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Ré sumé

Depuis leur dé couverte et leur dé finition par S. H. Gellman en 1990, les foldamè res peptidomimétiques ont été largement étudiés. Ces composés artificiels ont montré qu"ils pouvaient adopter des structures conformationnelles observé es à l'origine pour les peptides naturels. Parmi les foldamè res peptidomimé tiques, les γ-peptides ont reç u moins d'attention que les β-peptides jusqu"à un passé ré cent mais sont é galement trè s inté ressant. Un grand nombre de peptidomimé tiques contenant des ré sidus γ-aminoacides ont é té synthé tisé s et é tudié s en profondeur et ils adoptent des conformations stables telles que des hé lices, des feuillets et des coudes. Cependant, la majorité des recherches actuelles sur la conception de γ-peptides se concentrent sur l'é tude structurale de molé cules bioactives telles que les peptides antimicrobiens. En effet, les peptides antimicrobiens sont des anti-infectieux prometteurs dans la lutte contre la ré sistance aux antibiotiques. Par consé quent, notre objectif principal est de mettre au point de nouveaux analogues d"un peptide antimicrobien, la Gramicidine S. D'autre part, nous continuons à explorer des peptidomimé tiques basé s sur des acides γ-aminé s cycliques. Ils pré sentent gé né ralement une tendance plus é levé e à former des conformations stables, qui sont é videmment impactées par le squelette contraint. Le manuscrit se compose d"une introduction générale, suivie de 5 chapitres, d"une conclusion générale et d"une partie expérimentale. Les deux premiers chapitres contiennent respectivement une partie bibliographique et un ré sumé des travaux anté rieurs du laboratoire tandis que les trois chapitres suivant sont consacrés à l"exposé détaillé des résultats obtenus lors de la thè se.

Chapitre I

Ce chapitre bibliographique dé bute par une mini-revue sur les γ-peptides, en particulier sur les structures secondaires. Puis, comme nous sommes inté ressé s par le dé veloppement de nouveaux peptides antimicrobiens, une introduction complè te des peptides antimicrobiens, comprenant leur rôle biologique, leurs caracté ristiques structurales, leur mode d'action et leurs applications cliniques est ré alisé e. À la fin de ce chapitre, la gramicidine S, un peptide antimicrobien ancien mais trè s actif, est pré senté e. Ses caractéristiques structurales et son mécanisme d"action sont discutés ainsi que les travaux concernant des analogues synthé tiques Il ne fait aucun doute que les structures secondaires sont critiques à la fois pour la formation de la structure globulaire et l'activité biologique des peptides et des proté ines. Parmi les structures secondaires, les hélices α, les feuillets β et les coudes γ sont très fréquents et très importants. Cependant, les peptides naturels ont souvent une faible ré sistance à la proté olyse, de sorte que de nombreuses nouvelles structures peptidiques contenant des acides aminé s non naturels ont é té dé veloppé es pour augmenter la stabilité métabolique. D"autre part, ces peptides artificiels possè dent fré quemment une conformation bien dé finie.

La construction d'architectures peptidiques non naturelles imitant les a-peptides avec une stabilité mé tabolique accrue a fait l'objet d'une attention particuliè re au cours des vingt derniè res anné es. En effet, la proté olyse é tant, depuis de nombreuses anné es, un frein majeur au dé veloppement de mé dicaments à base de peptides, les peptides non naturels, qui pré sentent une ré sistance supé rieure à la proté olyse par rapport aux peptides α, constituent donc une piste inté ressante. En outre, les é tudes structurales de peptides synthé tiques permettent une meilleure compré hension des structures proté iques et du processus de repliement. Une partie de ce travail stimulant consiste à concevoir et à synthé tiser de petits oligomè res avec des conformations stables en solution. Ce nouveau champ d"études est appelé "foldamères". Le terme foldamè re a é té proposé par Gellman en 1996 pour dé finir «tout polymè re ayant une forte tendance à adopter une conformation compacte spé cifique». Dans ce domaine, les foldamè res peptidomimé tiques sont trè s importants et sont considé ré s comme des mimes potentiels des a-polypeptides bioactifs avec une bonne stabilité métabolique. Les β-peptides ont é té é tudié s intensivement et se sont avé ré s capables de former des structures secondaires stables. En revanche, les g-peptides ont reç u moins d'attention, en partie à cause de l'accè s plus difficile aux acides g-aminé s sté ré ochimiquement purs. Cependant, les gpeptides ont é galement montré un fort potentiel pour adopter des structures secondaires inté ressantes. Un ré sidu d'acide g-aminé dans les g-peptides possè de cinq angles diè dres (Figure 1). Les groupes fonctionnels amine et carbonyle sont sé paré s par trois atomes de carbone dans le squelette. Les diversité s des structures primaires et secondaires sont grandement favorisé es par les diffé rentes substitutions sur les carbones. Bien que comparés aux β-peptides, les γ-peptides (pour un oligomè re de mê me longueur) pré sentent un plus petit nombre de liaisons hydrogè ne potentielles, ils ont montré leur capacité à adopter diverses conformations, telles que des hé lices, des feuillets et des coudes. Dans cette partie de la thè se, nous pré sentons une introduction des foldamè res contenant des ré sidus d'acides g-aminé s et leurs analogues.

Figure 1. Angles diè dres pour un acide β-aminé et un acide γ-aminé

Nous nous sommes é galement inté ressé s aux peptides antimicrobiens (AMP), en allant de leurs structures à leurs activité s. Le dé veloppement de nouveaux antibiotiques est en baisse alors que la ré sistance aux antibiotiques est en augmentation. Ceci indique que, sans action urgente, les humains entrent dans une «è re post-antibiotique», dans laquelle les antibiotiques conventionnels ne seront plus utiles. L'une des raisons majeures peut ê tre attribué e à l'utilisation intensive d'antibiotiques, dont un nombre limité est disponible, en particulier pour les pays en dé veloppement. Pendant ce temps, les antibiotiques disponibles possè dent un spectre d'activité similaire ainsi qu"un même mécanisme d'action.

En fait, la derniè re caté gorie d'antibiotiques vraiment nouvelle a é té introduite en 2003 (la daptomycine, un lipopeptide). Et plus de 50 ans se sont é coulé s depuis la dé couverte de la derniè re classe d'antibiotiques contre les bacté ries Gram-né gatives (fluoroquinolones, 1962). La multi-ré sistance aux mé dicaments (MDR) constitue un problè me qui menace de plus en plus la santé publique, et ainsi, le besoin de nouvelles thé rapies anti-infectieuses devient plus fort. Parmi les anti-infectieux conventionnels et non conventionnels tels que les vaccins et les anticorps, les peptides antimicrobiens pré sentent un potentiel important pour devenir les antibiotiques de prochaine gé né ration et attirent l'attention des gens.

L'augmentation constante du nombre d'articles dé montre que le domaine de recherche des peptides antimicrobiens a connu de nombreux progrè s au cours des deux derniè res dé cennies et indique é galement un dé veloppement continu dans un futur proche. Alors que les forces de recherche impliqué es dans les peptides antimicrobiens augmentent ré guliè rement, beaucoup de gens croient que les peptides antimicrobiens pourraient ê tre en mesure de devenir la derniè re gé né ration d'anti-infectieux. Parmi les nombreux peptides antimicrobiens, nous nous inté ressons particuliè rement à la gramicidine S. La structure cristallographique de la gramicidine S démontre clairement qu"elle adopte une structure de feuillet β antiparallèle. Ce feuillet ß est stabilisé par quatre liaisons hydrogène intramoléculaires. Par consé quent, les chaî nes laté rales hydrophobes de la valine et de la leucine se situent sur une face de la molécule tandis que les chaînes latérales hydrophiles de l'ornithine se trouvent sur l"autre, ce qui confère à la gramicidine S un caractè re amphipathique. Cette amphipathie stable est responsable de l'activité antimicrobienne trè s é levé e de la gramicidine S. En effet, la gramicidine S possè de une forte activité antimicrobienne contre les bacté ries Gram-positives et Gram-né gatives ainsi que contre plusieurs champignons pathogè nes. Cependant, comme beaucoup d'autres peptides antimicrobiens cycliques, la gramicidine S est plutôt non spé cifique dans ses actions. Ce manque de spé cificité induit une activité hé molytique é levé e, qui a conduit à restreindre l'utilisation de la gramicidine S uniquement à des applications topiques. Bien que de nombreux analogues de la gramicidine S aient é té conç us et é tudié s en utilisant diffé rentes straté gies, trè s peu ont conservé l'activité antibacté rienne tout en diminuant l'activité hé molytique. Une amphipathicité et une hydrophobicité optimales sont d'une importance capitale pour l'acquisition d'une activité antibacté rienne. L'hydrophobicité a é galement une forte corré lation avec l'activité hé molytique. L'existence d'un noyau aromatique au niveau du coude ß ne sert pas seulement à fournir une hydrophobicité supplémentaire mais aussi à provoquer une interaction π-cation, ce qui est essentiel pour proté ger les chaî nes laté rales hydrophiles du peptide pendant l'insertion membranaire.

La gramicidine S (GS,

Apparemment, le but original de la gramicidine S dans son environnement naturel est de servir d"exotoxine pour certaines bactéries afin d"en tuer d'autres. De façon évidente, l'activité hémolytique intrinsè que doit ê tre supprimé e lorsqu'elle est utilisé e comme agent thé rapeutique pour les humains. Il semble cependant trè s difficile de concevoir des dé rivé s de la gramicidine S ayant une activité antibacté rienne parfaite et aucune cytotoxicité , à cause de son modè le d'action unique. Cependant, l'acquisition de dé rivé s avec un index thé rapeutique optimal pour une application clinique potentielle est encore possible. En outre, par rapport aux peptides antimicrobiens liné aires, les peptides cycliques tels que la gramicidine S sont relativement plus ré sistants à la proté olyse. Cet avantage nous a mê me donné plus de raisons d'é tudier les peptides antimicrobiens cycliques.

Chapitre II

Dans ce chapitre sont ré sumé s les travaux pré cé dents du laboratoire, concernant la synthè se des acides β,γ-diaminé s et les é tudes conformationnelles de peptides hybrides α/γ synthé tisé s, puis le projet de thè se est pré senté .

Depuis 2003, notre groupe s"intéresse au développement de peptides contenant des acides aminés non naturels. Dans ce domaine, comme nous l'avons mentionné plus haut, les β-peptides sont les plus é tudié s, mais les γ-peptides suscitent un inté rê t plus ré cent. Dans notre cas, nous sommes particulièrement intéressés par la synthèse d"acides b,g-diaminé s car ils peuvent ê tre servir à la fois de briques élémentaires pour l"élaboration de b-peptides et de g-peptides (Sché ma 1). D"autre part, une fois incorporé dans des peptides, le second azote fournit une possibilité de fonctionnalisation supplé mentaire, ou bien il peut constituer une source d'hydrophilie supplé mentaire, ce qui est inté ressant pour des peptides tels que les peptides antimicrobiens. Nous avons dé veloppé une straté gie pour accé der aux acides b,g-diaminés dont l"étape clé est la réaction de Blaise, analogue de la réaction de Reformatsky appliqué e aux nitriles. Nous avons ré cemment modifié les conditions de la ré action de Blaise, conduisant à une baisse de rendement pour celle-ci, mais un nombre d"étapes réduit de façon significative. Ce plus petit nombre d'é tapes compense efficacement la diminution du rendement. De plus, la nouvelle straté gie évite une étape de protection de l"azote, étape qui nécessite dix équivalents d'iodure de benzyle, composé toxique et la réaction de Blaise, réalisée sous ultrasons, a permis l"utilisation du bromoacétate de méthyle, qui a permis l'accè s aux β,γ-aminoacides finaux proté gé s orthogonalement.

Sché ma 1. Acides β,γ-diaminé s et peptides correspondants

Les acides β,γ-diaminés synthétisés ont ensuite été incorporés avec des acides α-aminé s pour obtenir des peptides hybrides α / γ. Nous avons montré que de petits peptides hybrides incorporant des acides β,γ-diaminé s acycliques sont capables de former des liaisons hydrogè ne intramolé culaires stables dans un solvant apolaire, et en particulier des coudes, ce qui est intéressant si l"on veut synthétiser des analogues de la gramicidine S en modifiant la partie coudé e du peptide cyclique. Des peptides hybrides incorporant des acides β,γ-diaminés cycliques (issus de l"acide aspartique) sont quant à eux capables de former une structure hé licoï dale stable dans le DMSO sans liaison hydrogè ne. Ceci nous a poussé s à synthé tiser des acides b,g-diaminés cycliques à partir de l"acide glutamique et à les incorporer dans des peptides hybrides.

Dans ce chapitre, il est é galement fait une pré sentation de la synthè se peptidique en phase solide, cette technique é tant souvent utilisé e dans notre domaine. Depuis sa dé couverte par R.B. Merrifield en 1963, la synthè se peptidique en phase solide (SPPS) est devenue l'une des technologies les plus populaires dans la fabrication des peptides. La synthè se peptidique en phase solide peut ê tre dé finie comme un processus dans lequel un peptide accroché à un support polymé rique insoluble par son extré mité C-terminale est assemblé en ajoutant successivement les acides aminé s N-proté gé s constituant sa sé quence. En comparant avec la synthè se de peptides en solution, l'avantage majeur est que, aprè s chaque ré action, les ré actifs et sous-produits solubles correspondants sont é liminé s efficacement de la phase solide et des macromolé cules lié es à la ré sine. De plus, la synthè se peptidique en phase solide permet la synthè se de peptides avec un grand nombre de ré sidus d'acides aminé s. Cette technologie a é té largement appliqué e dans notre groupe à petite é chelle.

Chapitre III

Dans ce chapitre, nous pré sentons nos travaux concernant la synthè se et l'é tude de l'activité biologique de nouveaux analogues du peptide antimicrobien Gramicidin S en utilisant un acide β,γdiaminé .

Comme cela a é té dé crit dans le premier chapitre, la gramicidine S possè de une forte activité antibacté rienne contre un large spectre de bacté ries et de champignons. Cependant, elle possè de é galement une forte activité hé molytique, ce qui a considé rablement restreint son application. Afin d"exploiter pleinement le potentiel de la gramicidine S, de nombreux efforts ont été déployés dans la conception d"analogues possédant une activité antibactérienne comparable tout en réduisant l'effet secondaire. Partant de ce constat et souhaitant é galement dé velopper des peptides antimicrobiens, nous avons conç u une paire de diasté ré oisomè res analogues de la gramicidine S avec notre propre straté gie.

Pour simplifier, nous utilisons des acides β,γ-diaminé s comme mimes du coude β pour remplacer les deux sé quences D-Phe-Pro responsables des coudes β dans la molé cule mè re (Figure 3). Les deux analogues ont é té nommé s respectivement GS8R et GS8S. Le «8» repré sente le nombre de ré sidus acides aminé s et «R» ou «S» repré sente la configuration du carbone β dans les acides β,γ-diaminé s. Cette idé e é tait basé e sur plusieurs observations. Tout d'abord, les coudes β sont responsables de la structuration en é pingle à cheveux, ce qui garantit les orientations opposé es des chaî nes laté rales hydrophobes et hydrophiles. Selon nos travaux pré cé dents (voir 2.1, chapitre II), certains acides β,γdiaminé s, lorsqu'ils sont incorporé s dans des petits peptides hybrides a/g ont tendance à former une boucle C 9 grâ ce à une liaison hydrogè ne intramolé culaire. Par consé quent, si on utilise un acide β,γdiaminé pour imiter la boucle naturelle C 10 , la gé omé trie entiè re de la molé cule mè re peut ê tre fortement conservé e. De plus, selon les é tudes mentionné es ci-dessus (voir 4.2.2, chapitre I), le noyau aromatique dans la ré gion du coude β est é galement considé ré comme une caracté ristique clé pour acqué rir une activité . C'est pourquoi nous avons choisi l"acide β,γ-diaminé dé rivé de la D-phé nylalanine. Le choix de la configuration «R» permet de respecter l'orientation du groupement benzyle dans la gramicidine S. En outre, nos molé cules analogues possè dent deux autres groupements amine, ce qui peut potentiellement ré duire l'hydrophobicité , conduisant à une diminution de l'activité hé molytique. La synthèse de l"acide β,γ-diaminé utilise la straté gie que nous avons pré cé demment dé veloppé e. La D-phé nylalanine a é té utilisé e comme ré actif initial. Aprè s plusieurs é tapes de synthè se, nous avons pu accé der aux diasté ré oisomè res é nantiopurs attendus. La synthè se de l'analogue GS8R a é té ré alisé e en solution. En raison d"un problème de solubilité, la synthèse de GS8S a été réalisée sur support en phase solide en utilisant la straté gie de protection Fmoc / tBu. Le peptide liné aire a é té assemblé sur une ré sine de type 2chlorotrityle. L"acide β,γ-diaminé a d'abord é té greffé sur la ré sine en utilisant HATU comme agent activant, 20% de NMM (N-mé thylmorpholine) comme base et comme solvant. Chaque é tape a é té contrôlé e par un test de Kaiser. Aprè s l'achè vement de la synthè se, le peptide liné aire a é té dé croché de la ré sine avec du TFA / DCM (1/99, v/v) pour donner un octapeptide liné aire en tant que produit brut. Aprè s cyclisation et dé protection, les peptides analogues GS8R et GS8S ont tous deux é té purifié s par HPLC semi-pré parative.

L'objectif de la conception d'analogues de la gramicidine S est d'essayer d'avoir des molé cules ayant une activité antibacté rienne conservé e alors que l'activité hé molytique est diminué e, ce qui limite la gramicidine S à des applications topiques. Les deux activité s antimicrobiennes et hé molytiques ont é té testé es pour GS8R et GS8S. Nous avons choisi un ensemble repré sentatif de souches bacté riennes Grampositives et Gram-né gatives pour les tests d'activité antibacté rienne. Parmi celles-ci, plusieurs espè ces bacté riennes ayant une propension à dé velopper une ré sistance multi-drogues (MDR), telles que Enterococcus faecium, Staphylococcus aureus et Pseudomonas aeruginosa, sont spé cifiquement dé signé es par la Socié té des maladies infectieuses d'Amé rique (IDSA). Elles sont responsables de la majorité des infections humaines et plus susceptibles de pré senter une ré sistance aux mé dicaments. Les CMI (Concentration Minimale Inhibitrice) de neuf souches bacté riennes ont é té dé terminé es. Les CMI ont dé montré que les deux analogues GS8R et GS8S ont gé né ralement une perte d'activité (Table 1).

Ceci pourrait s'expliquer en partie par la diminution de l'hydrophobicité et de l'amphipathie. Cependant, nous avons é galement observé que GS8S pré sentait une meilleure activité par rapport à GS8R pour plusieurs souches telles que E. coli CIP 53.126 ATCC 8739, B. subtilis subsp. subtilis CIP 52.65 et P. aeruginosa CIP 82.118 ATCC 9027. Et en ce qui concerne P. aeruginosa CIP 82.118 ATCC 9027, GS8S pré sentait mê me une meilleure activité que GS.

Table 1 : activité s antimicrobiennes des analogues GS8R et GS8S comparé e à celles de GS

Souche bacté rienne

CMIs [a] (μg/mL) GS8R GS8S GS Gram-negative Escherichia coli CIP 53.126 ATCC 8739 50 25 12.5

Pseudomonas aeruginosa CIP 82.118 ATCC 9027 ≥100 [b] 50 ≥100 [b] Gram-positive Bacillus cereus CIP 66.24 ≥100 [b] ≥100 [b] 6.25

Bacillus
Streptococcus salivarius CIP 102503 50 - [c] 3.125

Enterococcus faecium CIP 103014 50 - [c] 3.125 [a] CMIs = Concentration Minimale Inhibitrice. [b] Concentration maximale compatible avec la solubilité du composé dans le milieu de culture. [c] Pas de croissance lors de cet essai.

L'activité hé molytique a é galement é té testé e. Le DMSO (dimé thylsulfoxyde) a é té utilisé comme té moin né gatif. Le SDS (dodé cylsulfate de sodium, concentration finale de 0,1%) a é té utilisé comme 

General introduction

Since explored and defined by S. H. Gellman in 1990s, peptidomimetic foldamers have gone through a rapid and extensive exploitation. Delightfully, these artificial architectures have displayed the potential to share the conformational structures originally possessed by natural peptides. Among them, compared with intensively investigated β-peptides, γ-peptides have received attention more recently and been proved to be interesting as well. A great number of peptidomimetics containing γamino acid residues that adopt stable conformations such as helix, sheet and turn, have been synthesized and thoroughly studied. However, the majority of the current researches on the design of γ-peptides are concentrating on structural exploration whereas less are concerning bioactive molecules such as antimicrobial peptides. Actually, antimicrobial peptides are promising anti-infectives in a contest with extensive drug-resistance issue. Therefore, we set developing new analogues of antimicrobial peptide Gramicidin S as our main objective. On the other hand, we will continue exploring peptidomimetics based on cyclic γ-amino acids. They usually display higher tendency to form stable conformations, which are obviously impacted by the constrained backbone.

The bibliography chapter will be started with a mini review of γ-peptides, especially on secondary structures. After which, as interested by developing new antimicrobial peptides, we will make a thorough introduction of antimicrobial peptides, including biological roles, structural characteristics, models of action and clinical applications. In the end of this chapter, we will focus on Gramicidin S, an ancient but still potent antimicrobial peptide. Both structural features and mechanism will be presented concerning GS as well as synthetic analogues.

To have a better comprehension of this work, an introduction of previous results is necessary.

Therefore, in this chapter, we will recall our earlier achievements. The conclusion of previous work is including both the synthesis of β,γ-diamino acids and the conformational studies of synthesized α,γhybrid peptides. A small discussion of solid phase peptide synthesis will also be included, considering this technique is frequently utilized in our field.

My work will be presented in the last three chapters. In chapter III, we will demonstrated the syntheses and biological studies of a pair of analogues of Gramicidin S. During the structure-activity relationship studies, we observed a well-defined oligomerization derived from short sequence hybrid peptide in solution phase. Hence, in next chapter, we will give a discussion of conformational analysis concerning on this phenomenon. In the final chapter, we will start with the synthesis of six-membered ring γ-amino acids, which have been proved to be more challenging than expected. In addition, we also made primary synthesis and structural study of hybrid peptides based on these building blocks.

Chapter I Bibliography

1 Peptide: Structures and bioactivities 1.1 An overview of peptides and proteins

Just half a century ago, when the crystal structure of myoglobin was determined by X-ray in 2.4

Å, [START_REF]MHz[END_REF]2 people can have a first close look of the remarkable complexity of globular protein structures. The massive three-dimensional structures of proteins were thus extensively catalogued, 3,4 coming with the fact that peptide backbone can be induced from a range of compact folded conformations. In fact, according to the complexity of protein, the levels of protein structure can be defined from primary to quaternary.

Primary structure of protein refers to the sequence of amino acid residues in linear polypeptide linked by peptide bonds. In natural proteins, the complexity and diversity of structure are primary determined by patterning 20 chemically different and genetically coded α-amino acids.

Secondary structure of protein refers to the local folding patterns on the actual polypeptide chain.

The local folding patterns are normally determined by the conformational preference of each individual amino acid residue. Construction of secondary structures are principally depending on the formation of hydrogen bonds between donor NH and acceptor CO groups on the peptide backbone. [5][6][7][8][9] The existence of secondary structures such as α-helix, β-sheet and γ-turn, were not only greatly expanded the diversity of protein structure, but also crucial for the biological activity of peptides and proteins.

Tertiary structure of protein refers to the well-defined globular three-dimensional structure formed through the compacting of local secondary structures of monomeric or multimeric protein molecules.

Quaternary structure of protein refers to the ordered complex of two or more subunits which are separately presenting different functions. The levels of protein structure are exemplified in Figure 1.

Figure 1. Levels of protein structure

As our main interest is developing new peptide structures with stable secondary structures, we will not go as far as tertiary or quaternary structures. Therefore, in the following section, we will give an introduction of secondary structures, including classifications, structural characteristics and biological functions.

Secondary structures

The description of the local folded patterns of a peptide sequence was originally developed in 1963 by G. N. Ramachandran using torsion angles φ (Co-N-Cα -Co) and ψ (N-Cα-Co-N) (Figure 2). 10,11 Natural peptides or proteins are exclusively composed of common occurring α-amino acids linked by peptide bonds. The peptide bond shows partial-double-bond character and maintains the peptide planar, 12 which leads the ω (Cα-Co-N-Cα) angle at the peptide bond basically 180°. Thus the conformational information of a given peptide can be completely presented using torsion angles φ and ψ along with the sequence of α-amino acid residues.

Figure 2. Torsion angles φ and ψ

The assembly of torsion angles forms a so called Ramachandran plot (also known as a

Ramachandran diagram or a [φ,ψ] plot, Figure 3), which is a convenient way of representing the observed backbone conformational information of α-amino acid residues in peptides and proteins. [13][14][15] Actually, Ramachandran plot is also useful in the determination of protein conformational structures.

On one hand, as each different secondary structure has favored torsion angles regions, the Ramachandran plot helps to analyze and predict the possible conformation of a protein. On the other hand, each amino acid has different torsion angles region preference, which provides rulers of likely adopted conformation for peptides, especially for synthetic ones. An interesting example could be notified by one of our previous work, in which a series of α/γ-hybrid peptides alternating α-amino isobutyric (AIB) acid and cyclic γ-amino acid were obtained with stable helical structures in solution without any intramolecular hydrogen bond. Though not such geometry has been yet described for AIB residues within α-peptides, the fact that the observed values of dihedral angles are in the favored region of AIB residues must be respected. 16 There is no doubt that secondary structures are critical for both globular structure formation and biological activity of peptides and proteins. Among the tremendous secondary structures, α-helix, βsheet and γ-turn are very frequently appeared and rather important. In the following section, they will be introduced separately in the view of structural characters and presented functions in natural peptides and proteins.

α-Helices

α-Helix is the most common and predictable secondary structure in peptides and proteins. In an αhelix, the polypeptide follows a helical path, in which every backbone NH group donates a hydrogen bond to the backbone CO group of the earlier four amino acid residues located along the peptide sequence. 2 In an ideal α-helix, the advance of each complete turn (named the pitch) is 0.54 nm, the advance of per amino acid residue (named the rise) is 0.15 nm, the number of amino acid residues constructed for one complete helical turn is 3.6, and totally 13 atoms being involved in the pseudo ring (Figure 4). So the name 3.6 13-helix is also used for describing this type of helix. Though the αhelices found in natural peptides and proteins are usually right-handed, in theory, it can be either rightor left-handed. 17 The length of an α-helix in a protein is ranging from several residues to more than 40 residues, and the average is about 12 amino acid residues. A single intrahelical hydrogen bond is insufficient to provide appreciate stability of an α-helix, while many hydrogen bonds together along with crosslinks between local structures make the α-helix reasonably stable especially for those located interior of a protein where surrounded water molecules are prevented. 18 Moreover, the side chains of amino acid residues in an α-helix point outward of the core of the helix and the stability of an α-helix containing different amino acids with different side chains varies. 19 Some amino acids such as alanine are more frequently found in the α-helices of all classes of proteins, while others like tyrosine and asparagine are less common in α-helices due to their bulky side chains.

Though possessing no bulky side chain, glycine destabilizes α-helical structures since more energy is required to overcome the rather flexible rotation around its α-carbon. Proline is the most unfavored amino acids for an α-helix because its rigid cyclic side chain disrupts the right-handed helical conformation. 4 Besides, there is no NH provided for the acceptor CO and thus it can"t fully participate in intrahelical hydrogen bonding. For these reasons, proline usually occurs in the begin or the end of a helical structure.

Though proline is least common residues found in an α-helix, it is noteworthy that the polyproline type II (PPII) helix is widely found and known to play important roles in a wide variety of biological processes (Figure 5). In a left-handed PPII structure, all sequential proline residues adopt (φ, ψ, ω) backbone dihedral angles of roughly (-75°, 145°, 180°) and have trans isomers of their peptide bonds.

While under certain conditions, PPII can also transfer to a right-handed polyproline type I (PPI) helix with a more compact conformation, in which proline residues adopt (φ, ψ, ω) backbone dihedral angles of roughly (-75°, 160°, 0°) and have cis isomers of their peptide bonds (Figure 5). 20 Among all 20 common occurring amino acids, proline is the only one likely to adopt cis isomers especially for those X-Pro peptide bonds due to the amino nitrogen included in a 5-membered ring. Owing to the highly conformational stability and rigidity presented by PPII structures, the (Pro) n sequences have been extensively explored as a molecular "spacer" and "ruler". 21,22 Though there are some other helices like 3 10 helix found in minor natural peptides and proteins, α-helix is the most regular and prevalent. 

β-Sheet

The β-sheet is another common motif of regular secondary structure found in polypeptides and proteins. β-Sheets consist of several arranged β-strands with extended conformation, in which hydrogen bonds are extensively formed with the NH groups in the backbone of one strand while the CO groups in the backbone of the adjacent strands. 23 The strands can be parallel or anti-parallel (Figure 6). In the anti-parallel sheet, the backbone carbonyl oxygens and amide protons are matched perfectly to form alternating C 10 and C 14 hydrogen bonds, which make the anti-parallel sheets more stable and common than parallel sheets in natural proteins. When the strands are in an aligned direction (N-or C-terminus of adjacent strands are in the same end), the exclusive C 12 hydrogen bonds are formed with the carbonyl oxygens and the amide protons from staggered amino acid residues rather than adjacent, thus make them skewed (angled with respect to the plane of the sheet) and less stable.

Because of the tetrahedral nature of α-carbons, the dihedral angles of β-strands near (φ,ψ) = (-135°,135°) change remarkably from the fully extended conformation (φ,ψ) = (-180°,180°), and as a consequence, leads to pleated β-sheets. The side chains of amino acid residues point outward of the plane in both parallel and anti-parallel sheets. But in each strand, the pointing directions of side chains are counter in neighbor residues. 4,12 β-Sheets do not only structurally enrich the diversity of peptides and proteins but are also be involved in tremendous biological processes. For instance, the supramolecular aggregation of β-sheets has been regarded as a critic role in the protein aggregates and fibrils formation. In one hand, these aggregates and fibrils are responsible for human amyloidoses, such as Alzheimer's disease. 24,25 However, on the other hand, advantages can also been taken from the remarkably structural stability of β-sheets especially for anti-parallel ones. For instance, a synthetic cyclic octapeptide named lanreotide self-assembles in water into perfectly hollow and monodisperse (24-nm wide) nanotubes through the supramolecular aggregation of β-sheets. 26 Thus the metabolic stability of this peptide is dramatically increased because of the impressive structure stability occupied by β-sheets. Besides, the regularly orientated side chains in a β-sheet make it possible for hydrophilic groups to lie on one side while hydrophobic groups lie on another. With many well-orientated side chains β-strands, the subsequently formed β-sheets can actually act as a boundary between polar and nonpolar environments. 27 Besides, βsheets are extensively observed in many antimicrobial peptides for their ability to form high amphipathicity (also see 3.3.2, Chapter I). For instance, tyrocidine A and gramicidin S are antimicrobial peptides with cationic charged side chains lie on one side while hydrophobic side chains lie on another (Figure 7). 28 

Turn

Turn represents another group of secondary structures in proteins and it is often associated with the alternation of overall direction of polypeptides. A turn was primary defined as a motif structure in which Cα atoms from two residues separated by several peptide bonds (usually 1 to 5) are close (distance less than 7 Å). 29 Meanwhile, those residues are not involved in any other secondary structures like α-helix or β-sheet with repeating backbone dihedral angles. As a complement, though hydrogen bond is usually formed, it is not mandatory for the definition of a turn. However, in many cases, hydrogen bonding between two residues can be employed to define a turn. Turns are catalogued according to the number of peptide bonds between the end Cα atoms: α-turn (the end residues are separated by four peptide bonds, i → i±4), β-turn (the most common form, by three bonds, i → i±3), γturn (by two bonds, i → i±2), δ-turn (by one bond, which is sterically unlikely i → i±1), and π-turn (by five bonds, i → i±5). 30 Among all turns, β-turn is most frequently observed in peptides and proteins. 29,31,32 Within each type, turns could be further classified by their backbone torsion angles φ and ψ. There are four types of β-turn with amino acid residues all linked by trans peptide bonds. 4,29,33 The dihedral angle φ and ψ of i+1 and i+2 residues are described in Table 1. Among them, the backbone atoms of type I and I" are enantiomers, so are type II and type II".

Type I and II of β-turn are presented in Figure 8. Regarding the structural conformation, the main difference between the two turns stands on the orientation of peptide bond plane between i+1 and i+2 amino acid residues. Type I and type II can potentially interconvert through the process of peptide plane flipping. To be more specific, 180° rotation of the peptide plane associating with little positional change to surround side chains of amino acid residues. This process also exists in type I" and type II" turns. Type I and II turns also share some common structural features of amino acid residues backbone. For instance, proline, a conformationally constrained amino acid, frequently occurs in the i+1 position for both types. Glycine, which is known to provide positive Φ angle due to flexible side chain, often found in the i+2 amino acid position. 34 Among all β-turns, type I is the most commonly found in peptides and proteins.

Turns are not only critical structures for protein folding through pre-organizing polypeptide chains, but also involved in tremendous molecular recognition processes in biological systems. 34,35 Meanwhile, they are also essential features of natural bioactive peptides such as antimicrobial peptides that contain β-sheets or β-hairpin structures. Although we frequently mentioned gramicidin S, there are many other representatives, such as protegrins, tachyplesins, defensins and so on. 36,37

Conclusion

We have made a presentation concerning peptide secondary structures. These secondary structures are not only conformational elements for complexity of peptides and proteins, but also key features for peptides to acquire biological activity. However, natural peptides often have poor resistance to proteolysis, so many new peptide structures containing unnatural amino acids have been developed to increasing the metabolic stability. Meanwhile, those artificial peptides are frequently possessing well-defined conformation. In our group, we have been dedicated to develop peptide architectures containing γ-amino acids. With appropriate constitutions, those peptides are able to adopt interesting secondary structures. Therefore, in next section, we will give an overview of unnatural peptides containing γ-amino acids.

