fo
H,N~ “COOH
0
Aspartic acid Asp, D fo
H,N~ "COOH
SH
Cysteine Cys, C /[
H,N~ "COOH
0.0
Glutamic acid Glu, E ;
H,N~ “COOH
H,N._O
Glutamine GIn, Q ;
H,N~ "COOH
Glycine Gly, G H,N~ COOH
NH
- [ )
Histidine Hys, H N
H,N~ "COOH
Isoleucine lle, | j\)
H,N~ “COOH
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Leucine Leu, L
H,N~ "COOH
+
NH3
Lysine Lys, K /(H
H,N~ "COOH
|
o S
Methionine Met, M /(
H,N~ "COOH
Phenylalanine Phe, F
H,N~ "COOH
Proline Pro, P Q\COOH
H
SeH
Selenocysteine Sec, U /[
H,N~ "COOH
OH
Serine Ser, S /[
H,N~ "COOH
OH
Threonine Thr, T I
H,N~ ~“COOH
Tryptophan Trp, W i\ NH
H,N~ "COOH
OH
Tyrosine Tyr, Y
H,N~ "COOH
Valine Val, V I
H,N~ "COOH
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Annex 2 - Structures and abbreviations of specific amino

acids and peptides used in Chapters 2 and 3

Abbreviation Structure
SH
_Daal- N-(2-thioetyl)-cysteine 3;‘/%4
SH
SH
-Daa2- N-methyl-cysteine =

P1- LYKG- H)N\anjiu P

P2 AKLL S E%Lﬁ
D o

o B L K I
p N N NH;
-P3 -AFKF YN TN

) (o] (o]
P1- LYKV- jgwniui(nﬁ

H (@] H (@]
P1”- LYKK- o P S
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Annex 3 - Structures and abbreviations of the affibody helices

used in Chapter 4
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Annex 4 - Further characterization of the peptides from

Chapter 2
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6.0x10
50x10 . Simulated isotope distribution =
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Figure 61 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
P1-Daal-P20x and relative ESI-MS spectrum.
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e Daal-P30ox
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Figure 62 | "H-NMR and ~“C-NMR spectra of Daal-P3o0x.
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Figure 63 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
Daal-P3ox and relative ESI-MS spectrum.
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P1-Daal-P3ox
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Figure 65 |

P1-Daal-P3ox and relative ESI-MS spectrum.

Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
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e Daal-P20x
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Figure 66 | "H-NMR and ~“C-NMR spectra of Daal-P20x.
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Figure 67| Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
Daal-P2ox and relative ESI-MS spectrum.
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P1-Cys-P2
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Figure 69 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
P1-Cys-P2 and relative ESI-MS spectrum.
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Figure 71 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of Cys-P3.
and relative ESI-MS spectrum.
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Annex 5 - Further characterization of the peptides from

Chapter 3
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Figure 72 | "H-NMR and "~“C-NMR spectra of P1-Daa2-P2.
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Figure 73 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
P1-Daa2-P2 and relative ESI-MS spectrum.
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Daa2-P3
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Figure 75| Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of Daa2-P3
and relative ESI-MS spectrum.
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P1-Daa2-P3
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Figure 77 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
P1-Daa2-P3 and relative ESI-MS spectrum.
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« P1'-Daa2-P2
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Figure 78 | "H-NMR and ~“C-NMR spectra of P1’-Daa2-P2.
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Figure 79 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
P1’-Daa2-P2 and relative ESI-MS spectrum.
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P1’-Daa2-P2
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Figure 81 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
P1"-Daa2-P2 and relative ESI-MS spectrum.
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Annex 6 - Further characterization of the peptides from

Chapter 4
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Figure 82 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
H1(StBu)-HER2 and relative ESI-MS spectrum.
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«  H2(StBu)-HER2
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Figure 83 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
H2(StBu) ,-HER2 and relative ESI-MS spectrum.
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Figure 84 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of H3(StBu)
and relative ESI-MS spectrum.
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 HI1(StBu)-IgG
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Figure 85| Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
H1(StBu)-1gG and relative ESI-MS spectrum.
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 H2(StBu)-IgG
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Figure 86 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
H2(StBu) ,-IgG and relative ESI-MS spectrum.
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. H2a(StBu)-HER2
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Figure 87 | Reverse phase chromatogram (UPLC-ESI) recorded with UV and MS detection of
H2a-HER?2 and relative ESI-MS spectrum.
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Annex 7 - Further characterization of the organic compounds

from Chapter 5

e« Compound 8
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Figure 88 | "H-NMR and ““C-NMR spectra of compound 8.
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Figure 89 | Zoom in of COSY and HMQC spectra of compound 8.
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Compound 9
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H-NMR and ~“C-NMR spectra of compound 9.

Figure 90 |
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Figure 91 | Zoom in of COSY and HMQC spectra of compound 9.
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Native Chemical Ligation for
the Design of Dynamic
Combinatorial Peptides

Résumé

Utiliser la liaison peptidique dans des systemes dynamiques covalents est trés difficile
en raison de sa stabilité intrinséque. Dans ce travail, une nouvelle méthodologie pour
eéchanger fragments peptidiques dans des conditions biocompatibles est décrite.
Légéres modifications du groupe amine d'un résidu de cystéine en peptides modele
permettent l'activation spécifique de cette jonction peptidique pour des réactions
d'échange covalent. Grace a un mécanisme de ligation chimique native réversible,
fragments peptidiques sont échangés en solution aqueuse a pH physiologique et en
présence de dithiothréitol (DTT), avec des demi-temps d'équilibration de 2 a 10
heures. Différentes possibles applications biologiques de cette nouvelle réaction
réversible a peptides et glycopeptides sont aussi proposées.

Peptides - Chimie combinatoire dynamique — Liaison réversible - Ligation chimique
native

Résumé en anglais

The possibility to use the peptide bond in dynamic covalent systems is very
challenging because of its intrinsic stability. In this work, a novel methodology to
exchange peptide fragments in bio-compatible conditions is described. The
introduction of small modifications to the N-terminus of a cysteine residue in model
peptides allows for the specific activation of that peptide bond for exchange reactions.
Through a reverse Native Chemical Ligation (NCL) mechanism, peptide fragments
were scrambled in aqueous solution at physiological pH and in the presence of
dithiothreitol (DTT), with half-times of equilibration in the 2-10 h range. Additionally,
possible biological applications of this new reversible reaction to both peptides and
glycopeptides are proposed.

Peptides - Dynamic Combinatorial Chemistry (DCC) - Reversible bond - Native
Chemical Ligation (NCL)