2 Peptidomimetics containing γ-amino acids and secondary structures

General introduction

Construction of non-natural peptidic architectures that mimic α-peptides with increased metabolic stabilities has received extensive attention during the past twenty years. Non-natural peptides exhibit superior proteolysis resistance over α-peptides, which has been long-hold major barrel for peptidebased drugs development. Meanwhile, structural studies of synthetic peptides provide insight view of protein structures and the process of folding. A part of this challenging work is to design and synthesis small oligomers with stable conformations in solution. The new field was so called "foldamers". The term foldamer was proposed by Gellman in 1996 to define "any polymer with strong tendency to adopt a specific compact conformation". 38,39 As a predominant area of this field, peptidomimetic foldamers are considered as potential metabolically long-lived mimetics of bioactive α-polypeptides. The intensively studied β-peptides have been successfully proved capable to form stable secondary structures. In contrast, γ-peptides received less attention, partly due to the more difficult access to stereochemically pure γ-amino acids. However, γ-peptides have also exhibited potentials to adopt interesting secondary structures.

A γ-amino acid residue in γ-peptides possesses five dihedral angles (Figure 9). The amino and carbonyl functional groups are separated by three carbon atoms in the backbone. The primary and secondary structural diversities are greatly promoted by the different substitutions in carbon position. Although compared with β-peptides, γ-peptides (for a oligomer of same length) have smaller number of potential hydrogen bonds, they have shown their capability to adopt various conformations, such as helices, sheet and turn. In this part, we will give an introduction of foldamers containing γamino acid residues and their analogues. But before presenting peptides containing γ-amino acids, we would like to give minireview of methods for peptide conformational studies. CH with a 7-8 Hz average value indicating the absence of classic secondary structures. In addition, coupling constants observed form either vicinal protons or protons and carbons imply information of dihedral angles. These constraints apply to molecular dynamic simulated annealing protocol make it possible to determine peptide structure.

Proton exchange in NMR

Excepted most widely used in NMR spectroscopy, proton exchange is another technique to qualitatively identify H-bonded NHs from individual protons, albeit hydrogen bond acceptor could not be easily traced. 40 In solution such as methanol and water (or by addition of them to an apolar solvent), the free amide group of peptide exchange proton with the protic solvent. In contrast, once engaged into H-bond, NHs are shielded from exchange. The stronger the hydrogen bond is, the slower the exchange rate is. Therefore, when [START_REF]MHz[END_REF] H NMR is performed in deuterated protic solvent, the environment for a given NH could be indicated by the disappearance rate of proton peak. This proton exchange is also related to NH acidity and attention should be paid to pKa, for instance, amide NHs are more acidic than carbamate. 

Infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) can also be used for conformational analysis of peptides in a wide range of environments. Measurements can be performed in solid, solution and gas state. Information concerning secondary structure of peptides can be derived from the analysis of the amide A (stretching of NH bond) and amide I (stretching of C=O bond) band. Compared with free NH or C=O group, the H-bonded ones normally exhibit a redshift (in lower wavenumber).

Circular Dichroism

Circular Dichroism is another useful tool for determination of secondary structures, especially for protein molecules. Each of the secondary structures contributes in different way form 180 up to 240 nm in the UV region. The three most frequently appeared secondary structures α-helix, β-sheet and random coil are presented (Figure 11). CD spectra can not only qualitatively indicate the type of conformation a protein possess, but also can make quantitative calculations. This technique has been widely used in the area of β-peptides but not for γ-peptides, thus so far no general data are available. After a minireview of methods of peptide conformational studies, we will introduce some oligomers containing γ-amino acid and stable conformation. Actually, our group have made a very systematic review concerning foldamers containing γ-amino acid in 2011. 42 Therefore, giving a full scope of all oligomers would be less interesting and unnecessary. In next section, we will highlight some important and representative oligomers, focusing also on recently examples and cyclic γ-amino acids.

2. 43 The secondary structure obtained was a right handed 14helix stabilized by hydrogen bond between carbonyl group of residue i and NH group of residue (i+3) (Figure 12). Interestingly, some NOEs signals were also observed in CD 3 OH though with a smaller dispersion of chemical shift. These findings proved the remarkable stability induced by the formed intramolecular hydrogen bonds. Same C 14 -helix were also described by Hanessian et al. from compound 3, 4 and 5 in the same year (Figure 13). 44 The structure determination was performed through 2D-NMR studies in pyridined 5 (NOE-derived distances and coupling constant derived-dihedral angles were included in a restrained molecular dynamic simulated annealing protocol). Impressively, as short as a four residues tetramer 2 is sufficient to form a 14-helix. different levels of approximation. 45 According those calculations, they have shown that 14-and 9helices are the most stable conformations. Additionally, they also claimed that mixed helices can also be formed in unsubstituted and monosubstituted γ-peptides, in these cases, the most stable conformation are the 22/24-helix and the 14/12-helix (Figure 14). Stereoviews of the superimposition of 15 minimum-energy structures of tetrapeptide 6 (bottom).

Interestingly, the Gellman"s group also found that small γ-peptide foldamers are not only able to form intramolecular hydrogen bonds but also to adopt a conformation named amide stacking under specific conditions. For Ac-γ 2 -hPhe-NHMe 8, this conformer was stabilized by C 7 /C 9 hydrogen bonds (Figure 16). 48 For Ac-γ 2 -hPhe-γ 2 -hAla-NHMe 9, it formed a triamide H-bonded cycles (C 7 /C 7 /C 14 ). Hanessian et al.. 44 However, for hexamer 15, which possesses opposite relative configuration, it didn"t form any stable conformation (Figure 18).

Figure 18. Structures of γ 2,4 -peptides

In fact, only two out nine possible conformers of γ 2,4 -residue do not exhibit unfavorable synpentane interaction. This regulatory was schematically presented by Seebach and Hoffmann. 50,51 Figure 19 clearly demonstrates that a disubstituted γ 2,4 -amino acid A is capable to form a 14-helix (conformation II). In contrast, γ 2,4 -amino acid B is unlikely to adopt stable 14-helix conformation because of syn-pentane repulsion (conformation V), while a turn conformation could be expected 

Heterogeneous oligomers containing γ-amino acid

Heterogeneous oligomers altering γ-residues and other residues greatly increase possibility of backbone sequence. The heterogeneous approach allows different combinations, often with the natural α-amino acids. In this section, we will highlight some interesting hybrid α/γ-and β/γpeptides. The Gellman"s group synthesized a γ-amino aicd with a constrained cyclohexyl. They made intensive investigatons of the impact of relative configuration of backbone on α/γ-peptides helical structures formation. For instance, hexapeptide 40 was shown to adopt exclusively C 12 (C=O(i)-H-N(i+3)) bonds with maximum number in chloroform and crystalline structure. 62 However, tetramer 41 63 and 42 64 which are possessing different relative configuration, formed 12/10-helical secondary structure in as showed in crystalline structure. More recently, they also demonstrated that cyclic constraint in γ-residue has a stronger propensity for 12-helix formation than γ 4 -residues. For instance, water soluble peptide 43 formed 12-helix in aqueous solution with a maximum number of C 12 hydrogen bond whereas peptides with less constrained γ-residue not (Figure 30). 65 They showed that the most stable conformations were the 11-or 13-helix conformations and the mixed 11/13-or 20/22-helices (Figure 33). 

Application of Foldamers containing γ-residues

There are also some foldamers containing γ-residues that were intentionally designed for applications, such as nanotubes and antimicrobial peptides mimics. Here we will highlight some interesting examples.

Nanotubes

The ability of self-assembly of cyclic peptides as nanotubes is an important feature for the application, especially in the field of biosensors or selective transporter system. For instance, oligomer 51 alternating ((1R,3S)-3aminocyclohexanecarboxylic acid residue and α-residue is able to form complex nanotube stabilized by intermolecular hydrogen bonds (Figure 36). Those nanotubes form hydrophobic inner cavity and are able to capture apolar compounds such as chloroform. 71,72 Figure 36. Structures of peptide 51 and formed nanotube with hydrogen bond network

Antimicrobial peptide mimics

Antimicrobial peptides, in order to be able to attach and subsequently disrupt cell membrane, it requires amphipathic structures and cationicity. Therefore, they are often helical or sheeted peptides.

As synthetic peptidomimetics have the ability to form stable secondary structures and are resistant to proteolysis, they are possible alternatives to natural antimicrobial peptides.

Maillard et al. synthesized an analogue of antimicrobial peptide Gramicidin S using heterocyclic γ-residues as turn inducer. Conformational studies of peptide 52 in solution revealed that the formation of a C 9 intramolecular turn promoted β-hairpin mimic (Figure 37). 73 Compared with GS, analogue 52 exhibited less hemolytic activity while maintaining interesting antimicrobial activity (also see 4. 

Conclusion

We have shown variable peptidomimetics containing γ-amino acids with potential to form different types of secondary structures such as helix, sheet, and turn. More interestingly, they usually display superior stability in apolar and polar solution over natural peptides. Therefore, with rational modifications on backbone, they are potential alternatives to natural bioactive peptides like antimicrobial peptides. Actually, developing new antimicrobial peptide is one of our interests. There are several reasons. First of all, bacterial drug resistance is getting intensive. However, there is no new effective antibiotics discovered for a long period. Antimicrobial peptides, on the other hand, have exhibited the potential to become next generation of antibiotics. Secondly, we have developed a synthetic route to access new γ-building blocks. Peptides incorporating these building blocks exhibit high resistance to proteolysis. In fact, one of the most exciting task of my work is to design analogues of antimicrobial peptide gramicidin S. Hence, we thought it would be necessary to give an overview of antimicrobial peptides.

3 Antimicrobial peptides: an emerging category of therapeutics agents

Introduction

The development of new antibiotics is declining whereas antibiotics resistance is increasing. This indicates that, without urgent action, humans are stepping into a "post-antibiotic era", in which conventional antibiotics are no longer useful. One of the big reason can be attributed to the extensive use of antibiotics with a limited number available, especially for developing countries. Meanwhile, the antibiotics in hand possess similar activity spectrum as well as mechanism of action. Actually, the last truly new category of antibiotic was introduced in 2003 (daptomycin, a lipopeptide). And it has been more than 50 years since the last new class of antibiotic effectively against Gram-negative bacteria was discovered (fluoroquinolones, 1962). 76 Multidrug-resistance (MDR), extensively drug-resistance (XDR)

and pandrug-resistance (PDR) issues are increasingly threatening public health, the call for new antiinfective therapies is getting louder. Among many undergoing conventional and non-conventional antiinfectives including probiotics, vaccines and antibodies (by targeting a virulence factor), 77 interestingly, antimicrobial peptides showed significant potential to be next generation antibiotics and rapidly drew people"s attention (Figure 39). The steadily increase of article counts demonstrates that last nearly two decades the AMPs research area achieved numerous progress and also indicates the continuous development in the foreseeable future. As the research forces involved in AMPs are steadily increasing, many people believe that AMPs may be able to hold the last line of anti-infective. Article counts were carried out after searching in PubMed using the following key words:

antimicrobial peptides and/or AMPs. * : First two quarters of 2017.

Biological roles of AMPs

Antimicrobial peptides, also named host defense peptides, are defined as a diverse class of biomolecules with normally less than 100 amino acids and molecular weight less than 10 kDa. More than 2000 AMPs have been isolated and characterized from a range of prokaryotes to humans, including plants, insects, amphibians, humans, and bacteria. [78][79][80] They are important components of the "innate immune system" of higher animals and forming part of the first line of defense against pathogenic microbes. As for bacteria, the purpose of producing AMPs is to kill other bacteria living in the same ecology environment. 81 Besides directly killing microbes, AMPs can also eliminate microbes in an indirect way by regulating the immune response. 79,[82][83][84][85] The important biological roles of AMPs can also be stressed from the wide and abundant existence in innate immune system of all multicellular organisms. 80,86 Unlike classical natural product-based peptide antibiotics, such as vancomycin, partly synthesized by peptide or protein synthetases, typical nature AMPs are gene coded, ribosomally synthesized and post-translationally modified molecules in all species of life. Nevertheless, there are also a large number of AMPs such as polymyxins , gramicidin S and whereof many are non-ribosomally synthesized, mainly by bacteria. 87 In mammals, many AMPs are primarily produced as precursors by leukocytes and epithelial cells, 87 and required further proteolytic cleavage to become active forms. 84,88 In multicellular organisms, some AMPs are continuously produced and stored in high concentration as inactive precursors whereas the expression of others are induced by the response of pathogenic infections. In many cases, a host animal may release several AMPs with similar structures but variable mechanisms to perform a synergistic response. 89,90 Meanwhile, a single AMP may also display multiple-hit strategy towards infections to strengthen the efficacy and evade the potential antibiotic resistance. 91 

Classifications

Antimicrobial peptides are found in anything from lowly microorganisms to the human innate immune response system. The number of identified AMPs is massive and new molecules are continuously discovered. Several existence database reveal that there are more than 2000 AMPs with different sequence in all species of life (Table 2). 78 The classification of natural AMPs are carried out from many different aspects, mainly based on: three-dimensional structures (e.g., α-helical or β-sheet peptides), biological sources (e.g., bacteria or mammals), precursors (e.g., cathelicidin derivatives of cathelin), presence of intramolecular bonds (e.g., cysteine array or cyclization in peptides), biosynthetic machines (e.g., gene coded or non-gene coded), biological functions (e.g., antimicrobial or biofilm control), and those that are enriched in one or more amino acid residues (e.g., prolinearginine or tryptophan rich) 92 . Here we present the AMPs from the view of three-dimensional structures, the most commonly accepted concept. And we will also highlight some widely known and well described representatives. Though AMPs varies in backbone sequence, many of them share similar secondary structures.

From this point of view, AMPs can basically be distributed into three classes: α-helices, β-sheets and extended structures, with most AMPs belonging the first two classes (Figure 40). 37,[93][94][95] (adapted from 94 )

α-Helical AMPs

The α-helical AMPs are abundant in extracellular liquid of multicellular organisms. They are the most extensively studied AMPs. 96 Nearly one third of AMPs with known secondary structures are belonging to this category. For many AMPs in this group, the so called "α-helical" structure character is only displayed when interacting with cell membranes, compared with frequently a disordered random coil state in aqueous solution. Once contacted with cell membranes, hydrophilic residues (mostly with cationic side chains) and hydrophobic residues (e.g., residues with aromatic side chains)

of AMPs rapidly segregate along axis of the α-helix to form an amphipathic α-helical structure. 95,97 α-Helical AMPs are enriched in amino acids favoring helix formation, such as alanine, leucine, lysine with no cysteine. LL-37 (Figure 40,A) is one of the most described α-helical AMPs along with others such as Magainins, 98 melittins and ceropins 99 (Table 2). LL-37 is inactive antimicrobial fragment of human cathelicidin, a membership of cathelicidins family (Figure 41), 95 produced by neutrophils and epithelial cells. The major geometry of LL-37 consists of two helical regions separated by a glycine induced kink and a flexible segment in the C-terminus region. 100 

Extended AMPs

Rather than display well-defined secondary structures like α-helical or β-sheeted AMPs, there is a small portion of AMPs often present in extended or random coil state. 94,101 Similar to other AMPs, extended AMPs will transform to amphipathic conformations after interaction with membrane environments. 37 AMPs belonging to this class often rich in certain types of amino acids such as tryptophan, arginine, proline, glycine, and histidine. 101 There are some representative peptides in this group like tryptophan-rich bovine indolicidin (Figure 40, D) 113 and porcine tritrpticin 114 , histidine-rich human histatin 115 , and proline-arginine-rich porcine PR-39 (Table 2). 116,117 Due to the unusual compositions of amino acid residues, conformations of AMPs in this group widely varies. Among this group, one of the best investigated peptides is indolicidin, a 13 amino acid residues (ILPWKWPWWPWRR) peptide produced by the bovine leukocytes.

Physicochemical and structural determinants of AMPs

Many structure-activity relationship (SAR) studies demonstrated that there are a list of physicochemical and structural parameters shared by AMPs. These parameters are including: cationicity, amphipathicity, hydrophobicity, structural propensity, and amino acid sequence composition. They are considered as key factors for peptides to acquire antimicrobial activity. 96,97,118 It is noteworthy that these determinants are interrelated, so the modification of one or two parameters may result in a global change of peptide properties. Therefore, the concept of interrelationship should be seriously counted for a rational design or modification of peptides. Nevertheless some elegant examples were successful by specifically altering some certain parameters without resulting global change. 119 However, though these parameters are widely shared by AMPs, it does not mean that the higher or stronger of those parameters the better the antimicrobial activity. In contrast, over high cationicity, high amphipathicity, or high hydrophobicity often come with higher toxicity and less cell selectivity.

Cationicity

Antimicrobial peptides, especially for membrane-lytic ones, often carry a net charge of between +2 to +9. The positive charges are frequently presented by basic amino acids like lysine and/or arginine. Cationicity is one of the most critic features for AMPs. Because it apparently favors the initial interaction drove by negative charge in bacterial cytoplasmic membrane. Many studies regarding the cationicity-antimicrobial activity relationship have revealed the importance of cationicity and an overall charge range from +4 to +6 turn to be optimal 120,121 . The further increase of cationicity may lead to too much strong electrostatic interaction with negatively charged membrane. 97 Thus improved antimicrobial activity could not be expected because of the insufficient flexibility to perform the translocation of peptides. Moreover, the increase of cationicity may also cause disruption of amphipathicity, reduction of hydrophobicity, and destruction of structural propensity. as a consequence, leading to less antimicrobial activity. Since the electrostatic interaction are mainly responsible for initial interaction between AMPs and bacterial membrane, for many AMPs, the high concentrated existence of cations such as Mg 2+ , Ca 2+ , and Na + will reduce this interaction and suppress the antimicrobial activity , which is particularly the case for defensins. 106,122,123 Besides cationic AMPs, there are also some anionic and hydrophobic ones. Nevertheless, as antimicrobial peptides, they have problems of cell selectivity and solubility. And for anionic AMPs, the other activities rather than antimicrobial are important. 124,125

Amphipathicity

Amphipathicity is described by its hydrophobic moments (MH), which is the vectorial sum of individual amino acid hydrophobicities (Figure 43). 126 It is another remarkable feature possessed by

AMPs. Studies showed that many antimicrobial peptides exhibit amphipathic regions in membranemimicking environment, except few displaying flexible conformations. Amphipathicity is essential for the disruption of cell membrane. The attachment to anionic phospholipid head groups of exterior leaflet of the bacterial cell membranes was promoted by the electrostatic interaction thanks to the cationicity of AMPs. However, it is amphipathicity that facilitates the following hydrophobic groups of peptides to insert into lipid bilayer and interact with hydrophobic acyl chains of phospholipid, thereby permeating membranes. 94 Among amphipathic features, α-helix is one of the most common and simplest one. 96 By alternating cationic and anionic side chains in every certain number of residues in a peptide is capable to adopt stable secondary structure. This feature not only leads to electrostatic interaction with negatively charged cell membrane but also interactions with those neutrally charged and amphipathic. Similar to α-helical AMPs, β-sheeted AMPs also frequently present amphipathicity.

In β-sheet structures, β-strands are usually stabilized by intramolecular disulfide bonds or directly cyclized in the backbone. These cyclizations promote β-sheeted AMPs to form stable and rigid conformations. Hence, the amphipathicity of β-sheeted AMPs derives from the segregated orientation of hydrophobic and hydrophilic residues. 97 However, though amphipathicity is critic for antimicrobial activities, it does not mean the stronger the amphipathicity the better. A good example was presented by β-sheeted molecule gramicidin S, in which an analogue of gramicidin S was designed with higher amphipathicity, nevertheless high degree hemolysis and lower antimicrobial activity were observed. 127 

Hydrophobicity

In addition to cationicity and amphipathicity, hydrophobicity is also an essential feature for antimicrobial peptides. Hydrophobicity is defined as the assembly of all hydrophobic residues in a peptide. The proportion of hydrophobic residue is about 40%-60% for most AMPs. 96 Hydrophobicity is of significant importance as it governs the extent to which a peptide can partition into the lipid bilayer. Though hydrophobicity is required for the cell membrane permeabilization, a rationally designed peptide does not over possess it. That is because hydrophobicity is strongly correlated with mammalian cell toxicity, as the increasing of hydrophobicity, the hemolysis also increases and cell

specificity decreases as well. The relationship between hydrophobicity and selectivity of cell membrane was intensively studied. Studies with a group of magainin 2 analogs revealed the inverse relationship between hydrophobicity and bacterial membrane selectivity. They showed that the increase of hydrophobicity leads to low membrane specificity and high hemolytic activity. 128 In another de novo designed α-helical AMP, they observed similar results. 129

Structural propensity

As also discussed in the classification section, the propensity to form stable secondary structures such as α-helix and β-sheet is also important for antimicrobial activity. Most α-helical AMPs are disordered in aqueous solution, but form a highly ordered conformation in membrane environment.

However, some studies showed that the prior formation of α-helical structures in membrane may suppress the antimicrobial activity. Thus some opinions argued that, for antimicrobial peptides, it is the induction rather than preformation of α-helical structures which is responsible for the antimicrobial activity. 130 In contrast, β-Sheeted antimicrobial peptides do not display significant conformational modification after attached to membrane, though the mechanism of action is still not entirely clear compared with linear peptides. For most β-sheeted AMPs, the cysteine-based multiple intramolecular disulfide bonds are crucial for maintaining the three-dimensional structure, while the role of disulfide bonds seems variable among antimicrobial peptides. For instance, several mammalian αand βdefensin analogues with substitutions of one, two or three disulfide bonds display comparable antimicrobial activity as native mother molecules. [131][132][133] However, on the other hand, for some other AMPs such as protegrins, 134,135 the maintaining of intramolecular disulfide bonds is significant for antimicrobial activity.

Residues preference

Antimicrobial peptides isolated and identified from different original sources such as mammal, plants, insects, or bacteria greatly vary in amino acids composition. Nevertheless, some frequently shared amino acid residues could be concluded from many AMPs. For instance, the basic amino acids lysine and arginine are highly conserved residues in cationic AMPs since they enable the electrostatic interactions between peptides and negatively charged phospholipid head groups. 136 Aromatic residues, particularly tryptophan, are also frequently found in AMPs. 137 On one hand, tryptophan is capable of interacting with both positively charged amino acid like arginine side chains and amino choline head group of the lipid bilayer through cation-π interaction. This could be explained by the presence of negatively charged π-electron clouds above or below the aromatic ring. 138 One the other hand, associating with tryptophan helps to shield the positively charged arginine from hydrophobic groups in membrane and make it easier to insert into lipid bilayer. Moreover, the large and bulky side chain indole group of tryptophan promotes to destroy the interactions among lipid acyl chains and facilitates the subsequent insertion of peptides. 139 No doubt there are some other amino acids commonly found in certain types of antimicrobial peptide such as cysteine (responsible for disulfide bonds in β-sheeted AMPs 134 ), glycine (form a kink in the center of α-helical peptide sequence 96 ), proline (prolinearginine-rich porcine PR-39 116 ) and so on.

Conclusion

We have demonstrated some common features shared by AMPs. There is no doubt that these characteristics make it possible for AMPs to exhibit antimicrobial activity. Meanwhile, structural conclusions and studies reinforce our comprehension upon these peptides and provide inspirations for future potential therapeutics selectivity and artificial peptide design.

As antimicrobial peptides exhibiting antimicrobial activity by generally regarded membrane disruption, how does it display selective antimicrobial activity? In the next section, we will have a close observation of how does antimicrobial peptides distinct "bad" pathogens from "good" host cells.

The selective antimicrobial activity of AMPs

In vitro, most AMPs act against many different types of microbes including Gram-positive and Gram-negative bacteria, fungi, mycobacteria, parasites, and certain enveloped viruses. Therefore, for AMPs, antimicrobial activity is the most important exhibited activity. Unlike classical ligandsreceptors action model, the model of action of AMPs generally involves disruption of the integrity of the bacterial cytoplasmic membrane. 84 Targeting directly on membrane could make a huge barrier for drug resistance since the modification of whole cell membrane would be very difficult. However, this model of action could also challenge the target specificity and selective toxicity of AMPs as well.

Several examples including gramicidin S, 97 which has already been developed for clinically local application, have proved the poor affinity sometimes exhibited by AMPs to a different extent.

Hence, before truly talk about the model of action, how do antimicrobial peptides exert their antimicrobial activity? According many investigations, the answer can be found in the inherent differences of composition and architecture of membranes between microbes versus host cells. And it is exactly such differences that leads to the selective antimicrobial activity of antimicrobial peptides.

Membrane composition, charge and hydrophobicity

A cell membrane could be simplified as a fluid mosaic consisting of phospholipids interspersed with different proteins. In different organisms it may also possess other components. For instance, sterols exhibit important influence in keeping the stability and fluidity of cell membrane. The fundamental differences between microbial and animals cell membrane make it possible for antimicrobial peptides to display discrimination upon different cells and to target one over the other as a consequence. As just mentioned above, the core component of almost all biomembranes is the phospholipid bilayer. These bilayers are amphipathic, meaning they have both hydrophilic head and hydrophobic tail. However, the exact composition of these membranes vary from cell to cell (Figure 44). Phosphatidylcholine (PC) and its analogue sphingomyelin (SM) as well as phosphatidylethanolamine (PE), which constitute the majority of bilayer of eukaryotic cells in both external and internal leaflets, have no charge under physiological conditions. Cholesterol (ST) and other sterols which are abundantly existing in mammal cell membrane while quite rare found in prokaryotic cells, are also basically neutrally charged. However, hydroxylated phospholipids such as phosphatidylglycerol (PG), cardiolipin (CL) and phosphatidylserine (PS) which normally compose the bilayers of prokaryotic cells, possess a net of negative charges under physiological condition (Figure 44). It could be concluded that the charge of a cell membrane is determined by the ratio and localization of various type of phospholipid. As prokaryotic cells are mostly made up with PG, CL, and PS, they possess a net of negative charges under physiological conditions. In contrast, eukaryotic cells like erythrocyte are majorly constituted by PE, PC, SM, and ST, therefore, they are barely charged under physiological conditions. As almost all antimicrobial peptides possess a net of positive charges, as a result, they show superior affinity with prokaryotic cells over eukaryotic cells owing to the relatively strong electrostatic interaction (Figure 45). 

Conclusion

There are also some other parameters involved in the toxicity selectivity of AMPs. For instance, some peptides like Nisin adopt ligand-receptors acting model. Moreover, there is so termed "transmembrane potential", which is induced by electrochemical gradient, and which also affects the affinity exhibited by antimicrobial peptides. 92,97 After explaining how antimicrobial peptides identify pathogens from host cells, the next question would be how do they eliminate bacteria?

Mechanisms of action of AMPs

In the last section, we have demonstrated the toxicity selectivity of antimicrobial peptides. In this section, we will try to reveal the process of bacteria killing step by step. Though the absolute mechanism of action is not entirely agreed, especially for β-sheeted AMPs, 141 there are some common agreements regarding how do AMPs destroy bacteria. Generally, the whole process could be divided into several events as described below.

Interaction with cell membrane

Many AMPs display antimicrobial activity by direct membrane disruption while others by translocating membrane into the cytoplasm of bacteria to act on intramolecular targets. 84 There are more and more targets discovered on bacteria cell, however, there is a strong acceptance that the initial attachment between AMPs and membrane is via electrostatic interaction. 37,85,142,143 , for instance, the interaction between cationic peptides and negatively charged phospholipid head group. The relationship between peptide charge and membrane binding has been extensively studied. 97,144 We have reported the difference regarding the compositions of cytoplasmic membrane between bacteria and mammalian cells. Actually the compositional difference also exists among bacteria. Bacteria are generally classified into two families: Gram-positive and Gram-negative. The cytoplasmic membranes of both families are surrounded by so called cell wall. For Gram-positive bacteria, the cell wall is mainly composed by a thick layer of peptidoglycan. Nevertheless, for Gram-negative bacteria, it is constructed by a thin layer of peptidoglycan as well as a lipopolysaccharides (LPS) constituted outer membrane (Figure 46). 145 Although the anionic groups such as PG,CL and PS exist in cytoplasmic membrane, the anionic groups in cell wall such as teichoic acid (in Gram-positive bacteria) and LPS (in Gram-negative bacteria) provide additional electronegative charge to the surface of bacteria. 89,97 However, the outer membrane of Gram-negative bacteria also act as an obstacle for AMPs to reach the cytoplasmic membrane. This is partly because of the divalent cations Ca 2+ and Mg 2+ which bind to the inner core of LPS and thus supply stabilization to outer leaflet. 146 Studies revealed that AMPs translocate outer membrane of Gram-negative bacteria via so called self-promoted uptake, 87,92,147 in which AMPs cross outer membrane by displacement of these divalent cations due to higher binding affinity. Being large molecules, AMPs enable to cause formation of transient cracks and thus allow themself permeate the outer membrane. Investigations have shown that both natural and synthetic antimicrobial peptides display equal interaction ability regardless D-amino acids or L-amino acids were used. This would suggest that there is no specific receptors in bacterial membrane for AMPs attachment. While some other studies have provided other possibilities. For instance, Nisin, a naturally occurring, cyclic peptides with strong antimicrobial activity has been revealed to specifically bind to bacterial membrane bound lipid II. 148,149 This opinion was also supported by the model of action displayed by tachyplesins, which also is a class of cyclic peptides. Though some clues suggested the existence of specific acceptor-ligand model for some antimicrobial peptides, 148 the electrostatic interaction induced initial attachment is dominating among the majority of peptides.

Membrane disruption

After contacting with bacterial cytoplasmic membrane, AMPs will form amphipathic structures (if not yet formed). The cationic regions (in most case) of AMPs interact with anionic phospholipid head groups while the hydrophobic regions interact with hydrophobic acyl chains of phospholipid. These interactions allow peptides subsequently to deep insert into lipid bilayer. 97,144 Increasing studies indicate that AMPs can act through interaction with trans-membrane proteins. Moreover, they can also penetrate into bacterial cytoplasm and interact with intracellular targets 125,150 . Nevertheless, there is a common agreement that most of AMPs kill bacteria by cell membrane disruption. Usually there are three classic proposed models for membrane disruption: the barrel-stave, toroidal-pore, and carpet models (Figure 47). 97

The barrel-stave model

The so called barrel-stave model is because barrel like pores are formed in bacterial cytoplasmic membrane based on antimicrobial peptides during membrane disruption. In the formed pore, all peptides are orientated with the hydrophobic domains interacting with the acyl chains of lipid bilayer while the hydrophilic domains facing the center of pore. 151 The pore formation was initially triggered by the accumulation of monomer peptides in the surface of membrane. The subsequent conformational arrangement are thought to push the negatively charged phospholipid head groups aside and thinner the lipid bilayer. Then, when the threshold concentration of peptides is reached, the monomer peptides enable to form oligomer aggregates and allow the hydrophobic regions to deep insert into bilayer. This aggregate also shield the hydrophilic regions of AMPs from exposing to the hydrophobic tails of membrane. With more monomer peptides accumulated, the pore get expanded (Figure 47). 97

The toroidal-pore model

The mechanism of toroidal-pore model was well studied using the α-helical magainin peptide. In this model, once contacted with membrane, the unfolded antimicrobial peptides rapidly form α-helical structures. Initially, the α-helices orientate themselves to be parallel to the surface of membrane. As the polar phospholipid head groups are displaced, the surface of membrane get thinner and form curvature strain. As a consequence of this strain as well as thinning, the membrane is destabilized and becomes more vulnerable with further peptide interactions. When the threshold concentration of peptides is reached, the monomer peptides become vertical to the membrane surface and multimerize to prevent the hydrophilic regions to be exposed to hydrophobic acyl chains of lipid bilayer. However, the newly formed toroidal-pore is not stable. It may process a disintegration and force some peptides inside cytoplasm. This is an important process for peptides to translocate into cytoplasm and work on intracellular targets (Figure 47). The mechanism of subsequent cell death caused by membrane disruption have also been intensively studied. We will not present much here but give some general views since too many involves biological processes invovled. 97 Pores formed in the cell membrane caused by AMPs permeabilization are thought to lead leakage of ions and metabolites, depolarization of the transmembrane potential. These consequences are subsequently followed by a series of dysfunction such as loss of impaired osmotic regulation and inhibition of respiration, and ultimately cell death. 125,154 It is widely accepted that AMPs display their antimicrobial activity by directly working on bacterial cell membrane. However, there are more and more studies that have shown that membrane disruption alone may not be sufficient to cause cell death. Moreover, abundant evidences have shown that some AMPs will not simply stop in the cytoplasmic membrane, instead, they trend to bind to intracellular targets as additional or complementary mechanism of cell death (Figure 47). 125 

Immunomodulation

As presented above, antimicrobial peptides exhibit antimicrobial activity through simply cytoplasmic membrane disruption or interaction with intracellular targets. From the so called term "AMP", it is not difficult to understand that the original purpose was to develop peptide antibiotics.

However, the "AMP" term has strongly biased the function of these peptides as "natural antibiotics". In fact, antimicrobial peptides are presenting multiple roles in human innate immune system. Actually, there are more and more patents and publications declaiming that AMPs are not only potent antibiotics, but also effective modulators of inflammation and endotoxin neutralization (Figure 49). 159 There is a wide range of immunomodulatory activities exerted by antimicrobial peptides. According them, AMPs have shown the ability to directly neutralize LPS (also called endotoxin). They can also go through an indirectly way by inducing the production of chemokines and cytokines form macrophages and monocytes. Moreover, other activities such as recruitment of leukocytes to the site of infection, promotion of angiogenesis, wound repair and so on are also important innate immune responses resulted by AMPs. 85,89,160 It is noteworthy that immunomodulation is not a capacity shared by all AMPs but only by some specific families like defensins. 89 

Potential resistance

The potential resistance developed by AMPs have also been studied though it has been generally regarded as unlikely due to unique mechanism of action. According to this mechanism, AMPs attack multiple bacteria in low affinity rather than exerting antimicrobial activities towards some certain types of bacteria in high affinity. Thus it could be very difficult for targeted microbes to defend themselves by a single resistance mechanism. Meanwhile, owing to the unique mechanism of action, it seems impossible for bacteria to keep the membrane functional and structural integrity while avoiding the membrane disruption resulted by AMPs permeabilization. Moreover, the new biological roles of AMPs are continuously discovered in anti-infection. Together with the synergistic responses promoted by many AMPs, they further suppress the potential resistance. However, there are some studies demonstrating that few bacteria have shown the potential resistance to AMPs mainly by the modification of cell membrane, for instance, the alteration of the net of surface negative charges to reduce the primary electrostatic interaction. 97,125 Hence, some warned that the investigations of potential resistance caused by AMPs have been greatly ignored due to the long-hold concept that it is almost impossible to develop resistance from the treatment of infections with AMPs. 161

Conclusion

We have given a general information about AMPs including the biological roles, classifications and mechanism of action. As great potential is presented by antimicrobial peptides, the developing of therapeutic agents for clinical application have been long carried out. In the next section, we will discuss about the current state in clinical application of AMPs but also challenges for them to become actual antibiotics.

Current state in clinical trial and market

Not until the late 1980s, when the cationic antimicrobial peptides were first discovered and identified from insects and animals, people started to realize the importance of biological roles exerted by antimicrobial peptides in innate immune system. 84 Under the background that antibiotics resistance is intensively increasing while the new approved antibiotics are declining, AMPs with rapid antimicrobial activity have been regarded as promising therapeutic agents against infections.

Nevertheless, the frustrated reality is that only a few AMPs are approved for clinical use and restricted to local application. For example, polymyxins, the most well characterized antimicrobial peptides, were introduced already in the 1950s. 162 The intravenous injection of polymyxins are regarded as lastresort against drug resistance caused by negative bacteria. Also, they are applied as topical formulation in the prevention and treatment of local infections. 163 Gramicidin S, another representative example, shows strong antimicrobial activity upon a broad spectrum of bacteria. Nevertheless, it has been developed only for topical application due to the high hemolytic activity. However, there are a number of AMPs are investigating under clinical trial (Table 3). 164 In this table, we noticed that some AMPs such as pexiganan (analogue of magainin, from the skin of Africa clawed frog) 165 and omiganan (derived from indolicidin) have reached their phase III clinical trial. Moreover, there are AMPs like Hlf1-11 (derived from lactoferrin) which are developed for systemic application. 166 So, we have reasons to believe that AMPs have a big chance to meet the urgent require for new anti-infectives. α-MSH: α-melanocyte-stimulating hormone 3.9 Challenges of developing AMPs drugs While many AMPs are currently in clinical developments, the truth we can"t ignore is that there are many challenges of developing AMPs drugs with respect to the great potential exhibit by AMPs.

The barriers are from many aspects including technical issues, regulatory and commercial challenges.

In vitro vs. in vivo

The minimal inhibitory concentration (MIC) of AMPs against bacteria in vitro are typically higher than the physiological concentrations of peptides in vivo. For instance, the MIC of LL37 against E. coil in vitro is more than 32 μg/mL whereas the detected concentration of LL37 at mucosal sites is less than 2 μg/mL. 89 It seems bacteria are more susceptible towards peptides in vivo. This could be partly explained by some other factors such as chemokines and cytokines, which corporately working with AMPs against infection. Such synergistic response may require less concentrated peptides than in vitro does. 167 However, on the other hand, some AMPs displaying strong antimicrobial activity in vitro may lack activity in vivo due to the rapid proteolysis and/or protein binding in the body. The poor correlation between in vitro and in vivo increases the difficulty to predict the in vivo activity displayed by AMPs as well as select rational drug candidates.

Low metabolic stability

Low metabolic stability is not only an issue for antimicrobial peptides but for almost all types of peptide-based drugs. There are several reasons. Firstly, proteases and peptidases are extensively presented in digestive system. Furthermore, peptides often display low membrane permeability and sometimes poor solubility in aqueous conditions. These facts together make them almost impossible for oral administration without any formulation protection. Even for intravenous injection, there is still a risk of degradation from the enzyme existing in tissues and vessels. 168 As shown in Table 3, most AMPs are intentionally developed as local application partly due to these intrinsic defects. Among many possible ways of improving the metabolic stability of AMPs, modification of backbone seems to be effective and promising. There are many methods regarding modification that have been introduced

including cyclization of peptides, incorporation with D-amino acids or unnatural amino acid analogues, blocking N-and/or C-terminal ends through such as N-acetylation and/or C-amidation and end-tagging by hydrophobic groups. 168,169 Moreover, the design of synthetic peptides or peptidomimetics through so called de novo strategy has also been successful. (iii) chemical synthesis. 168,171 The acquirement from natural source is relatively less effective and difficult to meet the large amount demand for clinical trial research and drug manufacture. Meanwhile, biosynthesis requires a long and expensive R&D phase and has limitations to realize modification into peptide sequence such as introduction of non-natural amino acids. Furthermore, the high expressing of antimicrobial peptides by recombinant cells seems not likely because the intrinsic cytotoxicity of AMPs to themselves. Instead, solid phase peptide synthesis (SPPS) is the most widely adopted technology for peptide production. The developing of SPPS technology allows the synthesis of large quantity of peptides. Nevertheless, it is generally regarded that the production cost of peptides is higher than small molecules. According an estimation, the production cost of a 5 kDa molecular mass peptide exceeds the cost of 500 Da molecular mass small molecule by more than 10-fold. 172 However, due to the advance of related techniques, the cost of peptide production is declining.

Besides what we discussed above, there are some other challenges, for instance regulatory hurdles and lack of toxicology data availability, influencing potential peptide become actual drugs.

Conclusions and perspectives

We have given an overview of antimicrobial peptides from structures to activities. Notably, pexiganan, one of the most well characterized peptides has met its earlier setback in 1999. It failed to get approval of US Food and Drug Administration (FDA) even after completion of phase III clinical. 173 The reason was that it did not exhibit superior efficacy over other antibiotics used in the indication under investigations. The fact that the unique mechanism of action adopted by pexiganan, which will barely induce drug resistance, was not fully respected. 171 Delightfully, we saw pexiganan reappeared in the list of under clinical trial antimicrobial peptides (Table 3), albeit no longer developed by the original company. 164 This signal strongly indicates the desperate desire to seek new antibiotics to fight against pathogenic infections. Moreover, as we have a more and more accurate understanding of antimicrobial peptides" biological roles, more targets will be revealed. Hence, peptides of this type have more chances to be developed as therapeutic reagents and not only limited to antibiotics.

Meanwhile, the advancements of scientific technologies such as peptide manufacture and characterization further promote this field forward.

In next section, we will focus on a representative cyclic antimicrobial peptide gramicidin S. It has already been developed for topical application, however, it"s antibacterial activity was not fully appreciated due to the high hemolytic activity.

4 Gramicidin S: an ancient but still potent cyclic antimicrobial peptide The crystallographic structure of GS clearly demonstrated that GS adopts an anti-parallel β-sheet structure (Figure 51). The β-sheet feature is stabilized by four intramolecular hydrogen bonds.

Meanwhile, the hydrophobic side chains of valine and leucine on one side and the hydrophilic side chains of ornithine on another promoted GS as an amphipathic molecule. 28 This stable amphipathicity guarantees the superior antimicrobial activity possessed by GS. In fact, GS has strong antimicrobial activity against both Gram-positive and Gram-negative bacteria as well as on several pathogenic fungi.

However, like many other cyclic antimicrobial peptides, GS is rather non-specific in its actions. These non-specific actions caused high hemolytic activity, which lead to use GS only for topical application. 

Synthetic analogues

There is a wide acceptance that cyclic AMPs like GS kill bacteria through membrane disruption.

However, unlike α-helical ones, the exact model of action of cyclic peptides still remains unclear.

After realized the great potential possessed by GS, many investigations were carried out to dissociate the antimicrobial and hemolytic activities. These investigation are not limited by biophysical studies of the interactions between GS and lipid bilayers, but also including openly designed analogues. 127,175,176 By now, there are totally 1716 published articles (using "gramicidin S" as key word) regarding gramicidin S cited in web of science. Among them, 293 papers were published after 2010. Apparently, as a rather "old" molecule, gramicidin S is still drawing people"s attention. People"s enthusiasm towards GS illustrated the urgent desire for new antibiotics. Under this background, we just took design of new GS analogues as one of our main interests. Hence, before present our work, giving a general overview of gramicidin S analogues including structure-activity relationship studies is necessary. In this section, we will try to summarize some synthetic GS analogues using different strategies.

Ring size modification

The effect of ring size was intensively studied by Kondejewski et al. through designing a series of analogues with residues ranging from 4 to 14. 177 These analogues were intentionally designed to keep the amphipathicity with respect to mother molecule. Among these analogues, rings containing 4, 10 and 14 residues displayed well-defined β-sheet structure whereas rings containing 8 and 12 residues being largely disordered. In terms of antibacterial activity, peptides with more than 10 residues exhibited ability to destabilize outer membrane of E. coli. However, peptides containing less than 10 residues were completely inactive and exhibited no hemolytic activity. Specifically, the 10-residue peptide exhibited similar antimicrobial activity compared with GS. Unfortunately, it also displayed high hemolytic activity. The 12-residue peptide presented less hemolytic activity but also partly lost antibacterial activity. Interestingly, 14-residue peptide [GS14, cyclo-(VKLKVD-YPLKVKLD-YP),] exhibited very limited antibacterial activity while possessed high hemolytic activity. In this case, any structural change of 14-residue peptide will result in a different activity, thus, make us have a better comprehension of structure-activity relationship (Figure 52). Therefore, further investigations were carried out using 14-residue peptide as template to design fourteen diastereomers with each containing a different single enantiomeric substitution. 127 The β-sheet structure of all fourteen diastereomers was disrupted as determined by CD and NMR spectrum under aqueous condition. However, these diastereomers displayed different induced secondary structure under hydrophobic condition. The amphipathic characteristics of peptide diastereomers was evaluated by retention time under reversed-phase HPLC. According this empiric method, amphipathic cyclic peptides with shorter retention time are more hydrophilic. And those with longer retention time, are regarded as being more hydrophobic. The subsequent antibacterial activity testing showed that there was a clear correlation between activity and hydrophobicity. Among these diastereomers, the two best peptides GS4K (Figure 53) and GS11K with shortest retention time exerted significantly reduced hemolytic activity compared with GS14. Meanwhile, they also got increased antimicrobial activity with a number of bacteria. The crystallographic structure of GS4K was lately reported by M. Overhand et al.. 178 It showed that GS4K adopts similar β-sheet structure compared with GS. Meanwhile, this compound is less hydrophobic because the polar side chain of D-lysine residue is positioned at the same face of the hydrophobic side chains. The general opinion regarding GS modification carried out by these studies was that a high amphipathicity is not desirable for an ideal analogue design. Moreover, the reduction of overall hydrophobicity favors hemolytic activity loss. However, it does not mean that amphipathicity is not important for GS to keep activity. In fact, the importance of amphipathic feature of GS was repeatedly proved by many studies. In one of Kondejewski"s investigations, they synthesized four cyclic GS derivatives displaying variable activity, however, the corresponding four linear peptides were completely inactive. 179

β-Turn regions modification

Apparently, amphipathicity is essential for GS to maintain antimicrobial activity. The inherently acquired amphipathicity was largely determined by the stably formed anti-parallel β-sheet. Meanwhile, the two type II" β-turn regions consisting of two D-Phe-Pro sequence are responsible for constraining the whole β-hairpin structure. Thus, there are many derivatives containing β-turn mimics were carried out. to evaluate the effect the β-turn regions.

M. Overhand et al. designed a series of β-turn regions mono-substituted derivatives using different ring size sugar amino acids (SAAs). 180 The original purpose was to examing the influence of flexibility and ring size of SAAs towards biological activity. Though they failed to systematically indicate this correlation, they did obtain a GS derivative 59 with pyranoid ring, which largely maintaining antimicrobial activity (Figure 54). Meanwhile, compared with analogue 57 and 58, it exerted much less hemolytic activity. In previous work, they synthesized a furanoid ring devoided of aromatic group mono-substituted analogue 55 that presented completely no activity regardless antimicrobial or hemolytic. 181,182 Therefore, they concluded that the existence of aromaticity in the turn regions of GS analogues is essential for biological activity while the ideal formed β-hairpin may not. Similarly, the critical role of aromaticity in turn region were also investigated using other aromatic side chain amino acids such as tyrosine and tryptophan to replace phenylalanine 183 . Some even argued that the short distance between ornithine side chain and aromatic ring favored the antibiotic profile. 184 This could be partly explained by the strong cation-π interaction between cationic side chain and negatively charged aromatic ring, which improve the membrane permeation. 

β-Strand regions modification

The modifications upon β-strand regions were also extensively investigated as it is convenient to change the global hydrophobicity or hydrophilicity by alternating amino acid residues.

M. Overhand et al. synthesized a series of hydrophobic and hydrophilic GS analogues with two or four positive charges. 185 The hydrophobicity of analogs were valued by reverse-HPLC retention time as an empiric method. According this, they built an intensive correlation between biological activity and hydrophobicity (Figure 56), in which the least hydrophobic analogue 60 with four charges was completely inactive and displayed no hemolytic activity. In contrast, the most hydrophobic analogue 62 with two charges exhibited limited antimicrobial activity and very strong hemolytic activity.

Impressively, the analogue 61 with four charges and two adamantyl amino acid residues displayed comparable antibacterial activity to GS in a number of bacteria. Meanwhile, the hemolytic activity was greatly suppressed. Compared with analogue 60, in which hydrophobicity was mainly provided by side chains of two valines, analogue 61 obviously benefited from the existence of adamantyl groups. These extremely hydrophobic groups apparently favored the interaction between peptide and lipid bilayer.

Through the intuitional correlation between hydrophobicity and activity, they once again stressed the critical role of an optimal amphipathicity and hydrophobicity in antimicrobial peptides. Not surprisingly, the presence of amino acid residues with cationic side chains such as ornithine, lysine, and arginine is quite essential for acquiring antibacterial activity. In fact, the role of cationic side chain of ornithine in GS was intuitionally demonstrated by some studies. In one research, they synthesized a series of GS analogues through modification ornithine δ-amino groups, including complete formylation, acetylation (compound 67, Figure 58), carbamylation, deamination (compound 68, Figure 58), trinitrophenylation, succinylation, and maleylation. Compared to mother molecule, these analogues caused 90-95% loss of antibacterial activity but only 12-30% loss of hemolytic activity. 188 Meanwhile, if δ-amino groups of GS was only mono-modified, 50% antibacterial activity will be retained. These studies further confirmed the critical role played by cationic groups in GS to maintain antimicrobial activity. And this idea could also be extended to other antimicrobial peptides. 

Conclusion and perspective

Even though numerous gramicidin S analogues were designed and studied using different strategies, very few met the balance between satisfied antibacterial activity and diminished hemolytic activity. Obviously, optimal amphipathicity and hydrophobicity are superiorly important for acquiring antibacterial activity. Hydrophobicity also has a strong correlation with hemolytic activity. The existence of aromaticity in β-turn regions is not only for providing additional hydrophobicity but also responsible for cation-π interaction, which is critical to shield hydrophilic side chains of peptide during membrane insertion. Apparently, the original purpose of naturally designed gramicidin S was acted as exotoxin for some bacteria to kill others. Hence, intrinsic hemolytic activity must be suppressed when used as human therapeutics. It seems very challenging to design gramicidin S derivatives with perfect antibacterial activity while totally banished cytotoxicity due to the unique model of action. However, acquiring derivatives with optimal therapeutic index for potential clinical application is still possible behind so many existing and undergoing investigations. Besides, compared to linear antimicrobial peptides, cyclic ones like gramicidin S are relatively more resistant to proteolysis. This advantage even gave us more reason to investigate cyclic antimicrobial peptides.

In next chapter. we will recall the previous work achieved by our group before introducing my work.

Chapter II Previous results of our laboratory and my objectives building blocks. In this area, as we mentioned above, β-peptides are relatively more extensively investigated, γ-peptides, on the other hand, have received less attention while they seem interesting as well. 42 In our case, we are particularly interested in creating β,γ-diamino acids as building blocks for they can be polymerized as both β-peptides and γ-peptides (Scheme 1). Meanwhile, once incorporated into peptides, the second nitrogen provides further functionalization possibility, or may be source of extra hydrophilicity, which is of interest for peptides such as antimicrobial peptides.

Scheme 1. β,γ-Diamino acids and their synthetic derivatives Moreover, β,γ-diamino acid residues appear in biologically active compounds such as pseudotheonamide A1, 190 aminocarnitine, 191 deoxyaminostatine, 192 and microsclerodermins (Figure 60). 193,194 Thus efficient synthesis of enantiopure β,γ-diamino acids provides methods for total synthesis of biologically active compounds, especially those natural peptidic molecules. It is noteworthy that our strategy of β,γ-diamino acids synthesis (also see 1.2.2, Chapter II) was adopted to synthesize one synthon of dehydromicrosclerodermin B and microsclerodermin J, 193 with higher efficiency than previous work. 194 

Synthesized β,γ-diamino acids

Compared with a big amount of scaffolds derived from β-amino acids, the reason why homo-or heterogeneous sequences incorporating γ-peptides received less attention may partly be explained by the greater difficulty to access to stereochemically pure γ-building blocks. 195 Since 2003, we have been interested in the asymmetric synthesis of β,γ-diamino acids starting from natural tertiary amino acids.

We have thus developed a general synthetic route to enantiomerically pure β,γ-diamino acids, based on a sequence Blaise reaction/diastereoselective reduction (Scheme 2).

Scheme 2. General synthetic route of β,γ-diamino acids

The Blaise reaction is a variant of the Reformatsky reaction with nitrile as substrate. It was initially developed as a method for the synthesis of β-ketoesters from nitriles. 196,197 Briefly, zincmediated condensation of α-bromoesters onto nitriles gave iminozincate intermediate 70, which is then hydrolyzed to β-ketoesters 71 in presence of acidic conditions. An important improvement was conducted by Kishi et al., who reported that hydrolysis in concentrated aqueous potassium carbonate leads to enaminoester 73 (Scheme 3). Hence, it was suggested that this reaction, after subsequent reduction, could be applied for synthesis of β-amino acids. 198 For our purpose, as α-amino nitriles were adopted for Blaise reaction, corresponding β,γ-diamino acids could be expected. Moreover, the iminozincate intermediate is not basic, which would avoid the racemization.

Scheme 3. Mechanism of Blaise reaction

Notably, with different α-amino acids as starting material, the synthetic strategy slightly varies due to the regioselectivity of Blaise reaction. Initially, the α-amino nitriles applied for Blaise reaction were prepared as N-diprotected form to avoid side reactions. By which, orthogonally protected β,γdiamino acids were obtained after reduction and urea ring opening. Lately, in order to shorten and improve the synthesis, Blaise reaction was performed in N-monoprotected nitriles. It also afforded expected compound, albeit in lower yield. Nevertheless, the lower number of steps and avoidance of unfriendly reagents compensate the yield decrease. Herein, we wish to give a schematic review of both our former strategy and lately optimized one.

Preparation of α-amino nitriles

Natural α-amino acids were employed as starting material. Amino group was initially protected by carbamate to give 74. Amide 75 were synthesized using ethyl chloroformate as activation reagent followed by amidation with aqueous ammonia. Subsequent dehydration was carried out in the presence of phosphoryl chloride to afford N-benzyloxycarbonyl nitriles 76a-76d without racemization. Nitrile 76 was synthesized from commercial available L-aspartic acid 4-methyl ester within 41% total yield (Scheme 4). 199,200 This strategy were also applied to L-proline and L-serine, which will not be presented here.

Scheme 4: Synthesis of α-amino nitriles

N-Benzyloxycarbonyl nitriles 76a-76d were then further N-benzylated in the presence of benzyl iodide (10 equivalent) after deprotonation with sodium hydride (1 equivalent) in dimethylformamide.

The reaction conditions were optimized to avoid racemization at this step. All N-diprotected nitriles 78a-78d were obtained in rather considerable yield without racemization (Scheme 5). 199,200 Scheme 5. Diprotection of nitriles

Blaise reaction and reduction

With α-amino nitriles in hand, Blaise reactions were subsequent conducted on both N-diprotected and monoprotected nitriles. To have a better understanding of Blaise reaction and lately optimizations on synthetic route , we will present the different strategies separately. Blaise reaction was also performed on nitriles derived from other native amino acids. In some cases, the cyclization was occurred completely, thus subsequent treatment with sodium hydride was not necessary (Scheme 7). All of imidazolidinones were obtained as Z configuration isomers and the geometric isomer configuration were determined by 1 H NMR. 200 Scheme 7. Blaise reaction on nitriles For L-aspartic acid derivative, the iminozincate intermediate reacted on methyl ester group instead of carbamate, which afforded a β-lactam 81 as product (Scheme 8). 200 Compared with Laspartic acid derivative, Blaise reactions essayed on L-glutamic acid derivatives are less regioselective.

More details will be provided in Chapter V. Reduction of α,β-unsaturated carbonyl or carboxylic derivatives under dissolving metal (Birch reduction) are popular. However, when used for enaminoesters, this conditions have received much less attention but have been proved to be successful in few examples. 201 Therefore, we also tested Birch reduction on enaminoesters. Interestingly, when applied to imidazolidinone 79b, trans isomers were obtained as single isomers compared with cis isomers formed with sodium cyanoborohydride, though the product is a mixture of ester, acid and alcohol. The alcohol could be fully oxidated to acid with pyridinium dichromate (Scheme 12). 200 Determination of the relative configuration was based on extensive NMR spectra analysis and comparison with cyanoborohydride reduction products.

Scheme 12. Birch reduction of imidazolidinone 79b

Similar results were achieved when Birch reduction was applied to other enaminoesters (Scheme 13). Saponification in the presence of sodium hydroxide solution avoided obtain a mixture of ester, acid and alcohol.

Entry Substrate Acid (yield %) Alcohol (yield %) de [a] (%) Scheme 14. Hypothesis for the stereoselectivity of the Birch reduction c) Final steps to acyclic β,γ-diamino acids

We have described three methods of reduction on enaminoesters. Some of the outcomes like compound 89 could be directly employed for further peptide synthesis, while for others, further hydrolysis and ring opening are required.

Hydrolysis of the substituted imidazolidinones was accomplished under strong acidic conditions.

However, instead of desired β,γ-diamino acids, the 4-aminopyrrolidinones were obtained from the lactamization after in situ ester and urea hydrolysis. The hydrolysis were performed by heating with 3N hydrochloric acid. The 4-aminopyrrolidinones were obtained with retentional configuration and neutralized after purification on an ion-exchange resin (Dowex-H + , Scheme 15). 200 It is noteworthy that derivative of compound 100a is a synthon of atypical antipsychotic nemonapride,. Therefore, it was applied to perform the total synthesis. 203

Scheme 15. Hydrolysis of imidazolidinones

The 4-aminopyrrolidinones have turned out to be very resistant to further hydrolysis in basic or acidic conditions. Many attempts have been proved unsuccessful including direct urea cleavage on imidazolidinones under strong basic conditions. 204 So we altered our strategy by activating amide group using tert-butyl carbamate. This strategy was first applied to imidazolidinone 82. After hydrogenolysis and hydrolysis, benzyl chloroformate and di-tert-butyl dicarbonate were used as protecting groups on free amino and amide nitrogen respectively. As a consequence, lactam 103 was orthogonally protected and the amide group activated as well. After final hydrolysis in strong basic conditions, orthogonally protected β,γ-diamino acids 104 or 105 were obtained in high yield (Scheme

16). 204

Scheme 16. L-Valine derivative: synthesis of β,γ-diamino acids 104 and 105

Adopting the similar strategy, other β,γ-diamino acids such as 106 and 107 were successfully obtained (Figure 63). Interestingly, compound 106 could also be seen as protected 3deoxyaminostatine. All these β,γ-diamino acids could be used for β-and γ-peptide synthesis. 204 We have presented a strategy to prepare β,γ-diamino acids and related interesting building blocks.

However, the relatively high number of steps and required harsh conditions for some reactions such as Birch reduction prevented the scale up of the whole synthesis. Furthermore, reactions like the diprotection of amino nitriles with 10 equivalents of benzyl iodide didn"t match the aim of atom economic strategy. The previous investigations have shown that Blaise reaction preformed on Nmonoprotected amino nitriles like 76b gave expected product in limited yield. 200 However, improved results were obtained from some other substrates such as nitriles 76c and 76d (Scheme 17). More importantly, as all enaminoesters were obtained as acyclic form, there is no required for further difficult urea ring opening. The subsequent reductions were achieved in the presence of sodium cyanoborohydride and acidic conditions. Though bare stereoselectivity was observed, it provided us opportunity to access to both diastereomers. For compounds 110 and 111, free amino group of separated isomers were then protected with di-tert-butyl dicarbonate after ester hydrolysis in the presence of trifluoroacetic acid. N-Terminus protected β,γ-diamino acids 112 and 113 were obtained as final compounds. 41,205 Scheme 17. Synthesis of β,γ-amino acids from monoprotected amino nitriles

The relative configuration of isomers 112 were determined by comparison with previous work.

The absolute configuration of compound 111b was confirmed by X-ray structure. It is noteworthy that crystallographic structure of compound 111b also helped to determine the configuration of our lately achieved compound (Figure 64). (see 2.2.2, Chapter III). 

Conclusions

We have described two strategies to access β,γ-diamino acidds mainly based on the chosen conditions for Blaise reaction. The former strategy exhibited superior yield in Blaise reaction over the later strategy. However, the lower number of steps of later strategy effectively compensated the yield decrease. Besides, the novel strategy avoided the N-diprotection, which required ten equivalents of unfriendly benzyl iodide. Moreover, Blaise reaction accomplished under ultrasonic conditions allowed the adoption of methyl bromoacetate, which permitted access to the final β,γ-amino acids as orthogonally protected.

The synthesized β,γ-amino acids were then incorporated with α-amino acids to obtain a series α/γhybrid peptides. In next section, we will describe the synthesized hybrid peptides and highlight some examples which possessing stable conformation in polar and nonpolar solutions. (Figure 65). The overlay of 10 lowest energy structures showed the presence of intramolecular hydrogen bonds, forming a C 9 turn around β,γ-diamino acid residue in all three peptides and also a standard C 7 γ-turn in the first amino acid in peptide 120a and 120b. This clearly demonstrates the significance played by first amino acids. Further investigation of conformations were also undertaken at 300 K. At this temperature, the C 9 turn was no longer observed in peptide 120a and rarely observed in peptide 120b. However, the C 9 turn was present 97% of the total time for peptide 120c. Combined with the dynamics trajectories, that demonstrated that the conformational space appeared much more restricted for peptide 120c compared with 120a and 120b. We concluded that the first α-amino acids (phenylalanine for peptide 120c) occupies the ideal steric hindrance and is important for formation of 

Conclusions

We have shown that small hybrid peptides incorporating an acyclic β,γ-diamino acids are able to form stable intramolecular hydrogen bonds in apolar solvent. Actually, the conformations of oligomers based on cyclic β,γ-diamino acids have also been investigated. However, due to synthetic hurdles in solution phase, synthesis of those oligomers were performed on solid phase support (Rink amide resin).

Therefore, before presenting the our synthesized peptides, it would necessary to give a basic introduction of Solid Phase Peptide Synthesis (SPPS).

2.2 Solid phase peptide synthesis

Introduction

Since being reported by R. B. Merrifield in 1963, 208 Solid Phase Peptide Synthesis (SPPS) has become one of the most popular technology in peptide manufacture if not the most. SPPS can be defined as a process in which a peptide anchored by its C-terminus to an insoluble polymer is assembled by successfully addition of protected amino acids constituting its sequence. Comparing with solution peptide synthesis, the major advantage is that, after each reaction, the corresponding soluble reagents and by-products are removed efficiently from the solid phase and resin-bound macromolecules. Moreover, SPPS allows the synthesis of peptides with large number of amino acid residues. This technology has been extensively applied in our group with small-scale peptide synthesis.

General procedure

The general scheme of SPPS could be described as three parts: first loading, elongation and final cleavage (Figure 68). After deprotection of resin in standard conditions (if necessary), the first N αprotected amino acid is loaded. The subsequent each amino acid addition is referred to as a cycle consisting of : a) cleavage of the N 

Synthetic strategies

The side chains of many amino acids are reactive and may form by-products if they remain unprotected. To achieve a successful solid phase peptide synthesis, the side chains should remain protected despite repeatedly exposure to N-terminus deprotection conditions. Ideally, the deprotection conditions of N-terminus and side chains ought to be completely different. For instance, N-terminus deprotection is performed in basic conditions while side chains deprotection is achieved in acidic conditions. This so called "orthogonal" strategy was first raised by Barany et al. in 1977. 210 Generally, there are two type of protecting strategies are extensively used for SPPS.

Boc/Bzl protection

In Boc/Bzl protection scheme, Boc protecting groups are used to temporarily protect N-terminus and benzyl-based protecting groups are more permanently applied for side chains protection. This strategy was used extensively for the first 15 years of SPPS before Fmoc/tBu protection was reported.

Strictly, Boc/Bzl protection scheme is not orthogonal because both protecting groups are cleaved in acidic conditions. Boc deprotection is normally performed under 50% trifluoroacetic acid/dichloromethane while benzyl-based protecting groups require much stronger acidic conditions such as hydrofluoric acid or triflic acid, to remove them. The disadvantage of this strategy is that it also requires strong acid like hydrofluoric acid to perform final cleavage, thus, side chain protections could not be retained in final peptide.

Fmoc/tBu protection

Another more widely used strategy is Fmoc/tBu protection. In this scheme, N-terminus is temporarily protected with basic labile Fmoc protecting group and the side chains are protected with acid labile groups either the tert-butyl protecting group or the trityl (triphenylmethyl) group. The advantage for this orthogonal system is that side chain protections could be removed without touching N-terminal protection and vice versa.

Peptides synthesized on solid support from our laboratory

By adopting solid phase peptide synthesis technology, we have synthesized many peptidic oligomers. These oligomers were synthesized using different resins while Fmoc/tBu strategy was applied in all cases. Here we will recall part of our previous work with two examples from using different resins.

Synthesis on 2-chlorotrityl resin

We have synthesized homo-oligomers using γ-amino acid 123 (derived from compound 89) as building block. First amino acid was loaded to 2-chlorotrityl resin in the presence of base. Unreacted sites of resin were capped with methanol. The elongation was performed using HBTU as activation reagent, N-methylmorpholine as base, dimethylformamide as solvent and 20% piperidine in dichloromethane as deprotection conditions. We have also synthesized oligomers on Rink amide resin. To start the synthesis, resin was initially deprotected in the presence of piperidine to expose reactive sites and allowed the attachment of first amino acid. For the unreacted sites, they were subsequently covered in the presence of acetic anhydride to prevent producing shorter sequence peptides. The elongation conditions were basically the same as above. However, the final cleavage requires stronger acidic conditions. In our case, we used 95% trifluoroacetic acid in water. The desired peptides was obtained as C-terminal protected amide (Scheme 22).

Scheme 22. Synthesis of homogenous oligomer on Rink amide resin

Conclusion

We have made a short description of solid phase peptide synthesis and some synthesized peptides form our previous work. Since it was reported, this technology has greatly promoted the developing of the whole field of peptide and protein manufacture. And we have reasons to believe that SPPS will continuously contribute to this area as peptide-based drugs are receiving more and more attention. 168 2.3 α/γ-Hybrid peptides based on cyclic β,γ-diamino acids

We have described several peptides obtained using SPPS. In this section, we will introduce conformational study of a series of peptides alternating α-isobutyric acid (AIB) and lactam 123 (Figure 69). 

Conclusion

We have presented that several small α/γ-hybrid peptides have tendency to adopt stable conformations based on both unconstrained and constrained β,γ-diamino acids. As peptides with cyclic γ-building blocks display helicity in polar solvent DMSO, we believe they constrained cyclic ring in backbone favors the formation of helical conformation. The impact of γ-amino acid residue preorganization on α/γ-peptide foldamer helicity have been systematically investigated in Gellman"s group. 65 When incorporated into γ-peptides, the additional NH groups provide extra hydrogen bond donor, thus enriching of the conformation diversity. Our work is a good supplement in the peptidomimetic foldamers area.

3 My objectives

Mimic antimicrobial peptide Gramicidin S using β,γ-diamino acid

We have developed a synthetic strategy to access enantiopure β,γ-diamino acids. In one hand, these amino acids have proven to be good building blocks not only for their ability to form stable welldefined secondary structure, which are structurally fundamental for many biomolecules, but also for the hydrophilic source or functionalization provided by second nitrogen. Along with other properties such as resistance to proteolysis, β,γ-diamino acids can act as a promising mimic of natural β-turn. On the other hand, we are also interested in developing some peptide-based bioactive molecules such as antimicrobial peptides. And we also noticed that antimicrobial peptides which adopt β-sheet conformation often possess β-turn structure. Along with other properties such as hydrophilicity required for antimicrobial peptides, we are particularly interested in using β,γ-diamino acid as β-turn mimic to design new antimicrobial peptide structures. So, my first objective is to synthesize and make biological study of antimicrobial peptide gramicidin S analogues.

Design peptidomimetic foldamers based on 6-membered ring γ-amino acids

Peptidomimetic oligomers containing γ-amino acids have been proven to be interesting as well.

Our previous work have demonstrated that small peptides incorporating α-amino acids and β,γdiamino acids have the potential to form stable conformation constrained by intramolecular hydrogen bond. Moreover, by alternating isobutyric acid (AIB) and γ-amino acids containing 5-membered ring, we discovered a series of new peptide structures stable in solution without any intramolecular hydrogen bond. And those peptides can act as potential inhibitor of protein-protein interactions.

Inspired by these results, we decide to explore peptidomimetic foldamers based on γ-amino acids containing 6-membered ring in hope to obtain molecules possessing interesting conformation and potential biological activity.

Chapter III Antimicrobial peptide mimetics of Gramicidin S using β,γdiamino acids 1 Strategy introduction

As also described in introduction section, gramicidin S possesses strong antibacterial activity against a broad spectrum bacteria and fungi. However, it also exerted strong hemolytic activity, which greatly restricted the full application. In order to fully dig the potential of gramicidin S, many efforts have been placed in designing mimics with comparable antibacterial activity while reduced side effect.

Inspired by some outstanding work and also having the wish to develop antimicrobial peptides, we designed a pair of GS analogues with our own strategy. To be simplified, we use β,γ-diamino acids as β-turn mimics to disubstitute mother molecule"s β-turn regions, which are constrained by two D-Phe-Pro sequences (Figure 71). The two analogues were named GS8R and GS8S respectively. The "8" stands for the number of amino acid residues and "R" or "S" stands for the configuration of β-carbon in β,γ-diamino acids.

Figure 71. Molecular structure of GS and analogues

This idea was based on several reasons. First of all, β-turns are responsible for constraining the whole β-hairpin structure, which guarantees the opposite orientations of hydrophobic and hydrophilic side chains. According our previous work (see 2.1, Chapter II), γ-amino acid (β,γ-diamino acid for our case), when cooperating into α-peptides, have the tendency to form C 9 intramolecular turn. Hence, if it is employed to mimic C 10 natural β-turn, the whole geometry of mother molecule may be greatly retained. Moreover, according above mentioned studies (see 4.2.2, Chapter I), the aromatic moiety in the β-turn region were also regarded as key feature to acquire activity. That is why we chose β,γdiamino acid derived from D-phenylalanine. The choice of "R" configuration was to respect the orientation of benzyl group in gramicidin S. Furthermore, our designed molecules have two more amino groups, which may potentially reduce the hydrophobicity, leading to less hemolytic activity.

2 Syntheses of Gramicidin S analogues

Route description

The synthesis could be simply divided into two parts: preparation of β,γ-diamino acid and peptide synthesis. To synthesize β,γ-diamino acid, we applied the previously adopted synthetic route. Starting from natural D-phenylalanine, the Blaise reaction was performed in the presence of methyl bromoacetate and subsequent reduction afforded both diastereomers (Scheme 23).

Scheme 23. Overall synthetic route of GS analogues 2.2 Synthesis of β,γ-diamino acids

Preparation of α-amino nitriles

To acquire β,γ-diamino acids, we chose to apply our previous strategy. D-phenylalanine was used as starting material. The amino group was protected with benzyl chroloformate to give compound 134 in quantitative yield. To perform the subsequent amidation, ethyl chroloformate was employed to activate carboxylic acid group, then a mixture of tetrahydrofuran and aqueous ammonia was added and reacted with activated intermediate. Crude product was washed with diethyl ether to obtain rather pure white solid without purification. The two steps gave amide 135 in totally 74% yield. The following dehydration was achieved in the presence of trifluoroacetic anhydride. After purification by chromatography, amino nitrile 136 was obtained in 93% yield. It is noteworthy that, we adopted the improved strategy to access β,γ-diamino acids (see 1.2.2, Chapter II), which allowed us to obtain orthogonally protected amino acids. Therefore, the additional protection of amino group is not necessary and nitrile 136 was directly used for subsequent Blaise reaction (Scheme 24).

Scheme 24. Synthesis of α-amino nitrile from D-phenylalanine

Blaise reaction and reduction

Blaise reaction was performed in the presence of methyl bromoacetate under ultrasonic bath (to activate zinc dust). Enaminoester 137 was obtained in 51% yield. The subsequent diastereoselective reduction was performed using sodium cyanoborohydride as reducing reagent. The product was obtained as a mixture of diastereomers with a diastereomeric ratio approximately 4 : 1 (Scheme 25).

However, unlike in the case of tert-butyl ester used for Blaise reaction, in which diastereomers could be separated just after reduction, 41 it is impossible to separate diastereomers directly after reduction.

Di-tert-butyl dicarbonate was then used to protect the exposed β-amino group. Actually, even after 

Synthesis of GS8R in solution phase

After diastereomers separation, we decided to start the analogue synthesis with major diastereomer (βR,γR)-138. We chose to make peptide synthesis in solution phase. There are several reasons. First of all, if we apply solid phase peptide synthesis, Fmoc/tBu strategy should be adopted because of the requirements for extra protections of both β-amino in β,γ-diamino acid and side chain of ornithine. However, the γ-amino of β,γ-diamino acid, which is responsible for forming amide bond, is protected by Cbz group. So, if we wanted to use solid phase peptide synthesis, it would require more steps to replace Cbz by Fmoc protecting group. Moreover, similar to mother molecule, our designed analogues also occupy a C 2 -symmetrical sequence, and we can take advantage of this character for synthesis. Inspired by biosynthesis as well as some biomimetic synthesis, 211,212 we chose to synthesize α/γ-hybrid tetrapeptide (for GS is pentapeptide) as subunit. The linear final peptide could be obtained after subsequent dimerization of two subunits. Therefore, we though, for peptide GS8R, synthesis in solution phase would be more efficient than on solid phase.

Theoretically, 4 types of tetrapeptide sequences could act as subunit by altering different amino acid as C-terminus. However, according some studies regarding synthesis of GS and related analogues, it became apparent that specific pentameric sequence (for GS, it is DiPhe-Pro-Val-Orn-Leu-OH) has the ability to preorganize into β-hairpin structure to undergo cyclodimerization. 211,213,214 To respect these studies, we decided to synthesize tetrapeptide Z-(βR,γR)-DiPhe(Boc)-Val-Orn(Boc)-Leu-OMe as subunit for subsequent dimerization of linear octapeptide.

Monomers preparation

All natural α-amino acids were commercially available. L-Ornithine (δ-Boc) was further protected by Cbz group in N-terminus. Compound 139 was obtained in 90% yield. For orthogonally protected β,γ-diamino acid (βR,γR)-138, the further saponification was required to give compound (βR,γR)-140 (Scheme 27).

Scheme 27. Preparation of free C-terminus amino acids

Actually, to have the best saponification conditions for compound (βR,γR)-138, we made intensive explorations concerning base and temperature (Table 4). Initially, 2N aqueous NaOH in methanol (1/1, v/v) at room temperature was tested, but it was proved to be not enough basic to perform this reaction. We thus increased the basicity. However, when higher temperature (entry 2 and 3) and more concentrated aqueous NaOH were applied, intensive 4aminopyrrolidinone (βR,γR)-141 side product were formed. The formation of 4-aminopyrrolidinone (βR,γR)-141 probably went through a Cbz deprotection/lactamization mechanism (Scheme 28).

Eventually, the optimal saponification conditions was 4N aqueous NaOH in methnol (1/1, v/v). Under this condition, it gave us free C-terminus β,γ-diamino acid (βR,γR)-140 in 99% yield (entry 5). Scheme 30. Synthesis of peptide GS8R

2.4 Synthesis of GS8S on solid phase

Unsuccessful attempts of GS8S synthesis in solution phase

Synthesis of analogue GS8S has been proved to be much more complicated than analogue GS8R.

There are several reasons, and the biggest one stands on the less efficient production of minor β,γdiamino acid (βS,γR)-138 compared with major one(βR,γR)-138.

Initially we also essayed the synthesis in solution phase. Compound (βS,γR)-138 was primary saponified in basic conditions and then coupled with tripeptide (hydrogenated from 143) to give tetrapeptide 149. However, tetrapeptide 149 is soluble in aqueous layer, which makes it very difficult to perform extraction (Scheme 31). Due to this solubility issue, we discontinued this strategy and decided to perform peptide synthesis on solid support.

Scheme 31. Unsuccessful attempt of synthesis of peptide GS8S

Preparation of Fmoc-protected amino acids

As also mentioned above, only orthogonal Fmoc/tBu protection is suitable for this solid peptide synthesis. So, the Fmoc-protected amino acids were prepared initially. Natural amino acids with Fmoc protecting group are commercially available. For β,γ-diamino acids, it requires steps to replace Cbz by Fmoc protecting group.

Our primary strategy was conducted as following: hydrogenation as first step, then saponification and Fmoc protection as late step. However, under this strategy, it afforded 4-aminopyridinone (βS,γR)-141 as major product in both hydrogenation and the following saponification. This side reaction actually provided a new method to access 4-aminopyridinone (also see ref. 199,203 ). Totally, it afforded wanted compound 152 in less than 10% yield (Scheme 32).

Scheme 32. Initial attempts to prepare Fmoc-protected β,γ-diamino acid 152

Lately, we modified the synthetic route by alternating the order of hydrogenation and saponification. In this case, lactamization was greatly minimized. Compound (βS,γR)-140 was 3 Biological activity study of Gramicidin S analogues

The aim of designing GS analogues is trying to have molecules with retained antibacterial activity whereas diminished hemolytic activity, which limited GS to topical application. Both antimicrobial and hemolytic acitivities have been tested for GS8R and GS8S.

3.1 Antimicrobial activity study

Experimental materials

The 620 nm absorbance was measured on a Multiskan FC microplate reader (Thermo Scientific).

All culture media required for bacteria incubation were freshly prepared and sterilized by autoclaving.

The prescriptions of different culture media are presentented in Table 5-8. For solid media, 20 g/L agar was added. 462 [a] Enterococcus faecalis CIP 103015 BHI 37°C

463 [a] Enterococcus faecalis CIP 103214 BHI 37°C 620 [a] Streptococcus salivarius CIP 102503 BHI [b] 37°C 622 [a] Enterococcus faecium CIP 103014 BHI 37°C

[a]: Class 2 bacterial strains. [b]: TSYE media was used for liquid medium preculture.

Antimicrobial activity testing

Preparation of suspension of bacterial strains

Initially, bacterial strains were plated on agar media (see incubation conditions in Table 9). Then, one single colony was transferred to liquid culture media and incubated following conditions indicated in Table 9. After bacteria reached mid-logarithmic phase, a diluted suspension (OD 600nm = 0.01) of each bacteria in PB nutrient media were prepared. BHI were used for Enterococcus faecalis CIP 103015 and Enterococcus faecalis CIP 103214 since growth was very low in PB. The prepared bacterial suspensions were used for following growth testing with DMSO and minimal inhibitory concentrations (MICs) measurement.

Growth testing with DMSO

Both GS and GS analogues were dissolved in DMSO to perform antimicrobial activity testing. In order to choose an appropriate amount of DMSO without influencing bacteria growing, the growth testing with DMSO were primary estimated. These experiments were accomplished under three different DMSO concentration in above prepared bacterial suspensions PB or BHI nutrient medium (Table 10). Cultures were carried out in 96 well microtiter plates with a culture volume of 100 μL. The microbial growths were assessed by measuring turbidity at 620 nm after incubation for 24 h.

The selected concentration of DMSO for each bacterial strain are shown in Table 11. 12). The microtiters were then incubated for 48 h in 37 or 30 °C. The microbial growths were assessed by measuring turbidity at 620 nm. MIC was defined as minimal inhibitory concentration. The MICs of each bacterial strain with different compound were determined (Table 13). ATCC 9027, GS8S even exhibited better activity than GS. More detailed structure-activity relationship analysis will be discussed below (see 3.3). We thus continued on hemolytic activity testing.

3.2 Hemolytic activity testing

Experimental Materials

The 450 nm absorbance was measured on a Multiskan FC microplate reader (Thermo Scientific).

All media required for were freshly prepared, including human blood solution, 10 % SDS solution and PBS solution (Table 14). 

Hemolytic activity testing

GS and GS analogues stock solutions (2 mg/mL) were diluted once to make also 1 mg/mL solution. Fresh human blood solution was diluted to 5x10 5 erythrocytes per μL. Each well was filled with 45 μL PBS solution, 5 μL samples (both GS and GS analogues with 2 different concentrations, 100 μg/mL and 50 μg/m final concentration respectively) and 50 μL diluted blood solution. DMSO was used as negative control. SDS (0.1% final concentration) was used as 100% hemolysis control.

Cultures were carried out in triplicate and incubated for 30 min in 37 °C. After incubation period, erythrocytes were separated by centrifugation (300 g, 10 min, room temperature). Then 50 μL of portion of each supernatant was transferred to other microtiter to measure the turbidity at 450 nm.

Supernatants of culture with different samples after centrifugation are shown in Figure 72.

Figure 72. An intuitional view of supernatant with different sample. From left to right: GS8R [a] (100 μg/mL [b] ) GS8R (50μg/mL), GS (100 μg/mL), GS (50 μg/mL), DMSO (negative control), SDS (positive control, 0.1% final concentration), Blank [c] .

[a]: Only supernatants of culture with GS8R

were presented, supernatants of culture with GS8S have similar turbidity at 450 nm. The above figure gave us an intuitional view of the difference of hemolysis between GS8R and GS. Actually, the hemolytic activity of GS8S was also greatly suppressed. The percentage of hemolysis at 100μg/mL were calculated with different compounds (Figure 73).

Figure 73. The percentage of hemolysis at 100μg/mL were calculated with different compounds. SDS was considered as 100% hemolysis control. It was predictable that GS analogues exerted less hemolytic activity considering the similar mechanism of action of hemolysis and bacterial killing. However, we were very pleased to observe the totally diminished hemolytic activity for both analogues. To our knowledge, the great decrease of hemolytic activity could be partly explained by higher hydrophilicity and reduced hydrophobicity. To have a better understanding of this observations as well as the different antibacterial activity exerted by GS8R and GS8S, we subsequently essayed to investigate the structure-activity relationship.

Structure-activity relationship analysis

Compared with gramicidin S, both analogues GS8R and GS8S have two more amino groups.

Under physiological condition, they will possess a net charge of +4 compared with +2 of GS.

Meanwhile, the hydrophobic proline residue has also been replaced in analogues. Overall, analogues display higher hydrophilicity and less hydrophobicity. This modification could largely explain the eliminated hemolytic activity and partly lost antimicrobial activity. In contrast, the amphipathicity, another important feature, was more complicated to determine. Unfortunately, neither crystallographic structure nor distinguish NMR spectrum information was obtained. However, we noticed that, for cyclic molecule GS, the amphipathicity is conformationally dominated by the stable formed β-hairpin.

In our case, GS8R has a C 2 -symmetrical sequence [L-Leu-(βR, γR)-DiPhe-L-Val-L-Orn] 2 . According to our previous work, in which we found that, in α/γ/α hybrid peptide composed of (βS,γS)-diamino acid and D-α-amino acids, C 9 turn is probably not favored around diamino acid residue. As they are enantiomers, we infer that C 9 turn may be not favored in GS8R, but it has to be noticed that when incorporated in a ring, the β,γ-diamino acid residue region may be forced to form a turn. For GS8S we did not have any data concerning the conformation of small peptide. The more likely presented turn in GS8S maybe is the reason why it has a better biological activity than GS8R. Actually, we extracted βturn region mimic from GS8R and made extensively structural analysis. Those studies showed that no C 9 intramolecular hydrogen bond formed around (βR, γR)-DiPhe residue in linear hybrid peptides in neither polar nor apolar solvent (Figure 74). This may partly explained the conformation adopted by GS8R. However, though no intramolecular turn observed, we found well-defined aggregation arose from those peptides. Those observations will be presented in Chapter IV. 

Variable-concentration 1 H NMR experiments

We then recorded proton spectra at different concentrations ranging from 5 mM to 100 mM in CDCl 3 (Figure 76). When the concentration was lower than 10 mM, a single population was identified.

We noticed that no amide proton resonance was observed at δ > 7 ppm, suggesting no intramolecular hydrogen bond is formed according to our previous work. 41,207 However, when the concentration was increased (higher than 10 mM), a significant rising of a new specie was observed, characterized by the linear downfield shift. These results suggest the formation of aggregates, which encompass peptides with a well-defined conformation rather than an equilibrium between random monomer and folded monomers. The appearance of aggregate allows us to distinguish oligomer form monomer in the NH region. Meanwhile, we also found that no additional resonances appeared at variable concentration, only eight NH signals were observed between 10 mM and 100 mM, implying the oligomer is unique and symmetric. 

2D-NMR experiments

Extensive NMR studies (NOESY, [START_REF]MHz[END_REF] H-15 N HSQC and COSY) were undertaken using a 50 mM solution of tripeptide 155 in CDCl 3 . It allowed the complete proton assignment in the NH region. We observed EXSY correlations between monomer and oligomer in the NOESY spectrum, reflecting the dynamic equilibrium between monomer and oligomer (Figure 77). This allowed us to link the exchanging NH in monomer and oligomer. EXSY correlations between monomer and oligomer are indicated.

Moreover, in [START_REF]MHz[END_REF] H-15 N HSQC, we observed a significant 15 N chemical shift difference between the amide and the carbamate group (Figure 78). This also helped us to make the NH assignment. The COSY experiments allowed us to obtain the full assignment of NH protons. The assignment in the aliphatic region was more complicated. But some groups sharp singlet such as methyl ester (-OMe)

and tert-butyl (-tBu), distinguishing the two species was relatively easy. 

Temperature dependence experiments

Temperature dependence is also an indication of hydrogen bond formation. 218 1 H NMR spectra were performed in a 50 mM solution of tripeptide 155 in CDCl 3 at a temperature ranging from 260 K to 320 K (Figure 80). This study showed that the oligomer is favored at low temperature. Temperature was increased than decreased showing a similar behavior excluded the possibility of degradation.

Temperature coefficients Δδ/ΔT (ppb/K) were calculated to discriminate H-bonded (exchangeprotected) and solvent-exposed NHs (Table 14). For monomer, we observed small Δδ/ΔT NHs, especially for H 8 , indicating that H 8 are probably exposed to solvent or permanently shielded by hydrogen bond. However, the chemical shift of H 8 is not in agreement with the formation of hydrogen bond. In contrast, much larger Δδ/ΔT of oligomer were recorded in NH region, which probably results from the dissociation of the aggregates. Even though when applied to peptides, temperature dependence maybe hazardous. These evidences strongly indicate the existence of intermolecular hydrogen bonds in oligomers. 

Proportion variation experiments

The amounts of monomer and oligomer at each temperature have been determined. The population measured followed a sigmoidal variation as a function of temperature and the data were fitted with a sigmoidal model. Figure 81 shows the temperature dependence of the monomer and oligomer populations from 260 K to 320 K obtained from these studies. As the sigmoidal variation was also observed in other studies concerning molecular oligomerization, 219 we believe this is another evidence which indicates the presence of oligomerization. As no intermediate oligomeric species were detected, the equilibrium between monomer and oligomer may be considered as simple interconversion. 3 Diffusion-Ordered Spectroscopy (DOSY) experiment

Realizing the existence of aggregates of tripeptide 155 in CDCl 3 , we intended to investigate the structure and conformation of this aggregate. Unfortunately, no single-crystal structure was obtained by all means. Therefore, we decided to record Diffusion-Ordered Spectroscopy (DOSY) experiment to obtain structural information about the oligomer.

Introduction of DOSY experiment

Diffusion NMR experiments resolve different compounds spectroscopically in a mixture based on their difference of translational diffusion coefficient, which depends on the size and shape of the molecules. Figure 82 shows a typical DOSY experiment, where the intensity of different proton peaks belonging to different molecules, decreases at different rate while increasing the gradient strength. The intensity, "I", is proportional to ( ) ( ) , where "γ" is the gyromagnetic ratio, "g" is the gradient strength, "δ" and "Δ" are fixed delays in the NMR pulse sequence and "D" is the diffusion constant. The diffusion constant can be extracted either using a non-linear curve fit to the resulting Gaussian decay or be calculated by a linear fit to "In(I)" versus "g 2 " function of diffusion coefficient (D). By having each diffusion coefficient (Figure 83), each proton NMR peak is distributed to a component. Consequently, the mixture is determined in terms of composition and relative molecular size of each component as well. 

Solvent selectivity

Many factors should be taken in account to perform a proper DOSY experiment, including temperature, pressure, diffusion time and solvents. The nature of solvent may impact the experimental measurements via potential self-convection processes. The suppression of such convection artifacts has Magnetic field gradient strength Intensity been extensively investigated. 220 Solvent convection is usually correlated with viscosity. So solvents such as CDCl 3 and CD 2 Cl 2 are not suitable for DOSY experiment. The solvents with higher viscosity are more frequently used, for instance benzene-d 6 and toluene-d 8 . However, tripeptide 155 is relatively poor soluble in benzene-d 6 or toluene-d 8. Therefore we chose 1,2-dichlorobenzene-d 4 (o-DCB-d 4 ) for DOSY experiment to require a better solubility. [START_REF]MHz[END_REF] H NMR spectra was performed in a 5 mM solution of tripeptide 155 in CDCl 3 at 273 K. Though it is more difficult to complete proton assignments, we can intuitively observe the similar behavior compared with [START_REF]MHz[END_REF] H NMR in CDCl 3 (Figure 84). Figure 84. [START_REF]MHz[END_REF] H NMR spectra in a 5 mM solution of tripeptide 155 in DCB at 273 K (400 MHz)

Function fitting

To measure diffusion coefficient of monomer and oligomer, following fitted function was employed:

( ) ( ) ( ) f(x) is equal to In(I) (I, intensity of magnetic resonance). "D" is diffusion coefficient. "γ" is
gyromagnetic ratio (26752 rad/(s*Gauss)). "g" is gradient strength, variable. "δ" is little delta (0.0030000 s). "Δ" is big delta (0.10000 s). With the chosen function and settled parameters, [START_REF]MHz[END_REF] H spectroscopy was thus performed under variable gradient strength. The f(x) was displayed as a function of g 2 and then fitted with a linear curve.

However, we noticed that the fittings of some protons were not good, especially protons form NH region (Figure 85). This could be partly explained by the H-exchange in NH region. Therefore, the observed intensities were not accurate. In contrast, some data obtained from aliphatic region are perfectly fit the applied function (Figure 86). 

Diffusion coefficients determination

So we decided to focus first on the aliphatic region that gave better fitted peaks. However, even in aliphatic region, it was not possible to calculate diffusion coefficient for all the aliphatic protons due to the resonance overlapping in the region. In fact, only the protons displaying isolated resonances such as sharp singlet peaks are able to perform the calculation. Therefore, we chose the well fitted aliphatic signals (δ = 3.57, 3.53, 1.46, 1.44, 1.05, 0.90, 0.70 and 0.64) to measure the diffusion coefficients.

According to the calculations, the diffusion coefficients (D s ) of oligomer and monomer are 1.27x10 -10 m 2 /s and 1.45x10 -10 m 2 /s respectively. The diffusion coefficients of TMS and o-DCB-d 4 (the calculation of DCB may not accurate due to the peak overlapping) were also extracted (Figure 87). The ratio of D s between monomer and oligomer is approximate 1.14. To determine the structure of oligomer, the Stokes-Einstein equation was introduced. 

( ) ⁄ "D" is diffusion coefficient, "V" is molecular volume, ( ) ⁄ { ⁄ [( ) ⁄ ]},
(for p >1), or ( ) ⁄ ( ⁄ { ( ) ⁄ ⁄ }) (for p < 1), "p" is determined by the molecular form. Figure 88 presents three curves within F = 1 (blue, spherical form), F = 1.1 (yellow) and random (pink, adopting other function). When applied to the diffusion coefficient of tripeptide 155, as oligomer is an integer multiple of monomer, it confirmed that the oligomer is a dimeric structure, within F  1.1. The value of F is consistent with p  3, a highly cylindrical form. Y-axis: diffusion coefficient ratio and X-axis: volume ratio (nature of aggregate).

4 Further conformation analyses and hypothesis on Dimer-155 4.1 NMR studies of Dimer at low temperature Realizing the aggregate is composed of two monomers, we further investigated the conformation of this structure. [START_REF]MHz[END_REF] H NMR spectra was performed in a 200 mM solution of tripeptide 155 in CDCl 3 at 240 K (Figure 89). At this temperature and concentration, we were pleased to observe only the dimer.

Extensive NMR ( 1 H, 13 C, COSY, HSQC, HMBC) allowed the complete distribution of proton and carbon resonances. ROEs between protons, we infer that there is no intramolecular hydrogen bond in the monomer.

Therefore, these ROEs are probably observed from protons belong to the adjacent monomers in a dimer. ROEs observed in ROSEY experiment. Signals observed form long, medium and short range distance in backbone (assume inside in monomer) were indicated by red, pink and black squares respectively.

Infrared spectroscopy

Infrared experiments were recorded in transmission mode using FTIR Brucker IFS 66.

Compounds were dissolved at 5 to 100 mM concentration in chloroform and transferred in a liquid cell equipped with NaCl windows. Though Amide I band is usually used for the indication of H-bonding, we observed a peak overlapping in this region. This observation made us very difficult to distinguish the H-bonded NHs from free NHs. Not surprisingly, we found distinct peaks in Amide A region. The rising of redshifted peak as concentration increasing corresponds to increase of H-bonding (Figure 91).

However, the molar absorption coefficients are usually different between free and bound amide A bands according to some investigations. 222 Therefore, Amide A region was not reliable for further quantitative analysis. But the rising of two NH bonded peaks probably To acquire more information based on FTIR, furthermore investigations are required. 

Conclusions and perspectives

We observed that a short hybrid peptide sequence incorporating a γ-amino acid that has the ability to self-assemble into aggregate. After a structural investigation by NMR spectroscopy, we proposed that this aggregate is a dimer. The conformational studies regarding peptidomimetic foldamers containing γ-amino acids have been wildly investigated whereas few are related to intermolecular assembly. Peptides self-assembly is actually a common process existing in nature wild. There are some fantastic examples like collagen fiber, spider silk, amyloid fiber and so on.

Moreover, this tendency of peptides is also applied to develop peptide-based drugs. For instance, lanreotide, a synthetic, therapeutic cyclic octapeptide analogue of somatostatin, self-assembles in water into perfectly hollow and monodisperse (24-nm wide) nanotubes. This ability allows it to dramatically increase the metabolic stability. 26 The similar success also occurred in the Lantus® (also named insulin glargine), one of the most widely used long-acting insulin currently on the market developed by Sanofi. 223 After subcutaneous injection of acidic solute, the insulin glargine formed in higher order aggregates of insulin hexamers in physiological pH. The aggregates thus slowly dissociate from insulin hexamer to functional and physiologically active monomers. So the metabolic stability and half-time is greatly increased.

Small peptides have also been developed for nano-materials. For instance, diphenylalanine, the core recognition motif of Alzheimer"s β-amyloid polypeptide, have shown the ability to self-assemble into nanotubes. 224,225 There are many other studies reported that short peptide enriched with phenyl groups have the potential to self-assemble into nanotubes or hydrogel. 226,227 The common feature shared by those assemblies is the π-π interactions, which significantly promote the formation of aggregation. As this character is also possessed by the Dimer-155, it would be interesting to further investigate its potential of forming high-level oligomers or being inhibitor of β-amyloid polypeptide.

In fact, β-hairpin mimic peptides have been developed to modulate amyloid β-peptide oligomerization. 228 In addition, as Dimer-155 trends to from stable anti-parallel dimeric structure, it could be also used as core component to mimic β-sheeted peptides such as antimicrobial peptides. In case two βamino groups are not able to provide sufficient hydrophilicity, we can further functionalize the βamine group with a guanidine group (peptide 157) or prolong the backbone with cationic amino acids such as ornithine or lysine (peptide 158, Figure 93). In chapter III, we have presented a practical application of linear β,γ-diamino acid in mimic natural peptides. Actually, cyclic oβ,γ-diamino acids are also interesting for they are conformationally constrained and thus are responsible for special conformational features of peptides. For example, the natural α-amino acid, L-proline is known to form poly-proline helices or to generate turns associated with glycine. In our group, we have synthesized a family of hybrid α/γ-peptides alternating 5membered ring γ-amino acid. These peptides were able to adopt stable extended helix conformation in solution, without any hydrogen bond (also see 2.3, Chapter II). Therefore, we were then interested in the synthesis of the ring expanded γ-amino acid such as 6-membered ring γ-amino acids.

Synthesis of 6-membered ring γ-amino acids

To respect our previous work, the synthesis of the 6-membered γ-amino acid was started from glutamic acid. We wanted to have access to both diastereomers to be able to study later the impact of the configuration on the conformation of peptides. However, the synthesis of 6-membered ring γamino acids have been proved to be more challenging than 5-membered ring one. The reason could be explained by the relatively poor region selectivity of iminozincate intermediate during Blaise reaction.

This kind of compounds is highly functionalized and we needed to pay special attention to protecting groups. Here, we will presented both our unsuccessful attempts and lately modified conditions.

2.1 Unsuccessful attempts to access 6-membered ring γ-amino acids

Synthesis of monoprotected amino nitriles

The first step was the synthesis of protected nitriles 161. Following our previous work, we first planned to use carbamates. Six different monoprotected nitriles 161 were synthesized in good yield under classical conditions (Table 15). [a]: Compounds 160a and 160b compounds, the yield was reported for the final compounds 161a and 161b.

Blaise reaction

For aspartic acid, Blaise reaction was performed on monoprotected nitrile 77 and nucleophilic attack of the iminozincate intermediate occurred on methylester leading to the formation of 5membered compound 81. Only traces of nucleophilic attack on carbamate moiety were observed, the ester being more electrophilic than the carbamate. Nevertheless for glutamic acid derivative 161, there could be competition between nucleophilic attack onto the ester, leading to a 6-membered lactam 162 and nucleophilic attack onto the carbamate leading to a 5-membered cyclic urea 163. Thus, nonelectrophilic sulfonyl protecting groups were also used. The results are gathered in Table 16. With Cbz and Boc protecting group cyclic urea 163a,b was not surprisingly formed but the global yield of lactam 162a,b and urea 163a,b was disappointingly low. Reaction was efficient for compound 161c (tosyl protection) affording 162c but Ns (nosyl) protected derivative 161d was not compatible with the Blaise reaction conditions and no expected product could be isolated. The use of SES (2-(trimethylsilyl)ethanesulfonyl), which is in principle easily cleaved, led to lactam 162e in a very low yield and further SES-nitrogen deprotection led to degradation. We just gave up this protecting group.

Unexpectedly, use of Alloc (allyloxycarbonyl) protecting group led to formation of the lactam 162f from 161f along with the deprotected 5-membered ring lactam 164 with a global yield for these two compounds of 62%. The structure of compound 164 was unambiguously determined by X-ray structure. The formation of compound 164 results probably from in situ Alloc deprotection and subsequent cyclization, the γ-amino group being more nucleophilic with respect to the β-one. Therefore, for this work, we decided to continue the synthesis of 6-membered γ-amino acids by using Tosyl as protecting. The early steps to enaminoester is described in Scheme 37.

Scheme 37. Synthesis of enamino ester with tosyl as N-protecting group It is noteworthy that N, N"-carbonyldiimidazole was used as activation reagent instead of ethyl chloroformate to avoid the Tosyl-nitrogen carbamoylation which will lead to the formation of Ndisubstituted compound 165.

Reduction

We then attempted reduction on lactams 162c. Hydrogenation with Pd/C of compound 1612 gave access to an inseparable mixture of diastereomers 166 (dr = 70:30) in 55% yield (just a few amount of the less polar compound, major diastereomer, whose configuration was further assigned to (βR, γS)-166, could be isolated as pure compound by chromatography). The yield was lately improved to 85% in the presence of Pd/(OH) 2 (Scheme 38).

Scheme 38. Hydrogenations on compound 162c

Reduction under dissolving metal was also investigated. Treatment of 162c with sodium in THF/ammonia gave a mixture of ester, acid and alcohol (Scheme 39). The formation of alcohol could be explained by the trace of moisture in the reaction medium. However, we discontinued this method because of low yield.

Scheme 39. Birch reduction of compound 162c

Diprotection and Tosyl cleavage 2.2.3.1 Unexpected kinetic resolution

As our initial target was the 6-membered ring lactam, we tried to either de-tosylate the mixture of diastereomers 166 or to introduce a second protecting group to be able to separate them. At this stage, on the mixture of diastereomers, we were not able to deprotect the γ-amine function with usual (Mg/MeOH), or strong reductant (Red-Al) Ts cleavage conditions. On the contrary, benzylation of the mixture of diastereomers 166 was achieved in good yield but the diastereomers 170 were again inseparable. We turned then our attention towards benzylcarbamate protection. Several conditions were tested (Table 17). We observed in several cases the formation, along with the expected product, of the benzylated compound 170, arising probably from degradation of the chloroformate in the reaction conditions. Formation of compound 170 was highly favored when DMAP and CbzCl were used (entry 7). N-carbamoylation was finally successfully achieved by using NaH as a base and CbzCl (entry 8). In that case, we observed a kinetic resolution: only diasteromer (βR,γS)-166 was carbamoylated to give compound (βR, γS)-169 whereas the minor one remained unreactive. These two compounds had then very distinct polarity and were easily separated by chromatography. Probably the minor diastereomer is more hindered and therefore more difficult to be carbamoylated. With this method, we had thus obtained separately both diasteromers of the 6-membered ring lactam. NOESY experiment allowed us to determine the relative configuration of both diastereomers 169, which was confirmed by the crystallographic structure of the isolated minor diastereomer (βS,γS)-169 (Figure 94). However, deprotection of the isolated minor diastereomer (βS,γS)-166 remained a problem.

Initially, we attempted to directly remove tosyl under several reported condition, for instance KPPh 2 , Sodium or Lithium /naphthalene, CsF-celite and SmI 2 (Table 18). Nevertheless, none of those conditions worked. 19). The introduction of a benzylcarbamate was not possible, even on the isolated diastereomer, which could be partly explained the steric hindrance of NH group. However, the isolated minor diastereomer (βS,γS)-166 could be protected by a benzyl group in 70% yield with BnBr and K 2 CO 3 in refluxing acetonitrile overnight. It is noteworthy that while NaH or KH was employed as base, we needed to pay attention the used amount of base. For instance, when more than 2 eq. of NaH was used, both amine and amide were deprotonated. In this case, more nucleophilic amide was benzylated to afford compound 174 (entry 7). In contrast, when only 1 eq. base was used, Tosylnitrogen was benzylated to give compound (βS,γS)-170 (entry 8). Unfortunately, even for the diprotected minor diastereomer, the deprotection can nevertheless be performed after attempted all conditions described previous. 

Assay with Trityl protecting group

We are able to access to both diastereomers using Ts as protecting group. However, the unremovable Ts group in diastereomer (βS,γS)-166 remains a drawback. Therefore, other protecting groups were also attempted. As a non-electrophilic protecting as well as easy cleavage functional group, Trityl was introduced as amino protecting group. Tritylation was performed in the presence of triphenylmethyl chloride and Et 3 N after carboxylic acid was protected with trimethylsilyl chloride.

Trityl protected amino acid 175 was then obtained after hydrolysis with MeOH in 36% yield. 230 Amidation was then carried out in the presence of 30% aqueous ammonia after carboxylic acid activation with ethyl chloroformate. Amide 176 was synthesized in 60% yield. Dehydration was performed in the presence of trifluoroacetic anhydride and Et 3 N to give nitrile 177 in 48% yield (Scheme 42). Unfortunately, nitrile 177 was not compatible under Blaise reaction conditions regardless classical conditions or under ultrasonic bath.

Scheme 42. Synthesis of monoprotected α-amino nitrile 2.4 Alternative route starting from L-glutamic acid 5-benzyl ester

The synthesis of a five-membered ring analogue of compound 81 (Boc protecting group instead of Cbz) was recently published: 193 the authors used our strategy to get this fragment of Microsclerodermine B and J and completed the total synthesis. In their approach, they started from N-Boc-L-aspartic acid 4-benzyl ester and got the corresponding lactam in higher yield than we did. We thus decided to investigate again Boc protection and repeated the synthesis starting from commercially available L-glutamic acid 5-benzyl ester. The synthesis is described in Scheme 43. This strategy was much more efficient: nitrile 180 231 was obtained in higher yield than before (compare with compound 

Conclusions

We developed a synthesis of 6-membered ring orthogonally protected constrained β,γ-diamino acids starting from L-glutamic acid. Depending on the N-protecting group of compound 161, we were able to direct the reaction toward the six-membered ring (PG = Ts, Boc). During our investigations, we discovered an interesting kinetic resolution of a mixture of diastereomers allowing easier separation, when starting from diastereomers 166. According to the literature data, 232,233 these amino acids possess a strong potential in inducing interesting conformations when inserted in peptide sequences. Hence, we attempted to hybrid peptides alternating alternating 6-membered ring β,γ-amino acid (LAC) and αaminoisobutyric acid (AIB) with respect to our previous work. 16 3 Synthesis and conformational studies of α/γ-hybrid peptides 

NOESY experiment

Interested by the likely formed intramolecular hydrogen bond in as short as four residues tetrapeptide 187, we further made NOESY experiment to scope the NOEs between long-range protons.

NOESY experiment was performed in methanol-d 3 . Interestingly, long-range NOE correlations were observed between protons such as H 5 /H 12 . We also observed very weak NOE between H 3 and H 12 .These observation reminded us the similar NOEs correlations reported by Gellman"s group, 62,65 suggesting tetrapeptide 187 adopts a 12-helix structure. However, partly due to the overlapping of proton resonance, we did not determine another NOE correlation between H 2 and H 12 , which also accounts for 12-helix. According to Hoffman"s calculation, 61 12-helix and 12/10-mixed helix are most popular in α/γ-hybrid peptide. However, we did not found any correlation account 12/10-mixed helix.

Therefore, we proposed the formation of two C 12 intramolecular hydrogen bonds in tetrapeptide 187

(Figure 96).This proposal is also consistent with the observations from DMSO titration experiments, excepted for H 13 , which is probably shield by folded structure form polar solvent. More studies from peptide with longer backbone sequence are required to get more regular evidence. Preliminary conformational studied infer that tetramer 187 adopts a 12-helix conformation constrained by intramolecular hydrogen bond. We were interested in further exploring the conformational character possessed by hybrid peptides alternating AIB and 6-membered ring β,γdiamino acid. We decided to prolong peptide sequence. However, due to the solubility issue of hexamer, we have to perform peptide synthesis on solid support. 

Conclusions and perspectives

To sum up, ultimately, we are able to access to 6-membered ring γ-amino acids in different synthetic strategies. The first one started from L-glutamic acid 5-methyl ester using p-toluenesulfonyl as α-amino protecting group. However, unremovable Tosyl in minor diastereomer (βR,γS)-166 remains a drawback. For the second synthetic route, L-glutamic acid 5-benzyl ester was introduced as starting material and Boc was employed as protecting group. In this case, it allowed us to access to both diastereomers. The benzyl group obviously favored the nucleophilic attack of iminozincate intermediate on ester motif.

The major diastereomer was used for peptide synthesis. We also made some investigations concerning conformation possessed by tetrapeptide 187. Evidences imply that tetrapeptide 187 probably adopts 12-helix conformation constrained by intramolecular hydrogen bond. The more clear conformational characteristics could be expected with more intensive investigations on peptides with longer backbone sequence. These work will be continuously explored by our group.

General conclusions and perspectives

This work focus on the development of new peptide structures based on β,γ-diamino acids. These unnatural peptides are either exhibiting antimicrobial activity or interesting conformations.

Notably, we have synthesized two diastereomers of antimicrobial gramicidin S analogues in different strategies. GS8R was synthesized in solution phase by taking advantage of the C 2 -symmetric structure with a 3.7% overall yield. Due to the solubility issue, GS8S can only be synthesized on solid phase peptide synthesis in a 0.4% global yield. The biological tests demonstrated that the hemolytic activity of both analogues were greatly diminished, albeit a partial loss of antimicrobial activity. The suppression of hemolytic activity could be partly explained by the increase of cationicity and decrease of hydrophobicity. More importantly, these observations will further inspire the synthesis of GS analogues based on β,γ-diamino acids.

During the conformational investigation of GS8R, we observed that an α/γ/α-tripeptide is able to self-assemble into oligomer in apolar solution. Extensive NMR spectroscopy was adopted to analyze the conformation of the oligomer. Ultimately, the Diffusion-Ordered Spectroscopy (DOSY) revealed this aggregate as a dimeric structure. Actually, the conformational studies regarding peptidomimetic foldamers containing γ-amino acids have been wildly investigated whereas few are concerning intermolecular interaction. Therefore, we have reported that hybrid peptides alternating β,γ-diamino acid and α-amino acid are able to induce not only intramolecular by also intermolecular interaction.

Moreover, we proposed that this dimer adopts stable anti-parallel conformation. This feature allows it as core component to mimic β-sheet structure. Therefore, with rational modification in peptide sequence and proper terminal linkage, amphipathic cyclic peptides could be expected

In addition, after a long journey, we are able to access to 6-membered ring γ-amino acids in different synthetic strategies. The first one started from L-glutamic acid 5-methyl ester using Tosyl as protecting group. However, unremovable Tosyl in minor diastereomer remains a drawback. In the second synthetic route, we replaced the starting material with L-glutamic acid 5-benzyl ester and used Boc as protecting group. The benzyl group obviously favored the nucleophilic attack of iminozincate intermediate on ester motif during the Blaise reaction. Thus, it allowed us to access both diastereomers.

The major diastereomer was subsequently applied to peptide synthesis. The primary evidences implied that the hybrid α/γ/α/γ-tetrapeptide probably adopts 12-helix conformation constrained by intramolecular hydrogen bond. More conformational characteristics could be expected on longer backbone peptide sequence. These work will be continuously explored by our group.

Experimental section

General procedure The Kaiser test for solid phase peptide synthesis is presented below, including solution and procedure. 209 .

Test solutions:

Reagent A : Dissolve 16.5 mg of KCN in 25 mL of distilled water. Then dilute 1.0 mL of this solution with 49 mL of pyridine. Reagent B: Dissolve 1.0 g of ninhydrin in 20 mL of n-butanol.

Reagent C: Dissolve 40 g of phenol in 20 mL of n-butanol.

Test procedure:

Take 10-15 beads of resin in a test tube then adding 2 to 3 drops of each above reagent. Then heat the resulting mixture at 110°C for 5 minutes. If the mixture does not present blue color, it means there is no more free amino group.

Part I Syntheses of Gramicidin S analogues

Cbz protection

N-Cbz-D-Phenylalanine 134

To a stirred solution of D-Phenylalanine (15 g, 90.80 mmol, 1 eq.) in 5% aqueous NaHCO 3 (800 mL) at room temperature was added benzyl chloroformate (15.34 mL, 108.97 mmol, 1.2 eq.) and

resulting mixture was allowed to stir for 12 h. Diethyl ether (200 mL) was added to remove the excess of benzyl chloroformate. Aqueous layer was acidified with 6N hydrochloric acid to pH = 1 and extracted with ethyl acetate (300 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure to give compound 134 (27 g) as a white solid in quantitative yield. The product was directly used for next step without any further purification. To a stirred solution of compound 134 (2.2 g, 7.36 mmol, 1 eq.) in THF (22 mL) at 0 °C under argon was added Et 3 N (1.13 mL, 8.09 mmol, 1.1 eq.) followed by ethyl chloroformate (0.8 g, 8.09 mmol, 1.1 eq.) and resulting mixture was allowed to stir for 1 h. A solution of THF/30% aqueous ammonia (8.8 mL, 1/1, v/v, 10 eq.) was added and the solution was allowed to stir at 0 °C for additional 30 min. After volatile removal, the aqueous layer was diluted with water (100 mL) and extracted with DCM (100 mL). The organic layer was washed with 2N aqueous hydrochloric acid, saturated aqueous NaHCO 3 and brine, then dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was washed with diethyl ether to afford compound 135 (1.6 g) as a white solid in 74% yield.

[α] D 27 = -4.2 (c = 0.5, MeOH) IR (cm -1 ): 3418, 3318, 3273, 3199, 3032, 2966, 2926, 1692, 1650, 1534.

Dehydration (R)-benzyl (1-cyano-2-phenylethyl)carbamate 136
To a stirred solution of compound 135 (1 g, 3.35 mmol, 1 eq.) in THF (15 mL) at 0 °C under argon was added Et 3 N (0.9 mL, 6.7 mmol, 2 eq.) followed by TFAA (0.9 mL, 6.7 mmol, 2 eq.) and the resulting mixture was allowed to stir for 1 h. After volatile removal, the residue was dissolved in DCM (100mL) and washed with 2N aqueous hydrochloric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure.

Crude product was purified by chromatography (SiO 2 , ethyl acetate/petroleum ether, 30/70, v/v) to give compound 136 (0.87 g) as a withe solid in 93% yield.

[α] D 28 = 52.4 (c = 0.5, MeOH) IR (cm -1 ): 3428, 3367, 3221, 3027, 2941, 1721, 1667, 1622, 1580, 1530.

Reduction and Boc Protection

(4R)-methyl 4-(((benzyloxy)carbonyl)amino)-3-((tert-butoxycarbonyl)amino)-5-phenylpentanoate 138

Preparation of 2N anhydrous hydrochloric acid in MeOH:

Acetyl chloride (4.5 mL, 71.12 mmol) was slowly added to MeOH (31.5 mL) at 0 °C under argon.

2N anhydrous hydrochloric acid in MeOH was directly added to a reaction solution.

To a stirred solution of compound 137 (7.2 g, 20.32 mmol, 1 eq.) in a mixture of anhydrous DCM/MeOH (160 mL, 5/3, v/v) at -78 °C under argon was added 2N anhydrous hydrochloric acid in MeOH (35.6 mL, 71.12 mmmol, 3.5 eq.) followed by a solution of sodium cyanoborohydride (1.91 g, 30.47 mmol, 1.5 eq) in anhydrous MeOH (15 mL). The resulting mixture was stirred at -78 °C for 30 min at room temperature for 12 h before quenched with 2N aqueous NaOH to basic condition. After volatile removal, the aqueous layer was extracted with DCM (300 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. The crude compoud (6.03 g) was directly used for next step.

To a stirred solution of crude compound (6.03 g, 16.9 mmol) in MeOH (60 mL) at room temperature under argon was added Et 3 N (7.07 mL, 25.38 IR  (cm -1 ): 3373, 2976, 2940, 1732, 1693, 1685, 1529, 1512. (3S,4R)-methyl 4-(((benzyloxy)carbonyl)amino)-3-((tert-butoxycarbonyl)amino)-5phenylpentanoate (βS,γR)-138

[α] D 24 = 15.9 (c = 0.1, MeOH) To a stirred solution of compound (βR,γR)-138 (1.4 g, 3.07 mmol) in MeOH (14 mL) at room temperature under argon was added 4N aqueous NaOH (14 mL) and resulting mixture was allowed to stir for 6 h. After volatile removal, the aqueous layer was acidified with 6N aqueous hydrochloric acid to pH = 1 and extracted with ethyl acetate (100 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure to give compound (βR,γR)-140

(1.43 g) as a white solid in quantitative yield. 

Dipeptide coupling

Z-Orn(δ-Boc)-Leu-OMe 142

Compound 139 was preactivated with HATU (0.47 g, 1.23 mmol, 1 eq.) and N,Ndisopropylethylamine (0.64 mL, 3.68 mmol, 3 eq.) in DMF (12 mL) for 15 min at room temperature under argon before a solution of L-Leucine methyl ester hydrochloride (0.25 g, 1.35 mmol, 1.1 eq.) in DMF (5 mL) was added. The resulting mixture was stirred for 12 h then diluted with ethyl acetate (100 mL) and washed 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , ethyl acetate/petroleum ether, 30/70, v/v) to give compound 142 (0.52 g) as a white solid in 86% yield. 

Boc deprotection

Cyclo-[(βR,γR)-DiPhe-Val-Orn-Leu] 2 GS8R

A solution of compound 148 (30 mg) in a mixture of TFA/water (2 mL, 1/9, v/v) was stirred at room temperature under argon for 1 h. The solution was concentrated under reduced pressure (a small puddle of TFA was left in the bottom of flask for the following ether precipitation).

Ether precipitation:

After evaporation of the TFA/water from the global deprotection, equal volume (0. To a stirred solution of compound 151 (638 mg, 2.07 mmol, 1 eq.) in a mixture of water/dioxane (40 mL, 1/1, v/v) at room temperature under argon was added Fmoc-OSu (0.77 g, 2.28 mmol, 1.1 eq.) and K 2 CO 3 (1.43 g, 10.35 mmol, 5 eq.). The resulting mixture was stirred for 12 h then acidified with 2N aqueous hydrochloric acid to pH = 1 and extracted with ethyl acetate (100 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure.

Crude product was washed with diethyl ether to afford a white solid 152 (630 mg) in 60% yield. 

Boc deprotection

Cyclo-[(βR,γR)-DiPhe-Val-Orn-Leu] 2 GS8S

A solution of compound 154 (50 mg) in a mixture of TFA/water (2 mL, 1/9, v/v) was stirred at room temperature under argon for 1 h. The solution was concentrated under reduced pressure (a small puddle of TFA was left in the bottom of flask for the following ether precipitation).

Ether precipitation:

After evaporation of the TFA/water from the global deprotection, equal volume (0. Compound (βR,γR)-140 (0.32g, 0.72 mmol, 1 eq.) was preactivated with HATU (0.28 g, 0.72 mmol, 1 eq.) and N,N-disopropylethylamine (0.38 mL, 2.17 mmol, 3 eq.) in DMF (5 mL) for 15 min at room temperature under argon before a solution of L-Valine methyl ester hydrochloride (0.13 g, 0.79 mmol, 1.1 eq.) in DMF (4 mL) was added. The resulting mixture was stirred for 12 h then diluted with ethyl acetate (200 mL) and washed with 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine.

The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure.

Crude product was purified by chromatography (SiO 2 , ethyl acetate/petroleum ether, 30/70, v/v) to give compound 154 (0.32 g) as a white solid in 80% yield. Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound 154a (0.16 g ) as a white solid in quantitative yield.

Z-Leu-OH (0.11g, 0.41 mmol, 1.1 eq.) was preactivated with HATU (0.16 g, 0.41 mmol, 1.1 eq) and N,N-disopropylethylamine (0.14 ml, 0.82 mmol, 2 eq.) in DMF (3 mL) at room temperature under argon for 15 min before a solution of 154a (0.16 g, 0.37 mmol, 1 eq.) in DMF (2 mL) was added. The resulting mixture was stirred for 12 h then diluted with ethyl acetate (100 mL) and washed with 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , ethyl acetate/petroleum ether, 40/60, v/v) to give compound 155 (0.17 g) as a white solid in 68% yield. 

Part II Synthesis of cyclic γ-amino acid and corresponding peptides

N-Tosylation

N-Tosyl-L-Glutamic acid 5-methyl ester 159c

To a stirred solution of L-Glutamic acid 5-methyl ester (478 mg, 2.96 mmol, 1 eq.) in a mixture of water/1,4-dioxane (20 mL, 1/1, v/v) at room temperature was added Et 3 N (1.24 mL, 8.89 mmol, 3 eq.) and TsCl (565 mg, 2.96 mmol, 1 eq.). The resulting mixture was allowed to stir for 24 h. After volatile removal, the aqueous layer was washed with diethyl ether, acidified with 6N aqueous hydrochloric acid to pH = 1 and extracted with ethyl acetate (100 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , ethyl acetate/cyclohexane, 50/50, v/v) to afford compound 159c (737 mg) as a white solid in 79% yield.

[α] D 20 = +16 (c = 0.3, CH 3 OH) A suspension of zinc powder (37.1 g, 0.57 mol, 7 eq.) in anhydrous THF (150 mL) was refluxing under argon for 15 min before dibromoethane (0.7 mL) and tert-butylbromoacetate (drops) were added.

When a greenish solution was observed, a solution of compound 161c (24 g, 0.081 mol, 1 eq.) in

anhydrous THF (50 mL) was added in one portion and a solution of tert-butylbromoacetate (48.6 mL, 0.32 mol, 4 eq.) in THF (100 mL) was added dropwise over 1 h. The resulting mixture was refluxing for additional 2 h then cooled to room temperature. A 50% aqueous K 2 CO 3 solution (50 mL) was added and resulting solution was allowed to stir at room temperature for additional 15 min. Filtration of solid inpurities through on celite pad and concentration under reduced pressure gave a crude product.

The crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 3/7, v/v) to afford compound 162c (15.1 g) as a slightly yellow solid in 49% yield.

[α] D 20 = -52.0 (c = 2.7, CH 3 OH) A small quantity of this stereoisomer could be obtained by chromatography to perform NMR analysis.

[α] D 20 = -13.7 (c = 2.3, CH 3 OH) To a solution of a mixture of 166 (0.68 g, 1.779 mmol, 1 eq.) in THF (10 mL) at 0 °C under argon was added a suspension of NaH (60% dispersion in mineral oil, 213.5 mg, 5.337 mmol, 3 eq.) in THF (2mL) and the resulting solution was allowed to stir for 30 min. Benzyl chloroformate (0.76 mL, 5.337 mmol, 3 eq.) was added and the resulting mixture was allowed to stir for 12 h before quenched with crushed ice. After volatile removal, the residue was dissolved in ethyl acetate (50 mL) and washed with 2N aqueous hydrochloric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered, and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 1/1, v/v) to afford compound (2R,3S)-169 (0.53 g) and (2S,3S)-166 (0.17 g) in 58% and 25% yield respectively.

[α] D 20 = +27 (c = 1.0, CH 3 OH) To a solution of (βR,γS)-169 (2.14 g, 4.147 mmol, 1 eq.) in THF (15 mL) at -78 °C under argon was added potassium diphenylphosphide (0.5 M in THF, 25 mL, 3 eq.) and the resulting mixture was allowed to stir for 3 h before heated to room temperature. Then the solution was quenched with 2N aqueous hydrochloric acid (10 mL) for 15 min. After volatile removal, the residue was dissolved in ethyl acetate (200 mL) and washed with saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered, and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 6/4, v/v) to afford compound (2R,3S)-171 (1.25 g) in 83% yield.

[α] D 20 = +10.1 (c = 1.8, CH 3 OH) 

174

To a solution of (2S,3S)-166 (200 mg, 0.52 mmol, 1 eq.) in THF (10 mL) at 0 °C under argon was added a suspension of NaH (60% dispersion in mineral oil, 62.8 mg, 1.57 mmol, 3 eq.) and resulting mixture was allowed to stir 30 min. BnBr (267 mg, 1.57 mmol, 3eq.) was added and the resulting solution was allowed to stir for 12 h before quenched with crushed ice. After volatile removal, the residue was dissolved in ethyl acetate (100 mL) and washed with 2N hydrochloric acid aqueous, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 1/1, v/v) to afford compound (2S,3S)-174 (99 mg) in 40% yield. 

N-tritylation

N-Trityl-L-Glutamic acid 5-methyl ester 175

To a stirred solution of L-Glutamic acid 5-methyl ester (1 g, 6.2 mmol, 1 eq.) in a mixture of DCM/MeCN (30 mL, 5/1, v/v) at room temperature under argon was added TMSCl (0.8 mL, 6.2 mmol, 1 eq.) and the resulting mixture was allowed to stir for 3 h. Et 3 N (1.9 mL, 13.65 mmol) was then slowly added and resulting mixture was allowed to stir for 15 min before TrtCl (2.25 g, 8.1 mmol, 1.3 eq.) in DCM (15 mL) was added. The resulting solution was stirred at room temperature for 12 h.

Methanol (1.3 mL, 5 eq.) was then added, and the mixture was stirred for additional 30 min. After volatile removal, the residue was dissolved in ethyl acetate (200 mL) and washed with 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , cyclohexane/ethyl acetate, 7/3, v/v) to afford compound 175 (0.9 g) as a white solid in 36% yield. To a stirred solution of 175 (100 mg, 0.22 mmol, 1 eq.) in THF (1 mL) at 0 °C under argon was added Et 3 N (0.06 mL, 0.43 mmol) followed by ethyl chloroformate (25.8 mg, 0.024 mmol) and the resulting solution was allowed 30 min. A solution of THF/30% aqueous ammonia (0.26 mL, 1/1, v/v) was added and resulting mixture was allowed to stir at 0 °C for additional 30 min. After volatile removal, the residue was dissolved in DCM (100 mL) and washed 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 5/5, v/v) to afford compound 176 (60 mg) as a white solid in 60% yield. To a solution of 176 (66 mg, 0.25 mmol, 1 eq.) in THF (1 mL) at 0 °C under argon was added Et 3 N (0.07 mL, 0.50 mmol, 2 eq.) followed by TFAA (0.07 mL, 0.50 mmol, 2 eq.) and the resulting mixture was allowed to stir for 1 h. After volatile removal, the residue was dissolved in DCM (100 mL)

and washed with 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 8/2, v/v) to afford compound 177 (30 mg) as a white solid in 48% yield. 

Boc protection

N-Boc-L-Glutamic acid 5-benzyl ester 178

To a solution of L-Glutamic acid 5-benzyl ester (2 g, 8.44 mmol, 1 eq.) in a mixture of dioxane/water (40 mL, 1/1, v/v) at 0 °C under argon was added Boc 2 O (2.02 g, 9.28 mmol, 1.1 eq.) and

Et 3 N (2.3 mL, 16.88 mmol, 2 eq.). The resulting mixture was allowed to stir for 12 h from 0 °C gradually to room temperature. After volatile removal, the residue was acidified with 6N aqueous hydrochloric acid to pH = 1 and extracted with ethyl acetate (150 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure to give compound 178 (2.87 g) as a colorless oil in quantitative yield. To a solution of 178 (2.82 g, 8.35 mmol, 1 eq.) in THF (25 mL) at 0 °C under argon was added Et 3 N (1.28 mL, 9.19 ml, 1.1 eq.) followed by ethyl chloroformate (0.88 mL, 9.19 mmol, 1.1 eq.) and

the resulting mixture was allowed to stir for 30 min. A solution of THF/30% aqueous ammonia (10 mL, 1/1, v/v) was added and the resulting mixture was allowed to stir at 0 °C for an additional hour. After volatile removal, the aqueous layer was extracted with ethyl acetate (200 mL) and washed with 2N aqueous hydrochloric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure to give compound 179 (2.79 g) as a white solid in 99% yield. To a solution of 179 (2.78 g, 8.28 mmol, 1 eq.) in THF (40 mL) at 0 °C under argon was added Et 3 N (2.3 mL, 16.57 mmol, 2 eq.) followed by TFAA (2.3 mL, 16.57 mmol, 2 eq.) and the resulting mixture was allowed to stir for 2 h. After volatile removal, the residue was dissolved in ethyl acetate (200 mL) and washed with 2N aqueous hydrochloric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure.

Crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 9/1, v/v) to give compound 180 (2.1 g) as a white solid in 80% yield. To a stirred suspension of Zn dust (432 mg, 6.62 mmol, 7 equiv.) in refluxing THF (12 mL) were added 1, 2-dibromoethane (0.6 ml, 3.31 mmol, 3.5 equiv.) and few drops of tert-butyl bromoacetate.

To the resulting greenish suspension was then rapidly added a solution of 180 (311 mg, 0.95 mmol, 1 equiv.) in THF (4 mL). A solution of tert-butylbromoacetate (0.57 mL, 3.78 mmol, 4 equiv.) in dry THF (5 mL) was added dropwise over 30 min and resulting mixture was allow to reflux for 1 h before cooled to room temperature. A 50% aqueous K 2 CO 3 solution (12 mL) was added and the resulting solution was stirred at room temperature for additional 15 min. Filtration of solid inpurities through on celite pad and concentration under reduced pressure gave a crude product. The crude product was purified by chromatography (SiO 2 , petroleum ether /ethyl acetate, 7/3, v/v) to afford compound 162a (135 mg) as a white solid in 44% yield.

[α] D 20 = -99.8 (c = 1.8, CH 3 OH) 

Reduction and Boc-nitrogen carbamoylation

A solution of compound 162a (0.6 g, 1.84 mmol, 1 eq.) in dry MeOH (20 mL) was stirred for 1 h in the presence of 10 wt. % Pd/(OH) 2 (200 mg) at room temperature under H 2 (1 bar). Filtration of the catalyst through celite pad and concentration under reduced pressure gave a crude product 181 (0.58 g ). The crude product was directly used for next step.

To a solution of the crude compound 181 (0.58 g) in THF (10 mL) at 0 °C under argon was added a suspension of NaH (60% dispersion in mineral oil, 0.22 g, 5.52 mmol, 3 eq.) in THF (2 mL) and resulting mixture was allowed to stir for 30 min. Benzyl chloroformate (0.79 mL, 5.52 mmol, 3 equiv.)

was added and resulting mixture was allowed to stir for 12 h before quenched with crushed ice. After volatile removal, the aqueous solution was extracted with ethyl acetate (50 mL) and washed with 2N aqueous hydrochloric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 1 /1, v/v) to afford a yellow solid compound (βR,γS)-182 (0.26 g) and (βS,γS)-182 (0.2 g) as separated diastereomers in 30% and 24% yield respectively.

Then the Cbz protecting group of both diastereomers were removed separately in the presence of 10 wt. % Pd/C (0.05g and 0.04g respectively) in dry MeOH (5 mL and 4 mL respectively) at room temperature under H 2 (1 bar) for 30 min. Filtration of the catalyst through celite pad and concentration under reduced pressure gave (βR,γS)-181 (0.18 g) and (βS,γS)-181 (0.14 g) in quantitative yield.

Diastereomer (βR,γS)-182 A solution of compound (βR, γS)-171 (51 mg, 0.14 mmol, 1 eq.) in dry MeOH (3 mL) was stirred for 30 min in the presence of 10 wt. % Pd/C (15 mg, 0.14 mmol, 1 eq.) at room temperature under H 2

(1 bar). Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound 183(31 mg ) as a white solid in quantitative yield.

Z-AIB-OH (35 mg, 0.15 mmol, 1.1 eq.) was preactivated with HATU (57 mg, 0.15 mmol, 1.1 eq.)

and DiPEA (52 μL, 0.30 mmol, 2 eq.) in DMF (2 mL) at room temperature under argon for 15 min before a solution of 183 (31 mg, 0.14 mmol, 1 eq.) in DMF (1 mL) was added. The resulting mixture was then stirred for 12 h then diluted with ethyl acetate (50 mL) and washed with 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , MeOH/DCM = 3 : 97, v/v) to give compound 184 (44 mg) as a white solid in 77% yield. A solution of compound 184 (210 mg, 0.47 mmol, 1 eq.) in dry MeOH (5 mL) was stirred for 30 min in the presence of 10 wt. % Pd/C (24 mg, 0.23 mmol, 0.5 eq.) at room temperature under H 2 (1 bar). Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound 186 (147 mg ) as a white solid in quantitative yield.

Compound 185 (175 mg, 0.45 mmol, 1 eq.) was preactivated with HATU (170 mg, 0.45 mmol, 1 eq.) and DiPEA (0.15 ml, 0.90 mmol, 2 eq.) in DMF (3 mL) for 15 min at room temperature under argon before a solution of 186 (147 mg, 0.47 mmol, 1.1 eq.) in DMF (2 mL) was added. The resulting mixture was then stirred for 12 h then diluted with ethyl acetate (100 mL) and washed with 10% aqueous citric acid, saturated NaHCO 3 aqueous and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , MeOH/DCM = 5 : 95, v/v) to give compound 187 (146 mg) as a white solid in 48% yield. 
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 2 est un dé capeptide cyclique amphipathique ayant une sé quence C 2symé trique [cyclo-(Val-Orn-Leu-D-Phe-Pro) 2 ]. Elle a é té isolé e de la bacté rie Bacillus brevis en 1942. La gramicidine S est le seul membre cyclique de la famille de la gramicidine qui contient é galement les gramicidines A, B, C et D.
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 2 Figure 2. Structure molé culaire de la gramicidine S

Figure 3 .

 3 Figure 3. Structure molé culaire de la gramicidine S (GS) et des deux analogues

  té moin d'hé molyse à 100%. Les peptides ont é té testé s avec deux concentrations : 100 et 50 μg/mL. Il é tait pré visible que les analogues de GS exerceraient moins d'activité hé molytique compte tenu du mé canisme d'action similaire de l'hé molyse et de la destruction bacté rienne. Cependant, nous avons é té trè s heureux d'observer une activité hé molytique quasiment inexistante pour les deux analogues. (Figure 4) À notre connaissance, la forte diminution de l'activité hé molytique pourrait s'expliquer en partie par une hydrophilie plus é levé e et une hydrophobie ré duite.

Figure 4 .

 4 Figure 4. Pourcentage d"hémolyse à 50 et 100 μg/mL de GS8R et GS8S comparé à celui de GS. Le SDS est considé ré comme conduisant à 100% d"hémolyse.

Figure 5 .

 5 Figure 5. Absence de boucle C 9 autour du ré sidu (βR, γR)-DiPhe dans les peptides hybrides liné aires en solution

Figure 6 .

 6 Figure 6. Spectre RMN 1 H d"une solution du tripeptide à 50 mM dans le CDCl 3 (en haut, 300MHz) ou le CD 3 OH (en bas, 360 MHz) à 300 K, "o"-oligomère, "m"-monomè re.

  Selon tous les calculs et observations, une structure a é té ainsi proposé e pour le dimè re (Figure7). Dans cette conformation, le dimè re est stabilisé par deux liaisons hydrogè ne intermolé culaires entre le NH du ré sidu L-Val et le carbonyle du ré sidu L-Leu. De plus, cette stabilité peut é galement ê tre renforcé e par l'interaction π-π entre les groupes phé nyle des acides β,γ -diaminé s.

Figure 7 .Sché ma 2 .

 72 Figure 7. Conformation proposé e pour le dimè re. Les liaisons hydrogè nes (entre H 3 et le CO de la leucine) sont indiqué es en tirets bleu. Les ROEs observé es sont indiqué es par des flè ches courbes à 2 pointes.

Figure 3 .

 3 Figure 3. Ramachandran plot: β-sheet and α-helix. The red and brown line surrounded regions represent the favored and allowed regions respectively.

Figure 4 .

 4 Figure 4. α-Helix

Figure 5 .

 5 Figure 5. Structures of (a) the cis and trans proline residue; (b) the PPI and PPII helices; and (c) the PPII helix viewed along the helical axis.

Figure 6 .

 6 Figure 6. Top view and side view of both (a) parallel and (b) anti-parallel β-sheets.
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 7 Figure 7. Crystal structure of tyrocidine A and gramicidin S.

Figure 8 .

 8 Figure 8. Two types of β-turn (R = alkyl or aryl)

Figure 9 .

 9 Figure 9. Dihedral angles of β-and γ-amino acid residue

2. 2 . 3 Figure 10 .

 2310 Figure 10. DMSO titration (from 0 to 140 μL) of in a 5 mM solution of tripeptide 1 in CDCl 3 (500μL)

Figure 11 .

 11 Figure 11. Examples of different pure secondary structures in CD spectra
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 124 Figure 12. γ 4 -Peptides forming 14-helices (H-bond i+3 → i are shown with curved arrows (top) and superimposition of the 20 lowest energy structures of hexamer 2 in pyridine-d 5 [top view (bottom left) and side view (bottom right)].

Figure 13 .

 13 Figure 13. γ 4 -Peptides forming 14-helices (H-bond i+3 → i are shown with curved arrows). TMSE trimethylsilyethyl

Figure 15 . 9 -

 159 Figure 15. 9-Helix of tetramer 6 and hexamer 7 (all NH, except NH(1), participate in H-bonding, top).

Figure 16 .

 16 Figure 16. The amide stacked structure ascribed to a conformer of 8 (the aromatic ring replaced by a hydrogen atom for clarity, top) and 9 (bottom).
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 32 Disubstituted γ-peptides Structural studies of disubstituted γ-peptides have also been extensively conducted. Balaram et al. synthesized dimer 10 and tetramer 11 using quaternary achiral Gabapentin residues. The tetramer 11 formed a 9-helix stabilized by three intramolecular hydrogen bonds. Stable conformation of dimer 10was also obtained while it was defined as C 9 ribbon because of the different backbone torsion angles (Figure17).49 

Figure 17 .

 17 Figure 17. Dimer 10 and tetramer 11 and corresponding crystal structure [(a) for dimer, (b) for tetramer] Conformations of γ 2,4 -peptides were also investigated. The extra substitution in γ-amino acid residues restricted the possible conformations possessed by the backbone. Tetramer 12, 14 and hexamer 13 were synthesized and determined to occupy a right-handed 14-helix in pyridine-d 5 by

  instead. Actually, this was demonstrated by tetrapeptide 16, dipeptide 17 and 18 achieved by Seebach and Hanessian.51,52 For tetrapeptide 16, the turn conformation was suggested by NOE data and deuterium exchange. For dipeptide 17 and 18, crystallographic structure directly indicates a C 14 turn (Figure20).
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 1920 Figure 19. Conformations of γ 2,4 -amino acids and schematic presentation of the 14-membered Hbonded rings
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 21 Figure 21. Structures of γ 2,3,4 -peptides

Figure 22 :

 22 Figure 22: Oligomers consisting of constrained γ-amino acids

Figure 23 .Figure 24 .

 2324 Figure 23. Oligomers of cis-γ-amino-L-proline

Figure 25 . 34 Figure 26 .Figure 27 .

 25342627 Figure 25. Oligomers of cis-2-(aminomethyl)cyclobutane carboxylic acid

  et al. performed calculations on unsubstituted hybrid α/γ-peptides by introducing ab initio MO theory at various levels of approximation.61 According to the calculations, they claimed that the most stable conformations were 12-helix conformation and the mixed 12/10-or 18/20-helices (Figure28).

Figure 28 .

 28 Figure 28. H-bonding in 12-helix (top) and in mixed helices: 12/10-or 18/20-helices (bottom)

Figure 29 .

 29 Figure 29. Oliogmers stablilized by mixed 12/10-helix (top) and 12-helix (bottom)

Figure 30 .Figure 31 . 46 Figure 32 .

 30314632 Figure 30. Oligomers containing constrained γ-residue

Figure 33 .Figure 34 .Figure 35 .

 333435 Figure 33. H-bonding in 11-helix and 13-helix (top) and in mixed helices: 11/13-helix or 20/22-helix (bottom)

Figure 37 .Figure 38 .

 3738 Figure 37. Cyclopeptide 52 constrained by sheet structure

Figure 39 .

 39 Figure 39. Number of published research articles on AMPs identified from 2000 until June 2017.

Figure 40 .

 40 Figure 40. Peptides representing the three main categories of the secondary structures of AMPs (shown in ribbon diagrams). (A): Human LL-37 in SDS micelles (PDB: 2K6O), adopts a largely amphipathic α-helical conformation, (B): porcine protegrin-1 in POPC lipid vesicles (PDB:1ZY6) and (C): human β-defensin 4 in an aqueous HEPES buffer (PDB: 1ZMM) adopt β-hairpin and triplestranded β-sheet respectively, (D): bovine indolicidin in SDS micelles (PDB: 1G8C) adopts flexible extended structure. Charged, aromatic and cysteine residues are shown in red, blue and yellow, respectively, and all other types of residues are in gray. Disulfide linkages in protegrin-1 and human βdefensin 4 are indicated in yellow. All images were generated using PyMOL (www.pymol.org).

Figure 41 .Figure 42 .

 4142 Figure 41. Cathelicidins are initially produced as inactive antimicrobial proteins. It consists of three regions: a signal sequence at N-terminal, central conserved cathelin-like region and an inactive AMP at the C-terminal region. Active AMP (e.g., LL-37, from human cathelicidin) was generated through the cleavage the conserved region and variable region in the presence of serine proteinase 3 and/or aspartic protease gastricin. (adapted from 95 )

Figure 43 .

 43 Figure 43. Statistical analysis of residue distribution in the 20-residue N-terminal stretch α-helical AMPs from natural sources. A graphical representation of the frequency of different types of residue at each position on a helical wheel projection is shown. The uneven distribution of hydrophobic and charged peptides contributes to the amphipathic nature of the peptide.(adapted from 96 )

Figure 44 .

 44 Figure 44. Comparative lipid architecture of microbial and human cytoplasmic membranes. Cytoplasmic membranes of bacterial (Escherichia coli, Staphylococcus aureus, or Bacillus subtilis) and fungal (Candida albicans) pathogens are compared with that of the human erythrocyte in relative composition and distribution between inner and outer membrane leaflets. Membrane constituents ranging from anionic (left) to neutral (right) are CL, PG, PE, PC, SM, and sterols (cholesterol or ergosterol, ST). Note the marked difference among microbial pathogens and human erythrocytes resides in the phospholipid composition and asymmetry. These differences are believed to account for the selective antimicrobial peptide affinity for microbial versus host cells to the extent that it exists for a given antimicrobial peptide. Keys: open, E. coli; horizontal hatching, S. aureus; shaded, B. subtilis; checkered, C. albicans ; solid, human erythrocyte (adapted from 97 )

Figure 46 .

 46 Figure 46. The structure of cell wall of Gram-positive and Gram-negative bacteria.

  Unlike above two models, the mechanism of carpet model does not involve any channel or pore formation. Instead of deep insertion into hydrophobic core of lipid bilayer, the carpet model of membrane permeabilization is based on diffuse action through the accumulation of monomer peptides in the surface of membrane. When sufficient peptides are presented on the surface of membrane, some of the phospholipids are displaced thereby resulting the fluidity loss and introduction of weaknesses in the barrier properties of the cell membrane. The continuous displacements and fluidity loss weaken the cell membrane and promote the integrity loss. The loss of membrane integrity is suggested through the unfavourable energetic properties introduced by the dispersion of the phospholipids (Figure47).153 3.7.2.4 Cell death 

Figure 47 .

 47 Figure 47. Schematic illustration of bacterial killing mechanisms by AMPs (adapted from 155 )

Figure 48 .

 48 Figure 48. Mode of action for intracellular antimicrobial peptide activity. In this figure E. coli is shown as the target microorganism. (adapted from 125 )

Figure 49 .

 49 Figure 49. Multiple functions of antimicrobial peptides in host defense. AMPs induce a variety of responses in host innate immune cells such as monocytes, macrophages, neutrophils and epithelial cells. They alter gene expression of host cells, induce production of chemokines and cytokines, promote leukocyte recruitment to the site of infection, influence cell differentiation and activation and block or activate TLR signaling. The outcome of the selective immunomodulation by AMPs results in innate immune responses, leading to protection against infections, selective control of inflammation, promotion of wound healing and initiation of adaptive immune responses. Abbreviations: DC, dendritic cell; pDC, plasmacytoid dendritic cell; PMN, polymorphonuc leocyte; TLR, Toll-like receptor. (adapted from 89 )
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 93 High production costTherapeutic peptides are traditionally obtained from three sources: (i) extraction from the secretion of animals, plants and amphibians; (ii) biosynthesis form genetic or recombinant libraries and

4. 1

 1 Overview Gramicidin S (GS, Figure 50) is an amphipathic cyclic decapeptide having the C 2 -symmetrical sequence [cyclo-(Val-Orn-Leu-D-Phe-Pro) 2 ]. It was primary isolated from bacterium Bacillus brevis in 1942. GS is the only cyclic membership in gramicidin family along with gramicidin A, B, C and D. 174

Figure 50 .

 50 Figure 50. Molecular structure of Gramicidin S

Figure 51 .

 51 Figure 51. Top view of GS (top, side chains are omitted for clarity) shows that β-sheet structure are constructed by four intramolecular hydrogen bonds. Side view (bottom) demonstrates that the amphipathic feature of GS is induced by the opposite orientation of hydrophilic and hydrophobic side chains

Figure 52 .

 52 Figure 52. 14-Residue GS analogue (GS14)

Figure 53 .

 53 Figure 53. (top) Molecular structure of GS4K. (bottom) Side view of GS4K (A) indicates that the polar side chain of D-lysine residue is positioned at the same face of the hydrophobic side chains. Top view (B, side chains are omitted for clarity) shows that GS4K adopts β-sheet structure stabilized by intramolecular hydrogen bonds.

Figure 54 .

 54 Figure 54. GS analogues with a sugar amino acid (SAA) modified turn region containing a monobenzyloxy oxetane-(57) furanoid-(55, 56 and 58), or pyranoid (59) ring. The arrows indicate the increasing distance between the carboxyl and aminomethyl substituents.

Maillard

  et al. developed a new class of heterocyclic γ-amino acids named ATCs (4amino(methyl)-1,3-thiazole-5-carboxylic acids). Interestingly, these γ-amino acids have the tendency to form C 9 intramolecular turn when incorporating into α-peptides. An idea came from the replacement of C10 type II" β-turn (constrained by D-Phe-Pro sequence) by a pesudo-C 9 reverse turn (constrained by an ATC) with respect to whole geometry of mother molecule (Figure55).73 Compared with GS, analogue 52 exhibited less hemolytic activity while maintaining interesting antimicrobial activity. The decrease of hemolytic activity was partly explained by higher hydrophilicity and amphipathicity.

Figure 55 .

 55 Figure 55. Molecular structure of molecule 52 (left). Top view of analogue 6 indicates a β-sheet structure mimic constrained by four intramolecular hydrogen bonds (through molecular modeling, right).

Figure 56 .

 56 Figure 56. Upper panel: GS and GS analogues ranked from least to most hydrophobic (determined by LC-MS retention time). Lower panel: overview of the antibacterial and hemolytic activities of GS and analogues with respect to the amphipathicity characteristics .

Figure 57 .

 57 Figure 57. GS and (E)-alkene isostere analogues

Figure 58 .

 58 Figure 58. GS and δ-amino modified analogues

Figure 59 .

 59 Figure 59. Non amphipathic GS analogue

Figure 60 .

 60 Figure 60. Biological active compounds containing β,γ-diamino acid motif

Scheme 8 .Scheme 9 .

 89 Scheme 8. Blaise reaction on nitrile 77

Figure 61 .

 61 Figure 61. Hydrogenolysis and crystallographic structure of compound 84

Figure 63 .

 63 Figure 63. Structure of statine, protected 3-deoxyaminostatine 106 and β,γ-diamino acid 107

Figure 64 .

 64 Figure 64. Structure of compound 111b and corresponding crystallographic structureBlaise reaction under ultrasonic conditions was also investigated.206 Under such circumstances, zinc dust was activated by ultrasound to form organozinc reagent with methyl bromoacetate. All Blaise reactions performed with N-monoprotected amino nitriles gave corresponding acyclic enaminoesters in reasonable yield. It is remarkable that the side reaction of self-condensation of methyl haloester was greatly diminished under ultrasonic conditions. After reduction with sodium cyanoborohydride and subsequent protection, both diastereomers of fully orthogonally protected β,γ-diamino acids 116 and 117 were obtained (Scheme 18).41 This strategy has been also successfully applied to amino nitrile derived from L-tryptophan.205 
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  Scheme 19. Synthesis of tripeptides

C 9 Figure 65 .

 965 Figure 65. (left) Inter-residue NOE correlation (brown = strong, red = medium, and orange = weak) and hydrogen bonds obtained from the simulation annealing protocol (green C 7 and blue C 9 ). (right) Overlay of the 10 lowest energy structures of the compound 120a, 120b and 120c (hydrogen bonds are shown on dashed line; for clarity, only the backbone is shown)

Figure 66 . 41 Figure 67 .

 664167 Figure 66. Partial view of the packing of dipeptide 121

Figure 68 .

 68 Figure 68. General scheme of SPPS. X = O, NH; AA = Amino Acid; PG = Protecting Group; P = Polymer Support; TPG = Temporary Protecting Group.

Figure 69 .

 69 Figure 69. Structure of α/γ-hybrid oligomers

  Scheme 25. Access to orthogonally protected β,γ-diamino acids

Scheme 28 .

 28 Scheme 28. Mechanism of formation of 4-aminopyrrolidinone (βR,γR)-141 side product

  Scheme 33. Modified synthetic route to synthesize Fmoc-protected β,γ-diamino acid 152

  [b]: All concentrations are presented as final concentration. [c]: Only blood and PDS solution were used for incubation.

Figure 74 . 3 . 4

 7434 Figure 74. No C 9 turn formed around (βR, γR)-DiPhe residue in linear hybrid peptides in solution phase

Figure 76 .

 76 Figure 76. Variable-concentration 1 H NMR spectra of a solution of tripeptide 155 in CDCl 3 at 300 K (250 MHz). From bottom to top: increasing concentration from 5 mM to 100 mM. Black arrows indicate the resonnaces of oligomer.

Figure 77 .

 77 Figure 77. NOESY experiment of a 50 mM solution of tripeptide 155 in CDCl 3 at 300 K (360 MHz).

Figure 78 .

 78 Figure 78. 1 H-15 N HSQC experiment of a 15 mM solution of tripeptide 155 in CDCl 3 at 273 K (400 MHz). N-carbamate and N-amide are indicated separately.

Figure 79 .

 79 Figure 79. DMSO-d 6 titration experiment: adding a volume of DMSO-d 6 ranging from 0 μL to 140 μL to a 500 μL solution (20 mM) of tripeptide 155 in CDCl 3 at 300 K (360 MHz). NH peaks (indicated by blue arrows) assigned to the oligomer species disappear are no longer existing after an addition of 40 μL DMSO.

Figure 80 .

 80 Figure 80. Variable-temperature 1 H NMR spectra in a 50 mM solution of tripeptide 155 in CDCl 3 .From bottom to up: decreasing temperature from 320 K to 260 K then increasing back to 320 K (400 MHz). When temperature decreasing from 320 K to 260 K, the proportion of oligomer increases (indicated by blue dashed line) whereas monomer decreases (indicated by black dashed line). When temperature increased back to 320 K, the proportion of oligomer decreases whereas monomer increases.

Figure 81 .

 81 Figure 81. Sigmoidal fitting of the fractions of monomer 155 (plain line) and oligomer-155 (dashed line, lately proposed as Dimer) in a 50 mM solution of tripeptide in CDCl 3 , between 260 K and 320 K, when the temperature is raised (→) and lowered (←). The difference between the heating and cooling curves falls within experimental errors of the measurements of the 1 H NMR signal integrals.

Figure 82 .

 82 Figure 82. Four proton peaks ranging from 0 ppm to 5 ppm are presented to demonstrate the principle of the DOSY. As increasing of the gradient strength, the intensity of each peak decreases in different rate which is associated with different diffusion coefficient (m 2 s -1 ).

Figure 83 .

 83 Figure 83. A mixture is composed of four components. Each proton peak corresponds to one diffusion coefficient, thus peaks sharing same diffusion coefficient are assigned to one component.

Figure 85 .

 85 Figure 85. Fitting of two NHs (δ = 6.21 and 5.74). Horizontal coordinate represents g 2 ((G/cm) 2 x10 3 ), Vertical coordinate represents intensity f(x) (correlation with In(x)).

Figure 86 .

 86 Figure 86. Fitting of two tert-butyl groups (-tBu) (δ = 1.46 and 1.44). Horizontal coordinate represents g 2 ((G/cm) 2 ), Vertical coordinate represents intensity f(x) [correlation with In(x)]

Figure 87 .

 87 Figure 87. DOSY experiment in a 5 mM solution of tripeptide 155 in o-DCB-d 4 at 273 K (600 MHz)

  is diffusion coefficient, as a function of R H , hydrodynamic radius(m); k: Bolzman constant (1.38x10 -23 J/K), T: sample temperature η: viscosity of the solvent(N.s.m -2 ). In our case, D monomer /D oligomer = 1.14, which is equal to R H-oligomer /R H-monomer = 1.14. As tripeptide 155 was dissolved in apolar o-DCB-d 4 , therefore there was can assume that there was no solvation, which meant the only contribution to R H is comes from the peptide molecule. According to the function , we calculated V oligomer /V monomer = 1.48, suggesting oligomer possessed a dimeric structure. The calculated value(1.48), inferior to the theoretical value (2) is probably impacted by the intermolecular Hbonding, but it also implies the dimer does not a adopt spherical form. Therefore, we applied the adjusted function by introducing form factor F.221 

Figure 88 .

 88 Figure 88. A dimeric structure was suggested by Stokes-Einstein equation (adapted by form factor).

Figure 89 . 1 H

 891 Figure 89. 1 H NMR spectra in a 200 mM solution of tripeptide 155 in CDCl 3 at 240 K (400 MHz)

Figure 90 .

 90 Figure 90. ROESY spectra in a 200 mM solution of tripeptide 155 in CDCl 3 at 240 K (400 MHz).

Figure 91 .Figure 92 .

 9192 Figure 91. Superimposition of the FT-IR experiments of tripeptide 155 in the Amide A region (5 mM to 100 mM in chloroform)

Figure 92 .

 92 Figure 92. Proposed conformation of Dimer-155. Hydrogen bonds (between H 3 and CO from Leu)are indicated by blue dashed line. Observed ROEs are indicated by double arrow line.

Figure 93 .Chapter

 93 Figure 93. Hypothesis of amphipathic cyclic peptide based on tripeptide 155

Figure 94 .

 94 Figure 94. Single crystallographic X-ray structure of compound (βS,γS)-169.

161a

  Scheme 43. Alternative strategy starting from L-glutamic acid 5-benzyl ester

3. 2 . 1 Figure 95 .

 2195 Figure 95. Proton-exchange experiments of tetrapeptide 187 in methanol-d 4

Figure 96 .

 96 Figure 96. Observed long-range NOEs (red: medium; green: very weak) between protons and proposed 12-helix in tetrapeptide 187 in CD 3 OH

3. 3

 3 Scheme 45. Preparation of building block dipeptide 191

  4R)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-((tert-butoxycarbonyl)amino)-5phenylpentanoic acid 152

  Linear octapeptide coupling (solid phase peptide synthesis) NH 2 -(βS,γR)-DiPhe (β-Boc)-Val-Orn(δ-Boc)-Leu-(βR,γR)-DiPhe-Val-Orn(δ-Boc)-Leu-OH 153Compound 152 (133 mg, 0.25 mmol) was first loaded on 2-chlorotrityl chloride resin (150 mg, 1% cross-linked, 100-200 mesh, 1.0-1.4 mmol/g, Thermo Fisher) in the presence of N-methylmorpholine (NMM, 3 eq.) in DMF/DCM(3 mL). The unreacted site of resin was capped by reacting with a mixture of DCM/MeOH/DiPEA (3 mL, 17/2/1, v/v) for 1 h. Following removal of the Fmoc group using 20% piperidine in DMF (3 mL, v/v), chain elongation was performed with Fmoc-Leu-OH, Fmoc-Orn(δ-Boc)-OH, Fmoc-Val-OH, 152, Fmoc-Leu-OH, Fmoc-Orn(δ-Boc)-OH, Fmoc-Val-OH (0.6 mmol each, 3 eq.), using 20% piperidine/ DMF for Fmoc deprotection, HATU(0.6 mmol, 3 eq.) for activation and 20% NMM/DMF (3 mL, v/v) as base and solvent. After the completion of synthesis, the linear peptide was cleaved from the resin with TFA/DCM(3 ml, 1/99, v/v, 4 x 10 min). To avoid the Boc deprotection of side chain during the following evaporation, small amount of DiPEA was added to neutralize TFA. Then the solution was concentrated under reduced pressure to afford crude compound 153 (160 mg, contains TFA salts).

  calcculated C 18 H 24 N 2 NaO 5 S ([M+Na] + ) 403.1304, found 403.1209. Hydrogenation tert-butyl 2-((3S)-6-oxo-3-(phenylsulfonamido)piperidin-2-yl)acetate 166A solution of compound 162c (56 mg, 0.15 mmol, 1 eq.) in dry MeOH (3 mL) was stirred for 12 h in the presence of 10 wt. % Pd/C (32 mg, 0.29 mmol, 2 eq.) at room temperature under H 2 (1 bar).Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound 166 as a mixture of diastereomers (dr = 70/30). The crude product was purified by chromatography (SiO 2 , DCM /MeOH, 95 /5, v/v) to afford compound 166 (purified mixture of diastereomers) as a clear oil (48 mg) in 85% yield.tert-butyl 2-((2R,3S)-3-(4-methylphenylsulfonamido)-6-oxopiperidin-2-yl)acetate (βR, γS)-166

  δ 170.4 (C 5 or C 19 ), 169.8 (C 5 or C 19 ), 143.9 (C 8 ), 137.5 (C 14 and C 11 ), 130.1 (C Ar x 2), 128.8 (C Ar x 2), 128.0 (C Ar x 3), 127.1 (C Ar x 2), 81.6 (C q tBu ), 55.9 (C 1 ), 51.0 (C 2 ), 50.5 (C 13 ), 36.7 (C 18 ), 30.5 (C 4 ), 28.0 (C tBu ), 21.5 (C 3 ), 21.4 (C 12 ) HRMS (m/z, ESI): calcd for C 25 H 32 N 2 NaO 5 S ([M+Na] + ) 495.1930, found 495.1915. Undesired amide-nitrogen benzylation tert-butyl 2-((2S,3S)-1-benzyl-3-(4-methylphenylsulfonamido)-6-oxopiperidin-2-yl)acetate (2S,3S)-

  Boc ), 135.8 (C q Ar ), 128.7 (C Ar ), 128.4 (C Ar x 2), 80.5 (C q tBu ), 66.7 (C 6 ), 52.9 (C 2 ), 30.5 (C 4 ), 28.4 (C tBu ), 27.6 (C 3 ).Amidation(S)-benzyl 5-amino-4-((tert-butoxycarbonyl)amino)-5-oxopentanoate 179

  -benzyl 4-((tert-butoxycarbonyl)amino)-4-cyanobutanoate 180

  Z)-tert-butyl 2-(3-((tert-butoxycarbonyl)amino)-6-oxopiperidin-2-ylidene)acetate 162a

13 C

 13 NMR (90 MHz, CDCl 3 ): δ 174.7 (C 6 ), 171.0 (C 1 or C 11 ), 170.9 (C 11 or C 1 ), 155.4 (C CO Cbz ), 136.2 (C q Ar ), 128.8 (C Ar ), 128.5 (C Ar ), 128.4 (C Ar ), 82.0 (C q tBu ), 67.1 (C Cbz ), 57.2 (C 7 ), 54.0 (C 3 ), 47.3 (C 4 ), 40.0 (C 2 ), 29.1 (C 10 ), 28.2 (C tBu ), 25.7 (C 13 or C 14 ), 25.6 (C 14 or C 13 ), 25.4 (C 9 ) HRMS (m/z, ESI) calcd for C 23 H 33 N 3 NaO 6 ([M+Na] + ) 470.2267, found 470.2247 Tetrapeptide coupling Z-AIB-LAC-AIB-LAC-OtBu 187 Preparation of Z-AIB-LAC-OH 185 A solution of compound 184 (201 mg, 0.45 mmol) in a mixture of TFA/DCM (5 ml, 1/4, v/v) at room temperature under argon was allowed to stir for 1 h. The solution was concentrated under reduced pressure to give compound185 (175 mg) as a white solid in quantitative yield. Preparation of NH 2 -AIB-LAC-OtBu 186

  

  

  

  

  

  

  

  

  

  

  conformation bien dé finie plutôt qu'un é quilibre entre un monomè re non structuré et un monomè re structuré. L'apparition d'agrégats nous permet de distinguer le monomère de l"oligomère dans la région des NH. D"autre part, nous avons également constaté qu'aucune résonance supplémentaire n'est apparue lorsque la concentration varie, seuls huit signaux NH ont é té observé s entre 10 mM et 100 mM, ce qui implique que l'oligomè re est unique et symé trique. Nous avons é galement fait des expé riences de dé pendance à la tempé rature. Les spectres RMN[START_REF]MHz[END_REF] H ont é té ré alisé s avec une solution de tripeptide à 50 mM dans du CDCl 3 et une tempé rature allant de 260 K à 320 K. Cette é tude a montré que l'oligomè re est favorisé à basse tempé rature. La tempé rature a é té augmenté e puis diminué e ; le comportement similaire observé exclue donc la possibilité de dé gradation. Les coefficients de tempé rature Δδ / ΔT (ppb / K) ont é té calculé s pour discriminer les NHs lié s par liaison hydrogè ne (proté gé s contre les é changes) et ceux exposé s aux solvants. Pour le monomè re, nous avons observé un petit Δδ / ΔT, indiquant que les NH sont oligomer /V monomer = 1.48, et suggè re ainsi que l'oligomè re possé de une structure dimé rique. La valeur calculé e(1.48), infé rieure à la valeur thé orique (2) est probablement influencé e par la liaison H intermolé culaire, mais elle implique é galement que le dimè re n'adopte pas de forme sphé rique. Par consé quent, nous avons appliqué une fonction modifié e en introduisant le facteur de forme

	F.										
									⁄		
								( )			
	"D"	est	le	coefficient	de	diffusion,	'V'	est	le	volume	molé culaire,
	(		) ⁄ { ⁄	[(	) ⁄ ]}, (pour p >1),		
	ou	(		) ⁄ ( ⁄ {	(		) ⁄ ⁄ }) (pour p < 1),	
						( )		(	) (	)

exposé s au solvant. Au contraire, des Δδ / ΔT beaucoup plus grands ont é té enregistré s pour l'oligomè re dans la région NH, ce qui résulte probablement de la dissociation des agrégats. Même si l"interprétation de la dé pendance à la tempé rature peut ê tre dangereuse, ces indications constituent de fortes pré somptions en faveur l'existence de liaisons hydrogè ne intermolé culaires dans les oligomè res.

Enfin, nous avons effectué une expé rience de spectroscopie par diffusion (DOSY) pour obtenir des informations structurelles sur l'oligomè re. Pour mesurer le coefficient de diffusion du monomè re et de l'oligomè re, on a utilisé la fonction suivante : f(x) est é gal à In (I) (I, intensité de la ré sonance magné tique). 'D' est le coefficient de diffusion. 'g' est le rapport gyromagné tique (26752 rad / (s * Gauss)). 'g' est la force du gradient, variable. 'd' est un petit delta (0.0030000 s). 'Δ' est un grand delta (0.10000 s).

Avec la fonction choisie et les paramè tres fixé s, la spectroscopie

[START_REF]MHz[END_REF] 

H a donc é té ré alisé e en faisant varier la force du gradient. f(x) est donc une fonction liné aire vis-à -vis de g 2 , D é tant proportionnel à la pente de la droite. Nous avons choisi les signaux aliphatiques bien dé finis (dont la courbe f(x) est bien approximé e par une droite en fonction de g 2 ) pour mesurer les coefficients de diffusion. Selon les calculs, les coefficients de diffusion (D s ) de l'oligomè re et du monomè re sont de 1.27. 10 -10 m 2 / s et 1.45. 10 -10 m 2 / s respectivement. Le rapport de D s entre le monomère et l"oligomère est approximativement de 1.14.

Pour dé terminer la structure de l'oligomè re, l'é quation de Stokes-Einstein a é té introduite.

(

)

"

D" est le coefficient de diffusion, il est fonction de R H , le rayon hydrodynamique (en m); k est la constante de Bolzman (1,38.10 -23 J / K), T =est la température de l'échantillon et η la viscosité du solvant (N.s.m -2 ). Dans notre cas, D monomè re /D oligomè re = 1.14, qui est correspond à R H-oligomè re /R H-monomè re = 1.14. En supposant que la molé cule est sphé rique, on a pour le volume , ce qui permet de calculer un rapport de volumes V "p" est déterminé par la forme moléculaire. Nous avons finalement calculé F  1.1. La valeur de F est en accord avec p  3, une forme trè s cylindrique. Lorsque la RMN 1 H a é té effectué e à 240 K, nous avons observé seulement l'existence du dimè re. Par conséquent, cela nous a permis d"enregistrer facilement une expérience ROESY et nous avons observé de nombreuses corré lations ROE de protons à longue distance. Comme il n'y a pas de liaison H intramolé culaire, ces corré lations sont observé es entre les protons de deux monomè res dans un dimè re.
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Table 1 .

 1 Four

	types of β-turn are distinguished by φ, ψ angles of the residue i+1 and i+2 (the typical
	average values are given).				
	β-turn type	Φi+1	ψi+1	Φi+2	ψi+2
	type I	-60	-30	-90	0
	type II	-60	120	80	0
	type I'	60	30	90	0
	type II'	60	-120	-80	0

Figure 15). 47

  

	Figure 14. H-bonding in 14-or 9-helix (top) and in mixed helices: 14/12-or 24/22-helix (bottom)
	Kunwar et al. have further proved the prediction by Hoffman. They demonstrated that tetramer 6
	and hexamer 7 alterating a C-linked carbo-γ 4 -amino acid and γ-aminobutyric acid (GABA) formed a
	helix in CDCl 3 (
	46

Table 2 .

 2 Representative antimicrobial peptides of different classification

	Class	Representatives	Host	PBD ID
	α-Helical	LL-37	Mammal: human	2K6O
		Cecropins	Insect: mot	
		Melittin	Insect: honey bee	2MLT
		Magainins	Amphibian: frog	2MAG
		Fowlicidins	Ave: chicken	2AMN, 2GDL, 2HFR
		Human lactoferrin	Mammal: human	1Z6V
		Bovine lactoferrampin	Mammal: Bovine	
	β-Sheeted	Thanatin	Insect: soldier bug	8TFV
		Tachyplesins	Arthropod: horseshoe crab	1WO0, 1WO1,1MA2,1MA5
		Protegrins	Mammal: pig	1PG1, 1ZY6
		Plant defensin VrD2	Plant: mung bean	2GL1
		Plectasin	Fungus: ebony cup	3E7R
		Insect defensin A	Insect: Northern Blow fly	1ICA
		β-defensins	Mammal: human	1DFN, 1ZMM, 1ZMP, 1ZMQ
		β-defensins	Mammal: human	1KJ5, 1KJ6
		β-defensin	Mammal: rhesus monkey	2ATG
		Bovine lactoferricin	Mammal: bovine	1LFC
	Felixble	Indolicidin	Mammal: bovine	1G89, 1G8C
		Tritrpticin	Mammal: pig	1D6X
		Histatins	Mammal: human	
		PR-39	Mammal: pig	

Table 3 .

 3 Selected AMPs in clinical phase of development (adapted from 155 )

  Several modifications have been made in order to increase yield and to minimize side reactions. These improvements include: slow addition of the bromoester and use of tert-butyl esters instead of methyl or ethyl esters. Besides, the condition of zinc activation was also extensively investigated.196 In our initial work, we fully respected these improvements. Blaise reaction on Ndiprotected nitrile 78b derived from L-valine were performed in the presence of zinc dust (preactivated in the presence of 1,2-dibromoethane) and tert-butyl bromoester to form iminozincate intermediate.After reaction with 50% aqueous potassium carbonate, both acyclic enaminoester 80 and imidazolidinone 79b were obtained in close yield. It is impressive that only the iminozincate intermediate reacts with carbamate while the organozinc reagent not. Enaminoester 80 was converted into imidazolidinone 79b in the presence of sodium hydride in reasonable yield (Scheme 6).

1.1.2.1 Former strategy a) Blaise reaction Despite being close to Reformatsky reaction with carbonyl compounds, Blaise reaction received less attention largely due to low yield and side reactions, especially self-condensation of starting haloester. 200 Scheme 6. Blaise reaction on amino nitrile 78b

  Birch reduction of imidazolidinonesThe reason why trans isomers are favored could be explained by the generally agreed mechanism: 202 first electron transfer gives rise to a sp 3 dianionic radical, in which SOMO orbital is stabilized with neighboring C-C bond, meanwhile R substituent and enolate adopt anti configuration due to steric repulsion. The second electron transfer gives rise to trianionic species and results in trans isomer with retentional configuration after reprotonation with NH 3 (Scheme 14).200 

	1	79a	94(52)	95 (27)	> 99
	2	79b	92 (66)	93 (14)	> 99
	3	79c	96(47)	97 (15)	> 99
	4	79d	98 (50)	99 (18)	> 99
	[a]: Ratio determined by 1 H NMR			
		Scheme 13.			

Table 4 .

 4 Scope of saponification conditions of compound (βR,γR)-138

	Entry	Base	Temperature (°C)	Time (h)	Yield (%)
	1	2N NaOH/ MeOH(v/v, 1/1)	RT	3	17
	2	4N NaOH/MeOH(v/v, 1/1)	40	3	66
	3	4N NaOH/MeOH(v/v, 1/1)	60	3	30
	4	4N NaOH/MeOH(v/v, 1/2)	RT	6	95
	5	4N NaOH/MeOH(v/v, 1/1)	RT	6	99

Table 5 .

 5 PB: Poor-broth nutrient medium

	Composition (g/L)	
	Bacto tryptone	10
	NaCl	5
	pH 7	

Table 6 .

 6 LB: Luria Bertani

	Composition (g/L)	
	Bacto tryptone	10
	Yeast extract	5
	NaCl	10
	pH 7	

Table 7 .

 7 BHI: Brain Heart Infusion

	Composition (g/L)	
	Calf brains infusion	7.7
	Beef heart infusion (BD Biosciences)	9.8
	Proteus peptone	10
	Glucose	2
	NaCl	5
	HNa 2 PO 4	2.5
	pH 7.2 -7.6	

Table 8 .

 8 TSYE: Trypticase soy yeast extract Selection of bacterial strainsWe chose a representative set of both Gram-positive and Gram-negative bacterial strains for antibacterial activity testing. Among them, several bacterial species with propensity for developing muti-drug resisitance (MDR), such as Enterococcus faecium, Staphylococcus aureus and Pseudomonas aeruginosa, are specifically warned by the Infectious Disease Society of America (IDSA).215 They are responsible for the majority of human infections and more likely to exhibit drug resistance. The tested bacteria are presented in Table9.

	Composition (g/L)	
	Casein pancreatic digestion (BD Biosciences)	17
	Soya trypsin digestion (BD Biosciences)	3
	Glucose (Sigma)	2,5
	NaCl (Sigma)	5
	K 2 HPO 4 (Sigma)	2.5
	pH 7 -7,2	

Table 10 .

 10 Microtiter wells of growth testing with DMSO

	Bacterial	100 μL	95μL suspension	90 μL suspension
	strains	suspension	+ 5μL DMSO	+ 10μL DMSO
	1			
	2			
	3			
	4			
	5			
	6			
	7			
	8			
	9			

Table 11 .

 11 Concentration of DMSO in PB or BHI media Minimal inhibitory concentration (MICs) determination GS and GS analogues were dissolved in DMSO at 2 mg/mL as stock solution. Then stock solution was diluted in DMSO to obtain a series of 2-fold dilutions. Microtiter wells were filled with 10 μL (5 μL for Pseudomonas aeruginosa CIP 82.118 ATCC 9027 and Bacillus cereus CIP 66.24) DMSO solutions and 90 μL (95 μL for Pseudomonas aeruginosa CIP 82.118 ATCC 9027 and Bacillus cereus CIP 66.24) suspension of bacterial strain. Cultures were carried out in triplicate. DMSO was used as negative control (Table

	N°	Name

Table 12 .

 12 Microtiter wells of MICs determination

	Sample	C 1	[a]	C 2	C 3	C 4	C 5	C 6	C 7	C 8	C 9	C 10	C 11	C 12
	GS													
	analogue													
	GS													
	DMSO													
	Blank													

[a]: Eventual concentration. C 1 = 200 μg/mL (100 μg/mL for Pseudomonas aeruginosa CIP 82.118 ATCC 9027 and Bacillus cereus CIP 66.24), C n = ½ C n-1 .

Table 13 .

 13 MICs of nine bacteria with GS8R, GS8S and GS (in μg/mL) MICs of totally nine bacterial strains were determined. The MICs demonstrated that both analogues GS8R and GS8S have a general activity loss. This could be partly explained by the decrease of hydrophobicity and amphipathicity. However, we also observed that GS8S exhibit better activity over GS8R for several strains such as E.coli CIP 53.126 ATCC 8739, B. subtilis subsp. subtilis CIP 52.65 and P. aeruginosa CIP 82.118 ATCC 9027. And for in terms of P. aeruginosa CIP 82.118

	Bacterial strains

The

Table 14 .

 14 PBS: Phosphate-Buffered Saline

	Composition (g/L)	
	NaCl	10
	KCl	0.2
	Na 2 HPO 4	1.44
	Na 2 HPO 4	0.24
	pH 7.4	

Table 14 .

 14 Δδ/ΔT (ppb/K) of NHs in a 50 mM solution of tripeptide 155 in CDCl 3 from 260 K to 320 K

	Temperature	Monomer δ (ppm)			Oligomer δ (ppm)		
	(K)	H 11	H 8	H 17	H 3	H 11	H 8	H 17	H 3
	260	5.42	6.96	5.90	6.90	5.16	8.76	7.13	8.33
	320	5.25	6.89	5.65	7.20	5.22	7.61	6.05	7.55
	Δδ/ΔT	2.8	1.2	4.2	5.0	-1.0	19.2	18.0	13.0

Table 15 .

 15 Synthesis of monoprotected nitriles 161.

	PG	Conditions	Yield	Conditions	Yield	Conditions	Yield	Comp.
			(%)		(%)		(%)	
			159		160		161	
	Boc	Boc 2 O,	98	ClCO 2 Et, Et 3 N,	-[a]	POCl 3 ,	61	161a
		NaHCO 3 ,		THF then		pyridine	(2 steps)	
		H 2 O/dioxane		NH 4 OH				
	Cbz	ClCO 2 Bn,	88	ClCO 2 Et, Et 3 N,	-[a]	POCl 3 ,	69	161b
		Na 2 CO 3 ,		THF then		pyridine	(2 steps)	
		H 2 O/dioxane		NH 4 OH				
	Ts	TsCl, Et 3 N,	79	CDI, THF then	73	TFAA,	95	161c
		H 2 O/dioxane		NH 3 (g) or		Et 3 N, THF		
				NH 4 OH				
	Ns	NsCl, Et 3 N,	63	CDI, THF then	62	TFAA,	64	161d
		H 2 O/dioxane		NH 3 (g)		Et 3 N, THF		
	SES	TMSCl, CH 2 Cl 2	65	CDI, CH 2 Cl 2	88	TFAA,	100	161e
		then Et 3 N,		then NH 4 OH		Et 3 N, THF		
		SESCl						
	Alloc	AllocCl,	92	ClCO 2 Et, Et 3 N,	84	TFAA,	77	161f
		NaHCO 3 H 2 O		THF then		Et 3 N, THF		
				NH 4 OH				

Table 16 .

 16 Blaise reaction with α-amino nitriles 161a-f

	Nitrile	PG	Yield lactam 162 (%)	Yield urea 163 (%)	Yield 164 (%)
	161a	Boc	18	13	-
	161b	Cbz	8	23	-
	161c	Ts	49	-	-
	161d	Ns	degradation		
	161e	SES	<10%	-	
	161f	Alloc	20	-	42
	2.2 Investigating with Tosyl protecting group		
	2.2.1 Earlier steps			

Table 17 .

 17 Protection of compound 166.

	Entry	P-X	Conditions	169 (%)	170	Recovered 166
					(%)	(%)
	1	BnBr	K 2 CO 3 , MeCN, reflux,12 h	0	85	0
	2	Cbz-OSu	K 2 CO 3 , MeCN, reflux, 24 h	10	trace	81
	3		t-BuOK, THF, RT, 12 h	5	5	86
	4		MeONa, THF, RT, 12 h	trace	0	95
	5		K 2 CO 3 , DMAP, MeCN, reflux, 12 h	15	trace	77
	6	CbzCl	K 2 CO 3 , MeCN, reflux, 12 h	18	37	20
	7		K 2 CO 3 , DMAP, MeCN, reflux, 12 h	trace	82	0
	8		NaH,THF,0℃	58 (βR,γS)	0	25 (βS,γS)

Table 18 .

 18 Directly removal of Tosyl

	Entry	Reagents	Conditions	Yield
	1	Sodium/naphthalene	THF, RT	0
	2	CsF-Celite (0.5eq)	Acetonitrile, rflux, 4h	0
	3	CsF-Celite (0.5eq)	CF 3 CH 2 OH, rflux, 2h	0
	4	SmI 2	DMPU, THF, reflux, 1h	trace
	5	SmI 2	DMPU, THF, RT, 4 days	0
	6	SmI 2	Pyrrolidine, water, RT, seconds	0
	7	SmI 2	Water, RT	0
	8	KPPh 2	-78 °C	0
	9	KPPh 2	RT	degradation
	Therefore, we drew our attention back again to activate tosyl group by introducing a second
	protecting group (Table		

Table 21 .

 21 Diprotection of minor diastereomer

	Entry	Conditions	Yield (%)	Yield (%)
			(βS,γS)-170	174
	1	CbzCl, K 2 CO 3 , MeCN, RT, 12 h	0	0
	2	CbzCl, K 2 CO 3, MeCN, DMAP, RT, 12 h	0	0
	3	CbzOSu, MeONa, THF, RT, 12 h	0	0
	4	CbzCl, NaH, THF, RT,12 h	0	0
	5	CbzCl, KH, THF, RT,12 h	0	0
	6	BnBr, K 2 CO 3 , MeCN, reflux,12 h	70	0
	7	BnBr, NaH(3eq), THF, RT	0	40
	8	BnBr, NaH(1.2eq), THF, RT	30	trace

  3.1 Unsuccessful synthesis attempts in solution phaseInitially, we adopted solution phase for peptide synthesis. compound 183 was hydrolyzed from compound (βR,γS)-171 and Z-AIB-OH is commercial available. Dipeptide 184 were synthesized in the presence of HATU and DiPEA in DMF in 77% yield. C-terminus deprotection was achieved in a mixture of TFA/DCM to give peptide 185. N-terminus deprotection of dipeptide 184 was performed in the presence of Pd/C and H 2 to afford peptide 186. Tetrapeptide 187was synthesized through[2+2] strategy in 48% yield. Then tetrapeptide 187 was hydrolyzed in the presence of a mixture of TFA/DCM to give peptide 188. Peptide 188 was then coupled with peptide 186 to give hexapeptide 189. Unfortunately, hexapeptide 189 is soluble in aqueous phase, which made it difficult to perform extraction. Therefore, we discontinued peptide synthesis in solution phase (Scheme 44).The conformation of tetrappetide 187 was subsequently investigated. Tetrapeptide 187 is partially soluble in chloroform while well soluble in methanol. The performed NMR spectra in methanol-d 3 has larger spectral dispersion compared with chloroform-d 3 . Methanol-d 3 as solvent also allowed us to observe NH region. Extensive NMR measurements ( 1 H,13 C, COSY and HSQC) allowed complete proton and carbon resonance assignments.

	3.2 Conformational studies of tetrapeptide 187
	Scheme 44: peptide synthesis in solution phase

  MHz using CDCl 3 , CD 3 OD, CD 3 OH, o-DCB-d 4 or DMSO-d 6 as solvents. Chemical shifts are reported in δ units to 0.01 ppm precision with coupling constants reported to 0.1 Hz precision using residual solvent as an internal reference. Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quadruplet, m = multiplet, bs = broad singlet. 13 C NMR were measured at 62.5, 75, 90 or 100 MHz using CDCl 3 , CD 3 OD, CD 3 OH, o-DCB-d 4 or DMSO-d 6 as solvents. Chemical shifts are reported in δ units to 0.1 ppm precision using residual solvent as an internal reference. Mass spectra were measured on a Microtof-Q Bruker Daltonics spectrometer at the Institut de Chimie Molé culaire et des Maté riaux (ICMMO) Mass Spectrometry Laboratory. LCMS was

	2-Chlorotrityl chloride resin (1% cross-linked, 100-200 mesh, 1.0-1.4 mmol/g) was purchased
	from Thermo Fisher. Rink amide resin (126 mg, 0.14 mmol, 1.1 mmol/g, crosslinked with 1% DVB)
	was purchased from Sigma Aldrich. Dimethylformamide was purchased from Acros with a peptide
	synthesis grade (99.8%). THF was distilled over sodium/benzophenone under argon. All other reagents
	were used as received. Flash chromatography was performed on silica gel (60-200 μm). H 1 NMR were
	measured at 250, 300, 360, 400 or 600 performed with Nucleodur C18 column (250 x 3 mm, 5 μm; solvent A: H 2 O/TFA, 0.1%, v/v; solvent B:
	MeCN; flow 0.66 mL.min -1 . Purification was performed with HPLC on Semi-preparative Nucleodur
	C18 column (250 x 10 mm, 5 μm; solvent A: H 2 O/TFA, 0.1%, v/v; solvent B: MeCN; flow 2.0
	mL.min -1 )

1 H NMR (360 MHz, CDCl 3 ): δ

  7.96 (bs, H COOH , 1H), 7.39-7.16 (m, 10H, H Ar ), 5.26 (d, J = 8.2 Hz, H 4 , 1H), 5.13 (d, J = 12.4 Hz, H Cbz , 1H), 5.09 (d, J = 12.4 Hz, H Cbz , 1H), 4.75-4.69 (m, H 2 , 1H), 3.23 (dd, J 1 = 5.4 Hz, J 2 = 14.0 Hz, H 3 , 1H), 3.12 (dd, J 1 = 6.3 Hz, J 2 = 14.0 Hz, H 3 , 1H).

	13 C NMR (62.5 MHz, CDCl 3 ): δ 175.6 (C 1 ), 156.0 (C CO Cbz ), 136.1 (C q Ar ), 135.6 (C q Ar ), 129.4 (C Ar ),
	128.7 (C Ar ), 128.6 (C Ar ), 128.3 (C Ar ), 128.1 (C Ar ), 127.3(C Ar ), 67.2 (C Cbz ), 54.7 (C 2 ), 37.8 (C 3 ).
	HRMS (m/z, ESI): calcd for C 17 H 17 NNaO 4 ([M+Na] + ) 322.1055, found 322.1043.
	Amidation
	(R)-benzyl (1-amino-1-oxo-3-phenylpropan-2-yl)carbamate 135

NMR (90 MHz, MeOD): δ 173

  

		mmol) followed by a solution of Boc 2 O
	(5.54 g, 25.38 mmol) in MeOH (20 mL) and resulting mixture was allowed to stir for 12 h. After
	volatile removal, the residue was dissolved in ethyl acetate (200 mL) and washed with 2N aqueous
	hydrochloric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous
	MgSO 4 , filtered and concentrated under reduced pressure. Crude product was further precipitated with
	diethyl ether and filtered. The precipitate was isolated by filtration to give compound (βS,γR)-138 (1.4
	g, cis diastereomer) as a white solid in 15% yield. The filtrate was purified by chromatography (ethyl
	acetate/petroleum ether, 30/70, v/v) to afford compound (βR,γR)-138 (3.7 g, trans diastereomer) as a
	white solid in 40% yield.
	(3R,4R)-methyl4-(((benzyloxy)carbonyl)amino)-3-((tert-butoxycarbonyl)amino)-5-
	phenylpentanoate (βR,γR)-138
	[α] D	23 = -46.0 (c = 0.2, MeOH)
	1 H NMR (360 MHz, MeOD): δ 7.29-7.20 (m, H Ar , 10H), 5.01 (d, J = 12.7 Hz, H Cbz , 1H), 4.95 (d, J =
	12.7 Hz, H Cbz , 1H), 4.16-4.11 (m, H 3 , 1H), 4.04-4.00 (m, H 4 , 1H), 3.64 (s, H Me , 3H), 2.88 (dd, J 1 = 5.1
	Hz, J 2 = 13.8 Hz, H 5 ), 2.67 (dd, J 1 = 9.9 Hz, J 2 = 13.8 Hz, H 5 ), 2.57 (dd, J 1 = 6.0 Hz, J 2 = 15.6 Hz, H 2 ),
	2.46 (dd, J 1 = 8.1 Hz, J 2 = 15.6 Hz, H 2 ), 1.46 (s, H tBu , 9H).
		.3 (C 1 ), 158.7 (C CO Cbz ), 157.9 (C CO Boc ), 139.6 (C q Ar ), 138.3 (C q Ar ),
	130.3 (C Ar ), 129.5 (C Ar ), 129.4 (C Ar ), 128.9 (C Ar ), 128.5 (C Ar ), 127.4 (C Ar ), 80.4 (C q tBu ), 67.3 (C Cbz ),
	57.0 (C 4 ), 52.3 (C OMe ), 52.1 (C 3 ), 39.4 (C 5 ), 38.3 (C 2 ), 28.8 (C tBu ).
	HRMS (m/z, ESI): calcd for C 25 H 33 N 2 O 6 ([M+H] + ) 457.2339, found 457.2327, 479.2144 ([M+Na] + ).

13 C

1 H NMR (360 MHz, CDCl 3 ): δ

  7.33-7.18 (m, H Ar , 10H), 5.45 (d, J = 9.1 Hz, H 7 , 1H), 5.09-4.90 (m, H Cbz , H 6 , 3H), 4.17-4.00 (m, H 4 , H 3 , 2H), 3.66 (s, H OMe , 3H),3.08-3.03 (m, H 5 , 1H), 2.76-2.68 (m, H 5 , 

	1H), 2.67-2.55 (m, H 2 , 2H), 1.46 (s, H tBu , 9H).	
	13 C NMR (90 MHz, CDCl 3 ): δ 172.3 (C 1 ), 156.2 (C CO Cbz ), 155.5 (C CO Boc ), 137.4 (C q Ar ), 136.5 (C q Ar ),
	129.3 (C Ar ), 128.6 (C Ar ), 128.5 (C Ar ), 128.0 (C Ar ), 127.8 (C Ar ), 126.6 (C Ar ), 79.8 (C q tBu ), 66.6 (C Cbz ),
	55.2 (C 4 ), 51.9 (C OMe ), 51.2 (C 3 ), 37.9 (C 5 ), 36.2 (C 2 ), 28.4 (C tBu ).	
	HRMS (m/z, ESI): calcd for C 25 H 33 N 2 O 6 ([M+H] + ) 457.2339, found 457.2327, 479.2144 ([M+Na] + ).
	IR  (cm -1 ): 3363, 3334, 2984, 2947, 1737, 1700, 1536, 1527.	
	Saponification	
	(3R,4R)-4-(((benzyloxy)carbonyl)amino)-3-((tert-butoxycarbonyl)amino)-5-phenylpentanoic	acid
	(βR,γR)-140	

1 H NMR (250 MHz, MeOD): δ

  calcd for C 18 H 26 N 2 O 6 Na [M+H] + 367.1869, found 367.1867, 389.1698 ([M+Na] + ).

	To a stirred solution of δ-Boc-L-Ornithine (0.5 g, 2.15 mmol, 1 eq.) in 5% aqueous NaHCO 3 (30
	mL) at room temperature was added benzyl chloroformate (0.4 mL, 2.80 mmol, 1.3 eq) and resulting
	mixture was allowed to stir for 12 h. Diethyl ether (20 mL) was added to remove the excess of benzyl
	chloroformate by extraction. The aqueous layer was acidified with 6N aqueous hydrochloric acid to pH
	= 1 and extracted with DCM (50 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 ,
	filtered and concentrated under reduced pressure to give compound 139 as a colorless solid (0.71 g) in
	90% yield.
	1 H NMR (250 MHz, MeOD): δ 7.38-7.33 (m, H Ar , 5H), 5.11 (s, H Cbz , 2H), 4.32-4.15 (m, H 2 , 1H),
	3.07 (t, H 6 , J = 6.5 Hz, 2H), 1.96-1.81 (m, H 4 , 1H), 1,78-1.53 (m, H 4 , H 5 , 3H), 1.45 (s, H tBu , 9H).
	13 C NMR (90 MHz, MeOD): δ 176.4 (C 1 ), 158.8 (C CO Cbz ), 158.7 (C CO Boc ), 138.4 (C q Ar )129.6 (C Ar ),
	128.9 (C Ar ), 128.1 (C Ar ), 80.1 (C tBu ), 67.8 (C Cbz ), 54.9 (C 2 ), 41.0 (C 6 ), 30.3 (C 4 ), 28.9 (C tBu ), 27.6 (C 5 ).
	HRMS (m/z, ESI):
	7.34-7.20 (m, H Ar , 10H), 5.14-4.97 (m, H Cbz , 2H), 4.18-4.11 (m, H 3 ,
	1H), 4.08-4.01 (m, H 4 , 1H), 2.89 (dd, J 1 = 4.8 Hz, J 2 = 13.7 Hz, H 5 , 1H), 2.70-2.38 (m, H 5 , H 2 , 3H),
	1.45 (s, H tBu , 9H).
	13 C NMR (75 MHz, MeOD): δ 174.8 (C 1 ), 158.8 (C CO Cbz ), 158.0 (C CO Boc ), 139.8 (C q Ar ), 138.4 (C q Ar ),
	130.4 (C Ar ), 129.5 (C Ar ), 129.4 (C Ar ), 128.9 (C Ar ), 128.5 (C Ar ), 127.4 (C Ar ), 80.4 (C q tBu ), 67.4 (C Cbz ),
	57.2 (C 4 ), 52.3 (C 3 ), 39.6 (C 5 ), 38.4 (C 2 ), 28.9 (C tBu ).
	HRMS (m/z, ESI): calcd for C 24 H 30 N 2 NaO 6 ([M+Na] + ) 465.2002, found 465.1996.
	Cbz protection
	Z-Orn(δ-Boc)-OH 139

1 H NMR (360 MHz, MeOD): δ

  7.35-7.29 (m, H Ar , 5H), 5.09(s, H Cbz , 2H), 4.51-4.47 (m, H 2 , 1H), 4.23-4.18 (m, H 5 , 1H), 3.69(s, H OMe , 3H), 3.11-3.03 (m, H 13 , 2H), 1.84-1.50 (m, H 7 , H 8 , H 11 , H 12 , 7H), 1.44 (s, H tBu , 9H), 0.95 (d, J = 6.2 Hz, H 9 or H 10 , 3H), 0.90 (d, J = 6.2 Hz, H 10 or H 9 , 3H). .6 (C Ar ), 128.2 (C Ar ),127.1 (C Ar ), 80.2 (C q tBu ), 79.8 (C q tBu ), 67.2 (C Cbz ), 59.8 (C 8 ), 56.9 (C 13 ), 53.4 (C 5 ), 52.7 (C OMe ), 52.3 (C 12 ), 51.7 (C 2 ), 41.1 (C 15 ), 40.4 (C 21 ), 40.2 (C 11 ), 39.3 (C 26 ), 31.6 (C 23 ), 29.9 (C 19 ), 28.9 (C tBu ), 28.8 (C tBu ), 26.6 (C 20 ), 25.5 (C 16 ), 23.3 (C 17 or C 18 ), 21.9 (C 18 or C 17 ), 19.7 (C 24 or C 25 ), 18.7 (C 25 , or C 24 ). A solution of compound 144 (0.24 g, 0.27 mmol) in dry MeOH (6 mL) was stirred for 30 min in the presence of 10 wt. % Pd/C (28 mg, 0.027 mmol, 10 mol %) at room temperature under H 2 (1 bar). Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound 146 (0.2 g) as a white solid in quantitative yield. calcd for C 38 H 65 N 6 O 9 [M+H] + 749.4813, found 749.4800, 771.4618 ([M+Na] + ). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure to give compound 147a (99 mg) as a white solid in quantitative yield.

	Cyclization
	Cyclo-[(βR,γR)-DiPhe(β-Boc)-Val-Orn(δ-Boc)-Leu] 2 148
	13 C NMR (90 MHz, CDCl 3 ): δ 174.8 (C 1 ), 174.5 (C 4 ), 158.5 (C CO Cbz ), 158.3 (C CO Boc ), 138.2 (C q Ar ),
	129.5 (C Ar ), 129.0 (C Ar ), 128.9 (C Ar ), 79.9 (C qtBu ), 67.7 (C Cbz ), 55.8 (C 2 ), 52.8 (C OMe ), 52.1 (C 5 ), 41.4 HRMS (m/z, ESI): calcd for C 46 H 71 N 6 O 11 ([M+H] + ) 883.5181, found 883.5183, 905.5006 ([M+Na] + ).
	(C 7 ), 40.8 (C 13 ), 30.7 (C 11 ), 29.0 (C tBu ), 27.3 (C 12 ), 25.9 (C 8 ), 23.5 (C 9 or C 10 ), 22.0 (C 10 or C 9 ). 1 H NMR (250 MHz, MeOD): δ 7.34-7.19 (m, H Ar , 5H), 4.50-4.40 (m, H 2 , H 5 , 2H), 4.21 (d, J = 7.1 Hz,
	HRMS (m/z, ESI): calcd for C 25 H 40 N 3 O 7 ([M+H] + ) 494.2866, found 494.2845, 516.1682 ([M+Na] + ). Saponification H 8 , 1H), 4.05-3.98 (m, H 12 , 1H), 3.72 (s, H OMe , 3H), 3.14-3.05 (m, H 13 , H 21 , 3H), 2.86 (dd, J 1 = 5.1 Hz,
	Z-(βR, γR)-DiPhe(β-Boc)-Val-Orn(δ-Boc)-Leu-OH 145 J 2 = 13.5 Hz, H 26 , 1H), 2.63-2.44 (m, H 26 , H 11 , 3H), 2.14-2.01 (m, H 23 , 1H), 1.88-1.55 (m, H 19 , H 15 , H 20 ,
	Tripeptide coupling H 16 , 7H), 1.49 (s, H tBu , 9H), 1.45 (s, H tBu , 9H), 0.98-0.90 (m, H 17 , H 18 , H 24 , H 25 , 12H).
	Z-Val-Orn(δ-Boc)-Leu-OMe 143 To a stirred solution of compound 147 (100 mg, 0.063 mmol) in MeOH (1 mL) under argon was added 4N aqueous NaOH (1 mL) and the resulting mixture was allowed to stir at 60 °C for 2 h. The HRMS (ESI+): Linear octapeptide coupling solution was acidified with 6N aqueous hydrochloric acid to pH = 1 and extracted with ethyl acetate
	Preparation of NH 2 -Orn(δ-Boc)-Leu-OMe 142a A solution of compound 142 (0.30 g, 0.61 mmol) in dry MeOH (5 mL) was stirred for 30 min in the presence of 10 wt. % Pd/C (65 mg, 0.06 mmol, 10 mol %) at room temperature under H 2 (1 bar). To a stirred solution of compound 144 (0.20 g, 0.23 mmol) in MeOH (2 mL) at 60 °C under argon Z-(βR,γR)-DiPhe(β-Boc)-Val-Orn(δ-Boc)-Leu-(βR,γR)-DiPhe(β-Boc)-Val-Orn(δ-Boc)-Leu-OMe 147 (50 mL x 3). To a stirred solution of compound 147b (67 mg, 0.043 mmol, 1 eq.) in DMF (20 mL) was added
	Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound ByBOP (113 mg, 0.22 mmol, 5 eq.), HOBt (30 mg, 0.22 mmol, 5 eq.) and DiPEA (0.11 mL, 0.65
	142a (0.22 g) as a white solid in quantitative yield. Compound 145 (0.20g, 0.23 mmol, 1 eq.) was preactivated with HATU (86 mg, 0.23 mmol, 1 eq.) mmol, 15 eq.). The resulting mixture was stirred at room temperature for 12 h then diluted with ethyl
	Z-Val-OH (0.17g, 0.67 mmol, 1.1 eq.) was preactivated with HATU (0.25 g, 0.67 mmol, 1.1 eq.) and N,N-disopropylethylamine (0.21 mL, 1.22 mmol, 2 eq.) in DMF (7 mL) at room temperature under 34-7.16 (m, H Ar , 10H), 5.07-4.95 (m, H Cbz , 2H), 4.49-4.36 (m, H 2 , and N,N-disopropylethylamine (0.078 mL, 0.45 mmol, 2 eq.) in DMF (3 mL) at room temperature acetate (100 mL) and washed with 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The H 5 , 2H), 4.22-4.13 (m, H 8 , H 12 , 2H), 4.02-3.96 (m, H 13 , 1H), 3.08-3.01 (m, H 21 , 2H), 2.93-2.87 (m, H 26 , under argon for 15 min before a solution of compound 146 (0.2 g, 0.27 mmol) in DMF (2 mL) was organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. 1H), 2.69-2.63 (m, H 26 , 1H), 2.61-2.56 (m, H 11 , 1H), 2.41-2.35 (m, H 11 , 1H), 2.09-2.01 (m, H 23 , 1H), added. The resulting mixture was stirred at room temperature for 12 h then diluted with ethyl acetate Crude compound was further washed with diethyl ether to afford compound 148 (49 mg, contains
	argon for 15 min before a solution of 142a (0.22 g, 0.61 mmol, 1 eq.) in DMF (3 mL) was added. The 1.86-1.51 (m, H 19 , H 15 , H 20 , H 16 , 7H), 1.44 (s, H tBu , 9H), 1.42 (s, H tBu , 9H), 0.95 (d, J = 5.8 Hz, H 24 , (100 mL) and washed 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic coupling reagents).
	resulting mixture was stirred for 12 h then diluted with ethyl acetate (100 mL) and washed 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous H 25 , 6H), 0.9 (d, J = 5.8 Hz, H 17 , H 18 , 6H). product was further washed with diethyl ether to give compound 147 (0.24 g) as a white solid in 67% HRMS (m/z, ESI): calcd for C 45 H 68 N 6 NaO 11 ([M+Na] + ) 891.4844, found 891.4825. layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude HRMS (m/z, ESI): calcd for C 74 H 120 N 12 NaO 16 ([M+Na] + ) 1455.8843, found 1455.8823.
	MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by yield.
	chromatography (SiO 2 , ethyl acetate/petroleum ether, 40/60, v/v) to give a white solid 143 (0.31 g) in Hydrogenlysis 1 H NMR (300 MHz, MeOD): δ 7.31-7.16 (m, H Ar , 15H), 5.04-4.98 (m, H Cbz , 2H), 4.51-4.29 (m, H 2 ,
	85% yield. NH 2 -(βR,γR)-DiPhe(β-Boc)-Val-Orn(δ-Boc)-Leu-OMe 146 H 5 , H 16 , H 19 , 4H), 4.25-4.10 (m, H 8 , H 12 , H 22 , H 26 , 4H), 4.06-3.95 (m, H 13 , H 27 , 2H), 3.71 (s, H OMe , 3H),
	1 H NMR (300 MHz, MeOD): δ 7.34-7.30 (m, H Ar , 3H), 7.19-7.14 (m, H 3 , H 6 , 2H), 5.72 (d, J = 8.4 Hz, 3.12-3.01 (m, H 35 , H 47 , 4H), 2.94-2.88 (m, H 40 , H 53 , 2H), 2.73-2.54 (m, H 40 , H 53 , H 11 , H 25 , 4H), 2.47-
	H 9 ), 5.13 (d, J = 11.9 Hz, H Cbz , 1H), 5.05 (d, J = 11.9 Hz, H Cbz , 1H), 4.98-4.93 (m, H 17 , 1H), 4.73-4.65 2.35 (m, H 11 , H 25 , 2H), 2.14-2.01 (m, H 37 , H 49 , 2H), 1.90-1.77 (m, H 33 , H 45 , 2H), 1.74-1.53 (m, H 29 , H 30 ,
	(m, H 5 , 1H), 4.56-4.48 (m, H 2 , 1H), 4.17-4.12 (m, H 8 , 1H), 3.70 (s, H OMe , 3H), 3.35-3.23 (m, H 16 , 1H), H 33 , H 34 , H 41 , H 42 , H 45 , H 46 , 12H), 1.46-1.44 (m, H tBu , 36H), 1.00-0.90 (m, H 31 , H 32 , H 38 , H 39 , H 43 , H 44 ,
	H 50 , H 51 , 24H).

3.10-3.01

(m, H 16 

, 1H), 2.16-2.04

(m, H 18 

, 1H),

1.92-1.82 

(m, H 14 

, 1H), 1.70-1.52

(m, H 14 

, H 10 , H 11 , H 15 , 6H), 1.43 (s, H tBu , 9H), 0.95-0.88 (m, H 12 , H 13 , H 19 , H 20 , 12H).
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was added 4N aqueous NaOH (2 mL). The resulting mixture was stirred at 60 °C for 2 h then cooled to room temperature. The solution was acidified with 6N aqueous hydrochloric acid to pH = 1 and extracted with ethyl acetate (100 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure to give compound 145 (0.2 g) as a white solid in quantitative yield. 1 H NMR (360 MHz, MeOD): δ 7.HRMS (m/z, ESI): calcd for C 83 H 130 N 12 NaO 19 ([M+Na] + ) = 1621.9473, found [M+Na] + = 1621.9616.

A solution of compound 147a (99 mg, 0.063 mmol) in dry MeOH (3 mL) was stirred for 30 min in the presence of 10 wt. % Pd/C (35 mg, 0.032 mmol, 50 mol %) at room temperature under H 2 (1 bar). Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound 147b (0.2 g) as a white solid in 88% yield.

  1 mL) aliquots of TFA solution were poured into two 5 mL conical tubes. Cold diethyl ether (4.9 mL, cooled in ice bath for 15 min in advance) was then dumped into each conical tube. Precipitation was observed immediately and let for incubation for another 15 min in ice bath. Precipitate was pelleted by centrifugation (3000 rpm, 10 min) and transferred to round flask after removal of the ether supernatant. = 3.0, 6.5 and 15.6 min;. The detection of several retention time may due to the aggregation of peptides.

	Analysis was performed with Nucleodur C18 column (250 x 3 mm, 5 μm; solvent A: H 2 O/TFA,
	0.1%, v/v; solvent B: MeCN; flow 0.66 mL.min -1 ; 90:10 for 0-10 mins, 90:10 linear gradient to 10:90
	for 20 min). Detection was controlled by LC-MS (ESI+): 517.3563 ([M+2H] 2+ ), 1033.7070 [M+H] + t r
	Saponification	
	(3S,4R)-4-(((benzyloxy)carbonyl)amino)-3-((tert-butoxycarbonyl)amino)-5-phenylpentanoic	acid
	(βS,γR)-140	
	To a stirred solution of compound (βS,γR)-138 (0.84 g, 1.84 mmol) in MeOH (8 mL) at room
	temperature under argon was added 4N aqueous NaOH (8 mL) and resulting mixture was allowed to
	stir for 6 h. After volatile removal, the aqueous layer was acidified with 6N aqueous hydrochloric acid
	to pH = 1 and extracted with ethyl acetate (100 mL x 3). Combined organic layers were dried with
	anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was further
	washed with diethyl ether to afford compound (βS,γR)-140 (0.78 g) as a white solid in 91% yield.	

Purification on HPLC:

Further purification was performed with HPLC on Semi-preparative Nucleodur C18 column (

250

x 10 mm, 5 μm; solvent A: H 2 O/TFA, 0.1%, v/v; solvent B: MeCN; flow 2.0 mL.min -1 ; linear gradient from 90:10 to 10:90 in 10 min and concentrated under reduced pressure to compound GS8R (16 mg) as a slightly yellow solid in 59% yield (2 steps, from cyclization). 1 H NMR (360 MHz, MeOD): δ 7.30-7.05 (m, H Ar , 10H), 7.07 (d, J = 9.5 Hz, H 6 , 1H), 5.01-4.95 (m, H Cbz , 2H), 4.07-3.98 (m, H 3 , 1H), 3.96-3.87 (m, H 4 , 1H), 3.00 (dd, J 1 = 3.6 Hz, J 2 = 14.0 Hz, H 5 , 1H), 2.65-2.54 (m, H 2 , H 5 , 2H), 2.43 (dd, J 1 = 9,1 Hz, J 2 = 15.5 Hz, H 2 , 1H), 1.47 (s, H tBu , 9H).

13 C NMR (90 MHz, MeOD): δ 175

  .3 (C 1 ), 158.8 (C CO Cbz ), 158.1 (C CO Boc ), 140.1 (C q Ar ), 138.6 (C q Ar ), 120.5 (C Ar ), 129.5 (C Ar ), 129.4 (C Ar ), 128.9 (C Ar ), 128.5 (C Ar ), 127.4 (C Ar ), 80.4 (C q tBu ), 67.3 (C Cbz ), 57.7 (C 4 ), 53.3 (C 3 ), 38.6 (C 5 ), 37.6 (C 2 ), 28.9 (C tBu ). calcd for C 24 H 30 N 2 NaO 6 ([M+Na] + )465.2002, found 465.1996. 

	HRMS (m/z, ESI): Hydrogenlysis
	(3S,4R)-4-amino-3-((tert-butoxycarbonyl)amino)-5-phenylpentanoic acid 151
	A solution of compound (βS,γR)-140 (0.8 g, 1.81 mmol) in dry MeOH (3 mL) was stirred for 30
	min in the presence of 10 wt. % Pd/C (192 mg, 0.18 mmol, 10 mol %) at room temperature under H 2
	13 C NMR (90 MHz, MeOD): δ 177.9 (C 1 ), 158.3 (C CO Boc ), 137.4 (C q Ar ), 130.5 (C Ar ), 130.3 (C Ar ),
	128.6 (C Ar ), 81.02 (C q tBu ), 57.6 (C 4 ), 51.5 (C 3 ), 40.7 (C 2 ), 36.4 (C 5 ), 28.9 (C tBu ).
	HRMS (m

(1 bar). Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound 151 (0.52 g) as a white solid in 95% yield. 1 H NMR (360 MHz, MeOD): δ 7.40-7.30 (m, H Ar , 5H), 4.14-4.09 (m, H 3 , 1H), 3.70-3.63 (m, H 4 , 1H), 3.11 (dd, J 1 = 4.9 Hz, J 2 = 14.5 Hz, H 5 , 1H), 2.77 (dd, J 1 = 9.8 Hz, J 2 = 14.5 Hz, H 5 , 1H), 2.54 (d, J = 6.4 Hz, H 2 , 2H), 1.48 (s, H tBu , 9H).

/z, ESI): calcd

  for C 16 H 25 N 2 O 4 ([M+H] + ) 309.1814, found 309.1797, 331.1620([M+Na] + ).

1 H NMR (250 MHz, DMSO): δ

  7.88 (d, J = 7.6 Hz, H Ar , 2H), 7.61 (d, J = 7.6 Hz, H Ar , 2H), 7.44-7.11 (m, H Ar , 9H), 4.18-4.04 (m, H 8 , H 9 , 3H),3.93-3.83 (m, H 3 , 1H), 3.79-3.69 (m, H 4 , 1H), 2.87-2.77 (m, calcd for C 31 H 35 N 2 O 6 ([M+H] + ) 531.2495, found 531.2470, 553.2302 ([M+Na] + ).

	H 5 , 1H), 2.63-2.57 (m, H 5 , 1H), 2.45-2.26 (m, H 2 , 2H), 1.39 (s, H tBu , 9H).
	13 C NMR (62.5 MHz, DMSO): δ 173.8 (C 1 ), 156.3 (C CO Fmoc or C CO Boc ), 155.6 (C CO Boc or C CO Fmoc ),
	144.3 (C q Ar ), 141.1 (C q Ar ), 139.8 (C q Ar ), 129.6 (C Ar ), 128.4 (C Ar ), 128.0 (C Ar ), 127.5 (C Ar ), 126.3 (C Ar ),
	125.7 (C Ar ), 120.5 (C Ar ), 78.1 (C q tBu ), 65.7 (C 8 ), 56.2 (C 4 ), 52.0 (C 3 ), 47.2 (C 9 ), 37.4 (C 5 ), 36.9 (C 2 ),
	28.8 (C tBu ).
	HRMS (m/z, ESI): Undesired Lactamization
	tert-butyl ((2R,3S)-2-benzyl-5-oxopyrrolidin-3-yl)carbamate (βS,γR)-141
	This undesired lactam was obtained in two cases.
	Case A:
	A solution of compound (βS,γR)-138 (0.79 g, 1.73 mmol) in dry MeOH (15 mL) was stirred for
	30 min in the presence of 10 wt. % Pd/C (183 mg, 0.17 mmol, 10 mol %) at room temperature under
	H 2 (1 bar). Filtration of the catalyst through celite pad and concentration under reduced pressure gave a
	crude product. The crude product was purified by chromatography (MeOH/DCM, 5/95, v/v) to afford
	compound (βS,γR)-141 (301 mg) and Cbz deprotected compound 150 (223 mg) in 60% and 40% yield
	respectively.
	Case B:
	To a stirred solution of compound Cbz deprotected compound 150 (223 mg, 0.692 mmol) in
	MeOH (8 mL) at room temperature under argon was added 4N aqueous NaOH (8 mL) and resulting
	mixture was allowed to stir for 6 h. After volatile removal, the aqueous layer was acidified with 6N
	aqueous hydrochloric acid to pH = 1 and extracted with ethyl acetate (50 mL x 3). Combined organic
	layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure to give

compound (βS,γR)-141 and 152 in 80% and 20% yield respectively (according

1 H NMR spectrum)

.

1 H NMR (360 MHz, MeOD): δ

  7.33-7.22 (m, H Ar , 5H), 4.04-3.99 (m, H 3 , 1H), 3.79-3.75 (m, H 4 , 1H), 2.95 (dd, J 1 = 5.2 Hz, J 2 = 13.9 Hz, H 5 , 1H), 2.83 (dd, J 1 = 6.5 Hz, J 2 = 13.9 Hz, H 5 , 1H), 2.35 (dd, J 1 = 8.1 Hz, J 2 = 17.3 Hz, H 2 , 1H), 2.1 (dd, J 1 = 5.1 Hz, J 2 = 17.3 Hz, H 2 , 1H),1.44 (s, H tBu , 9H).

	13 C NMR (90 MHz, MeOD): δ 178.1 (C 1 ), 157.7 (C CO Boc ), 138.1 (C q Ar ), 130.7 (C Ar ), 129.6 (C Ar ),
	127.8 (C Ar ), 80.4 (C q tBu ), 63.7 (C 4 ), 52.4 (C 3 ), 41.1 (C 5 ), 38.0 (C 2 ), 28.7 (C tBu ).
	HRMS (m/z, ESI): calcd for C 16 H 23 N 2 O 3 ([M+H] + ) 291.1709, found 291.1698, 313.1521 ([M+Na] + ).

  To a stirred solution of compound 153 (160 mg, 0.11 mmol, 1 eq.) in DMF (20 mL) at room temperature under argon was added ByBOP (286 mg, 0.55 mmol, 5 eq.), HOBt (74 mg, 0.55 mmol, 5 eq.) and DiPEA (0.3 mL, 1.65 mmol, 15 eq.). The resulting mixture was stirred at room temperature for 12 h then diluted with ethyl acetate (100 mL) and washed 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was further washed with diethyl ether to afford a compound 154 (62 mg, contains coupling reagents).

	HRMS (m/z, ESI): calcd for C 74 H 123 N 12 O 17 ([M+H] + ) 1451.9129, found 1452.9119, 1473.8909
	([M+Na] + ).

Cyclization

Cyclo-

[(βR,γ R)

-DiPhe(β-Boc)-Val-Orn(δ-Boc)-Leu] 2 154 HRMS (m/z, ESI): calcd for C 74 H 120 N 12 NaO 16 ([M+Na] + ) 1455.8843, found 1455.8888.

  Precipitation was observed immediately and let for incubation for another 15 min in ice bath. Precipitate was pelleted by centrifugation (3000 rpm, 10 min) and transferred to round flask after removal of the ether supernatant.

	Analysis was performed with Nucleodur C18 column (250 x 3 mm, 5 μm; solvent A: H 2 O/TFA,
	0.1%, v/v; solvent B: MeCN; flow 0.66 mL.min -1 ; 90:10 for 0-20 mins, 90:10 linear gradient to 10:90
	for 10 min). Detection was controlled by LC-MS (ESI+): 517.3490 ([M+2H] 2+ ), 1033.6947 [M+H] + t r
	= 2.0, 6.5 and 23.9 min; The detection of several retention time may due to the aggregation of peptides.
	Purification on HPLC:
	Further purification was performed with HPLC on Semi-preparative Nucleodur C18 column (250
	x 10 mm, 5 μm; solvent A: H 2 O/TFA, 0.1%, v/v; solvent B: MeCN; flow 2.0 mL.min -1 ; 90:10 for 0-20
	mins, 90:10 linear gradient to 10:90 for 10 min) and concentrated under reduced pressure to give
	compound GS8S (22 mg) as a white solid in 14% yield (multi-steps, from SPPS).
	Dipeptide coupling
	Z-(βR,γR)-DiPhe(β-Boc)-Val-OMe 154

2 mL) aliquots of TFA solution were poured into two 5 mL conical tubes. Cold diethyl ether (4.8 mL, cooled in ice bath for 15 min in advance) was then dumped into each conical tube.

NMR (90 MHz, MeOD): δ 173

  J 1 = 6.1 Hz, J 2 = 14.2 Hz, H 5 , 1H), 2.43 (dd, J 1 = 8.4 Hz, J 2 = 14.2 Hz, H 5 , 1H), 2.19-2.09 (m, H 9 , 1H), 1.45 (s, H tBu , 9H), 0.96 (d, J = 6.6 Hz, H 10 , H 11 , 6H). .7 (C 1 or C 4 ), 173.3 (C 4 or C 1 ), 158.8 (C CO Cbz ), 157.9 (C CO Boc ), 139.8 (C q Ar ), 138.4 (C q Ar ), 130.5 (C Ar ), 129.5 (C Ar ), 129.4 (C Ar ), 128.9 (C Ar ), 128.6 (C Ar ), 127.4 (C Ar ),

	1 H NMR (360 MHz, CDCl 3 ): δ 7.32-7.21 (m, H Ar , 10H), 6.58-6.48 (m, H 3 , 1H), 6.10-6.0 (m, H 12 , 1H), 5.59-5.46 (m, H 13 , 1H), 5.09-4.89 (m, H Cbz , 2H), 4.58-4.52 (m, H 2 , 1H), 4.12-4.07 (m, H 6 , 1H), 4.07-3.98 (m, H 7 , 1H), 3.72-3.66 (m, H OMe , 3H), 2.97-2.82 (m, H 8 , 2H), 2.55-2.45 (m, H 5 , 2H), 2.19-2.10 (m, H 9 , 1H), 1.44-1.38 (m, H tBu , 9H), 0.97-0.90 (m, H 10 , H 11 , 6H). 1 H NMR (360 MHz, MeOD): δ 7.31-7.19 (m, H Ar , 10H), 5.02 (d, J = 12.6 Hz, H Cbz , 1H), 4.92 (d, J = 28.9 (C tBu ), 19.7 (C 10 or C 11 ), 18.7 (C 11 or C 10 ). HRMS (m/z, ESI): calcd for C 30 H 42 N 3 O 7 ([M+H] + ) 556.3023, found 556.2988, 578.2804 ([M+Na] + ). Tripeptide coupling Z-Leu-(βR,γR)-DiPhe(β-Boc)-Val-OMe 155 12.6 Hz, H 80.4 (C tBu ), 67.4 (C Cbz ), 59.3 (C 2 ), 57.7 (C 7 ), 53.2 (C 6 ), 52.6 (C OMe ), 40.2 (C 5 ), 39.7 (C 8 ), 32.0 (C 9 ), Preparation of NH

Cbz , 1H),

4.39-4.34 

(m, H 2 , 1H), 4.22-4.15 (m, H 6 , 1H), 4.07-3.98 (m, H 7 

, 1H), 3.70 (s, H OMe , 3H), 2.92 (dd, J 1 = 4.5 Hz, J 2 = 13.7 Hz, H 8 , 1H), 2.67 (dd, J 1 = 9.9 Hz, J 2 = 13.7 Hz, H 8 , 1H), 2.58 (dd,

13 C 2 -(βR,γR)-DiPhe-Val-OMe 154a

A solution of compound 154 (0.21 g, 0.37 mmol) in dry MeOH (5 mL) was stirred for 30 min in the presence of 10 wt. % Pd/C (39 mg, 0.04 mmol, 10 mol %) at room temperature under H 2 (1 bar).

NMR (100 MHz, CDCl 3 , 240 K, 200 mM): δ 174

  .36(m, H 18 , 1H), 1.05-0.99(m, H 17 , H 13 , H 14 , 8H),0.79 (d, J = 5.4 Hz, H 19 or H 20 ), 0.74 (d, J = 5.4 Hz, H 19 or H 20 ) .2 (C 9 ), 172.5 (C 1 ), 170.9 (C 4 ), 156.9 (C CO Cbz ), 155.5 (C CO Boc ), 138.7 (C q Ar ), 135.3 (C q Ar ), 129.6 (C Ar ), 128.7 (C Ar x 2), 128.5 (C Ar ), 128.2 (C Ar ),126.6 for 15 min before a solution of 155a (80 mg, 0.15 mmol) in DMF (1 mL) was added. The resulting mixture was stirred for 12 h then diluted with ethyl acetate (100 mL) and washed 10% aqueous citric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by J 1 = 4.2 Hz, J 2 = 14.0 Hz, H 19 , 1H), 2.69-2.62 (m, H 19 , 1H), 2.49 (dd, J 1 = 6.2 Hz, J 2 = 14.2 Hz, H 5 , 1H), 2.29 (dd, J 1 = 8.2 Hz, J 2 = 14.1 Hz, H 5 , 1H), 2.18-2.07 (m, H 15 , 1H), 1.47 (s, H tBu , 9H), 1.34-1.27 (m, H 20 , H 21 , H 24 , 6H), 0.95 (d, J = 6.9 Hz, H 16 , H 17 , 6H), 0.82-0.78 (m, H 22 , H 23 , 6H).

	(C Ar ), 80.3 (C q tBu ), 67.5 (C Cbz ), 57.9 (C 2 ), 55.1 (C 7 ), 53.5 (C 6 ), 53.3 (C 10 ), 52.4 (C OMe ), 41.1 (C 5 ), 40.1 chromatography (SiO 2 , MeOH/DCM, 3/97, v/v) to give compound 156 (71 mg) as a white solid in 64%
	(C 17 ), 38.7 (C 16 ), 30.8 (C 12 ), 28.3 (C tBu ), 24.2 (C 18 ), 23.2 (C 19 , or C 20 ), 20.5 (C 20 , or C 19 ), 19.4 (C 13 or yield.
	C 14 ), 18.1 (C 14 or C 13 ).
	1 H NMR (360 MHz, CD 3 OH): δ 8.09 (d, J = 8.1 Hz, H 3 , 1H), 7.88 (d, J = 9.5 Hz, H 8 , 1H), 7.36-7.16 1 H NMR (360 MHz, CD 3 OH): δ 8.16 (d, J = 8.3 Hz, H 3 , 1H), 8.05 (d, J = 7.2 Hz, H 11 , 1H), 7.85 (d, J
	(m, H Ar , H 11 , 11H), 6.45 (d, J = 9.4 Hz, H 15 , 1H), 5.02-4.90 (m, H Cbz , 2H), 4.39-4.28 (m, H 2 , H 7 , 2H), = 8.9 Hz, H 8 , 1H), 7.39-7.17 (m, H Ar , H 14 , 11H), 6.47 (m, J = 9.5 Hz, H 18 , 1H), 5.15-5.07 (m, H Cbz , 2H),
	4.23-4.17 (m, H 6 , 1H), 3.99-3.93 (m, H 10 , 1H), 3.71 (s, H OMe , 1H), 2.96 (dd, J 1 = 4.0 Hz, J 2 = 13.4 Hz, 4.38-4.27 (m, H 2 , H 7 , 2H), 4.25-4.20 (m, H 6 , 1H), 4.18-4.10 (m, H 10 , H 13 , 2H), 3.70 (s, H OMe , 3H), 2.96
	H 16 , 1H), 2.65 (dd, J 1 = 11.2 Hz, J 2 = 13.4 Hz, 1H, H 16 ), 2.52 (dd, J 1 = 6.3 Hz, J 2 = 14.1 Hz, H 5 , 1H), 2.31 (dd, J 1 = 8.0 Hz, J 2 = 14.2 Hz, H 5 , 1H), 2.18-2.09 (m, H 12 , 1H), 1.48 (s, H tBu , 9H), 1.38-1.27 (m, H 18 , 1H) 1.24-1.16 (m, H 17 , 1H), 1.02-0.97 (m, H 17 , 1H), 0.96 (d, J = 6.8 Hz, H 13 , H 14 , 6H), 0.8 (d, J = 6.8 Hz, H 19 , H 20 , 6H). (dd, 13 C NMR (90 MHz, CD 3 OH): δ 175.9 (C 1 ), 175.0 (C 4 ), 173.5 (C 9 ), 173.3 (C 12 ), 158.5 (C CO Cbz ), 157.8
	(C CO Boc ), 139.6 (C q Ar ), 138.1 (C q Ar ), 130.3 (C Ar ), 129.5 (C Ar ), 129.4 (C Ar ), 129.1 (C Ar ), 128.9 (C Ar ),
	127.4 (C Ar ), 80.3 (C q tBu ), 67.8 (C Cbz ), 59.3 (C 2 ), 55.7 (C 7 ), 53.7 (C 6 ), 53.4 (C 10 ), 52.4 (C OMe ), 52.2 (C 13 ),
	80.3 (C q tBu ), 67.7 (C Cbz ), 59.3 (C 2 ), 55.5 (C 7 ), 55.3 (C 10 ), 53.4 (C 6 ), 52.5 (C OMe ), 41.8 (C 17 ), 40.8 (C 5 ), 41.3 (C 20 ), 40.7 (C 5 ), 39.4 (C 19 ), 32.0 (C 15 ), 28.8 (C tBu ), 25.6 (C 21 ), 22.3 (C 22 or C 23 ), 22.1 (C 23 or C 22 ),
	39.5 (C 16 ), 32.1 (C 12 ), 28.8 (C tBu ), 25.6 (C 18 ), 23.4 (C 19 , or C 20 ), 22.1 (C 20 , or C 19 ), 19.6 (C 13 or C 14 ), 19.6 (C 16 or C 17 ), 18.7 (C 17 or C 16 ), 18.2 (C 24 ).
	18.6 (C 14 or C 13 ). HRMS (m/z, ESI): calcd for C 39 H 58 N 5 O 9 ([M+H] + ) 740.4235, found 740.4220, 762.4048 ([M+Na] + ).
	HRMS (m/z, ESI): calcd for C 36 H 53 N 4 O 8 ([M+H] + ) 669.3863, found 669.3846, 691.3668 ([M+Na] + ).
	Z-Ala-Leu-(βR,γR)-DiPhe-Val-OMe 156
	Preparation of NH 2 -Leu-(βR, γR)-DiPhe-Val-OMe 155a
	A solution of compound 155 (0.10 g, 0.15 mmol) in dry MeOH (5 mL) was stirred for 30 min in
	the presence of 10 wt. % Pd/C (16 mg, 0.015 mmol, 10 mol %) at room temperature under H 2 (1 bar).
	1 H NMR (400 MHz, CDCl 3 , 240 K, 200 mM): δ 8.76 (bs, H 3 , 1H), 8.25 (bs, H 8 , 1H), 7.39-7.19 (m, Filtration of the catalyst through celite pad and concentration under reduced pressure gave compound
	H Ar , 10H), 6.94 (bs, H 15 , 1H), 5.25 (bs, H 11 , 1H), 5.06 (d, J = 12.0 Hz, H Cbz , 1H), 4.93 (d, J = 12.0 Hz, 155a (80 mg ) as a white solid in quantitative yield.

H Cbz , 1H), 4.55-4.52

(m, H 2 , 1H), 4.28-4.19 

(m, H 6 , H 7 , 2H), 4.02-3.94 (m, H 10 

, 1H)3.72 (s, H OMe , 3H), 2.91 (s, H 16 , 2H), 2.58 (m, H 5 , 1H), 2.33 (m, H 5 , 1H), 2.28-2.21 (m, H 12 , 1H), 1.57 (s, H tBu , 9H) 1.41-

113 C 13 C NMR (90 MHz, CD 3 OH): δ 175.9 (C 9 ), 173.5 (C 1 ), 173.2 (C 4 ), 158.6 (C CO Cbz ), 157.8 (C CO Boc ), 139.6 (C q Ar ), 138.2 (C q Ar ), 130.3 (C Ar ), 129.5 (C Ar ), 129.4 (C Ar ), 129.0 (C Ar ), 128.8 (C Ar ), 127.4 (C Ar ),

Z-Ala-OH (37 mg, 0.16 mmol, 1.1 eq.) was preactivated with HATU (63 mg, 0.16 mmol, 1.1 eq.) and N,N-disopropylethylamine (0.06 mL, 0.33 mmol, 2 eq.) in DMF (2 mL) at room temperature under argon

NMR (90 MHz, CDCl 3 ): δ 175

  

	1 H NMR (360 MHz, CDCl 3 ): δ 7.73 (d, J = 8.1 Hz, H 9 , 2H), 7.30 (d, J = 8.1 Hz, H 10 , 2H), 6.84 (bs,
	H COOH , 1H), 5.49 (d, J = 8.7 Hz, H 7 , 1H), 3.91 (dt, J = 6.9 Hz, J = 8.7 Hz, H 2 , 1H), 3.68 (s, H 6 , 3H),
	2.55-2.39 (m, H 4 , 2H), 2.46 (s, H 11 , 3H), 2.22-2.13 (m, H 3 , 1H), 1.98-1.88 (m, H 3 , 1H).
	.0 (C 1 or C 5 ), 173.4 (C 5 or C 1 ), 144.0 (C 8 ), 136.3 (C 11 ), 129.8 (C 9 ),
	127.2 (C 10 ), 54.6 (C 2 ), 52.0 (C 6 ), 29.5 (C 4 ), 28.0 (C 3 ), 21.6 (C 12 ).

13 C

HRMS (m/z, ESI): calcd

  for C 13 H 17 NNaO 6 S ([M+Na] + ) 338.0674, found 338.0666. calcd for C 13 H 16 N 2 NaO 4 S ([M+Na] + ) 319.0729, found 319.0723.

	52.3 (C 6 ), 43.6 (C 2 ), 29.3 (C 4 ), 28.7 (C 3 ), 21.7 (C 12 ).
	HRMS (m/z, ESI): Blaise reaction
	(S,Z)-tert-butyl 2-(3-(4-methylphenylsulfonamido)-6-oxopiperidin-2-ylidene)acetate 162c
	Amidation
	(S)-methyl 5-amino-4-(4-methylphenylsulfonamido)-5-oxopentanoate 160c

1 H NMR (300 MHz, CDCl 3 ): δ 10

  .57 (bs, H 6 , 1H),7.79 (d, J = 8.3 Hz, H 9 , 2H), 7.35 (d, J = 8.3 Hz, H 10 , 2H), 5.14 (d, J = 7.9 Hz, H 7 , 1H), 4.87 (s, H 13 , 1H), 4.15-4.06 (m, H 2 , 1H), 2.68-2.51 (m, H 4 , 2H), 2.46 (s, H 12 , 3H), 1.83-2.01 (m, H 3 , 2H), 1.45 (s, H tBu , 9H).

1 H NMR (360 MHz, CDCl 3 ): δ

  7.76 (d, J = 8.3 Hz, H 9 , 2H), 7.31 (d, J = 8.3 Hz, H 10 , 2H), 6.57 (s, H 6 , 1H), 6.31 (d, J = 8.6 Hz, H 7 , 1H), 3.62-3.57 (m, H 1 , 1H), 3.29-3.21 (m, H 2 , 1H), 2.72 (dd, J = 2.5 Hz, J = 17.3 Hz, H 13 , 1H), 2.41 (s, H 12 , 3H), 2.38-2.15 (m, H 13 , H 4 , 3H), 1.69-1.62 (m, H 3 , 2H), 1.41 (s, H tBu ,

	9H).

13 C NMR (

62.25 MHz, CDCl 3 ): δ 170

  .8 (C 5 or C 14 ), 170.4 (C 14 or C 5 ), 143.7 (C 8 ), 137.9 (C 11 ), 129.9 (C 9 ), 126.9 (C 10 ), 81.9 (C q tBu ), 54.2 (C 1 ), 51.4 (C 2 ), 39.7 (C 13 ), 28.7 (C 4 ), 28.1 (C tBu ), 25.5 (C 3 ), 21.5 (C 12 ). calcd for C 18 H 26 N 2 NaO 5 S ([M+Na] + ) 405.1455, found 405.1440. tert-butyl 2-((2S,3S)-3-(4-methylphenylsulfonamido)-6-oxopiperidin-2-yl)acetate (βS,γS)-166

	[α] D 20 = -14.2 (c = 1.8, CH 3 OH)

HRMS (m/z, ESI):

1 H

NMR (250 MHz, CDCl 3 ): δ

  7.81 (d, J = 7.9 Hz, H 9 , 2H), 7.31 (d, J = 7.9 Hz, H 10 , 2H), 6.81 (d, J = 9.4 Hz, H 7 , 1H), 6.71 (s, H 6 , 1H), 3.91-3.84 (m, H 1 , 1H), 3.76-3.68 (m, H 2 , 1H), 2.69 (dd, J = 5.0 Hz, J = 17.3 Hz, H 13 , 1H) 2.52 (dd, J = 8.6 Hz, J = 17.3 Hz, H 13 , 1H), 2.44-2.39 (m, H 4 , 1H), 2.43 (s, H 12 , 3H), 2.36-2.26 (m, H 4 , 1H), 1.72-1.57 (m, H 3 , 2H), 1.47 (s, H tBu , 9H).

13 C NMR (

62.5 MHz, CDCl 3 ): δ 171

  .7 (C 5 or C 14 ), 170.4 (C 14 or C 5 ), 143.3 (C 8 ), 138.4 (C 11 ), 129.7 (C 9 ), 126.8 (C 10 ), 81.8 (C q tBu ), 52.7 (C 1 ), 49.3 (C 2 ), 37.6 (C 13 ), 28.1 (C tBu ), 26.6 (C 4 ), 25.1 (C 3 ), 21.5 (C 12 ). calcd for C 18 H 26 N 2 NaO 5 S ([M+Na] + ) 405.1455, found 405.1440.

HRMS (m/z, ESI): Ts-nitrogen carbamoylation tert-butyl 2-((2R,3S)-3-(N-((benzyloxy)carbonyl)-4-methylphenylsulfonamido)-6-oxopiperidin-2-yl) acetate (βR,γS)-169

1 H NMR (360 MHz, CDCl 3 ): δ

  7.63 (d, J = 8.6 Hz, H 16 , 2H), 7.37-7.32 (m, H Ar , 3H), 7.20 (dd, J = 1.8 Hz, J = 7.2 Hz, H Ar , 2H), 7.16 (d, J = 8.6 Hz, H 17 , 2H), 6.54 (s, H 6 , 1H), 5.11 (s, H 10 , 2H), 4.58-4.50 (m, H 2 , 1H), 4.49-42 (m, H 1 , 1H), 2.75 (dd, J = 1.8 Hz, J = 16.9 Hz, H 7 , 1H), 2.70-2.61 (m, H 3 , 1H), 2.50-2.36 (m, H 4 , H 7 , 3H), 2.40 (s, H 19 , 3H), 1.86-1.82 (m, H 3 , 1H), 1.46 (s, H tBu , 9H).

13 C NMR (

90 MHz, CDCl 3 ): δ 170

  .5 (C 5 or C 20 ), 170.4 (C 20 or C 5 ), 151.5 (C 9 ), 145.0 (C 15 ), 136.2 (C 11 or C 18 ), 133.9 (C 18 or C 11 ), 129.5 (C Ar ), 128.9 (C Ar ), 128.7 (C Ar ), 128.7 (C Ar ), 128.3 (C Ar ), 82.1 (C q tBu ), 69.6 (C 10 ), 57.7 (C 2 ), 50.2 (C 1 ), 39.2 (C 7 ), 31.1 (C 4 ), 28.1 (C tBu ), 24.8 (C 3 ), 21.6 (C 19 ). HRMS (m/z, ESI): calcd for C 26 H 32 N 2 NaO 7 S ([M+Na] + ) 539.1822, found 539.1809.

	Detosylation
	tert-butyl 2-((2R,3S)-3-(((benzyloxy)carbonyl)amino)-6-oxopiperidin-2-yl)acetate (βR,γS)-171

1 H NMR (360 MHz, CDCl 3 ): δ

  7.34-7.31 (m, H Ar , 5H), 6.58 (s, H 6 , 1H), 5.67 (d, J = 8.6 Hz, H 7 , 1H), 5.12 (d, J = 12.6 Hz, H 10 , 1H) 5.08 (d, J = 12.6 Hz, H 10 , 1H), 3.74-3.65 (m, H 2 , 1H), 3.63-3.51 (m, H 1 , 1H), 2.64 (dd, J = 2.5 Hz, J = 16.6 Hz, H 7 , 1H), 2.42-2.32 (m, H 7 , H 4 , 3H), 1.99-1.89 (m, H 3 , 1H), 1.87-1.71 (m, H 3 , 1H), 1.42 (s, H tBu , 9H).

13 C NMR (

90 MHz, CDCl 3 ): δ 170

  .9 (C 5 or C 15 ), 170.7 (C 5 or C 15 ), 156.1 (C 9 ), 136.3 (C 11 ), 129.9 (C Ar ), 128.7 (C Ar ), 128.4 (C Ar ), 128.2 (C Ar ), 126.9 (C Ar ), 82.0 (C q tBu ), 67.1 (C 10 ), 54.1 (C 1 ), 49.3 (C 2 ), 40.2 (C 7 ), 29.1 (C 4 ), 28.1 (C tBu ), 25.9 (C 3 ). calcd for C 19 H 26 N 2 NaO 5 ([M+Na] + ) 385.1734, found 385.1717.Ts-nitrogen benzylationtert-butyl 2-((2S,3S)-3-(N-benzyl-4-methylphenylsulfonamido)-6-oxopiperidin-2-yl)acetate (βS,γS)-170To a stirred solution of (2S,3S)-166 (0.24 g, 0.628 mmol, 1 eq.) with K 2 CO 3 (0.1736 g, 1.256 mmol, 2 eq.) in MeCN (5 mL) under argon was added BnBr (0.2143 g, 1.2560 mmol, 2 eq.) and the resulting mixture was allowed to stir under reflux for 12 h. After volatile removal, the residue was diluted with ethyl acetate (50 mL) and washed with 2N aqueous hydrochloric acid, saturated aqueous NaHCO 3 and brine. The organic layer was dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure. Crude product was purified by chromatography (SiO 2 , petroleum ether/ethyl acetate, 1 /1, v/v) to afford compound (2S,3S)-170 (226 mg) in 70% yield. Hz, H 9 , 2H),7.34-7.26 (m, H Ar , 7H), 6.16 (d, J = 3.1 Hz, H 6 , 1H), 4.45 (s, H 13 , 2H), 4.23-4.16 (m, H 1 , 1H), 3.93-3.85 (m, H 2 , 1H), 2.41 (s, H 12 , 3H), 2.34-2.02 (m, H 4 , H 18 , 4H), 1.89 (m, H 3 , 1H), 1.75 (m, H 3 , 1H), 1.37 (s, H tBu , 9H).

HRMS (m/z, ESI):

1 H NMR (300 MHz, CDCl 3 ): δ

7.68 (d, J = 8.4 

1 H NMR (300 MHz, CDCl 3 ): δ

  7.52 (d, J = 8.3 Hz, H 9 , 2H), 7.36-7.20 (m, H Ar , 7H), 5.29 (d, J = 14.5 Hz, H 15 , 1H), 5.22 (d, J = 6.1 Hz, H 7 , 1H), 3.90-3.85 (m, H 15 , H 1 , 2H), 3.38-3.28 (m, H 2 , 1H), 2.68 (dd, J 1 = 6.2 Hz, J 2 = 16.0 Hz, H 13 , 1H), 2.54-2.47 (m, H 4 , 2H), 2.43 (s, H 12 , 3H), 2.39 (dd, J 1 = 5.4 Hz, J 2 = 16.0 Hz, H 13 , 1H), 1.85-1.76 (m, H 3 , 2H), 1.49 (s, H tBu , 9H).

13 C NMR (

90 MHz, CDCl 3 ): δ 171

  .0 (C 14 ), 168.7 (C 5 ), 143.9 (C 8 ), 136.9 (C 11 or C 16 ), 136.6 (C 16 or C 11 ), 130.0 (C Ar ), 128.9 (C Ar ), 128.5 (C Ar ), 127.8 (C Ar ), 127.2 (C Ar ), 82.4 (C q tBu ), 54.8 (C 1 ), 51.6 (C 2 ), 48.8 (C 15 ), 35.9 (C 13 ), 29.4 (C 4 ), 28.2 (C tBu ), 23.6 (C 3 ), 21.8 (C 12 ). calcd for C 25 H 32 N 2 NaO 5 S ([M+Na] + ) 495.1930, found 495.1940.

HRMS (m/z, ESI):

1 H NMR (360 MHz, CDCl 3 ): δ

  7.50-7.48 (m, H Ar , 6H), 7.30-7.28 (m, H Ar , 6H), 7.22-7.18 (m, H Ar , 3H), 3.74 (s, H OMe , 3H), 3.48-3.45 (m, H 2 , 1H), 2.62-2.57 (m, H 4 , 1H), 2.47-2.38 (m, H 4 , 1H), 2.15-2.06 (m, H 3 , 1H), 2.02-1.92 (m, H 3 , 1H) 13 C NMR (90 MHz, CDCl 3 ): δ 179.2 (C 1 ), 174.0 (C 5 ), 145.4 (C q Ar ), 128.9 (C Ar ), 128.1 (C Ar ), 126.9 (C Ar ), 71.6 (C 6 ), 55.8 (C 2 ), 52.1 (C OMe ), 30.1 (C 4 ), 29.8 (C 3 ) HRMS (m/z, ESI): calcd for C 25 H 25 NNaO 4 ([M+Na] + ) 426.1683, found 426.1666.

	Amidation
	(S)-methyl 5-amino-5-oxo-4-(tritylamino)pentanoate 176

1 H NMR (360 MHz, CDCl 3 ): δ 7

  .50-7.42 (m, H Ar , 6H), 7.26-7.17 (m, H Ar , 6H), 7.12-7.08 (m, H Ar , 3H), 5.99 (s, H CONH2 , 1H), 5.65 (s, H CONH2 , 1H), 5.07 (bs, H NHTrt , 1H), 3.62 (s, H OMe , 3H), 3.28-3.25 (m, H 2 , 1H), 2.63-2.41 (m, H 4 , 1H), 2.30-2.13 (m, H 4 , 1H), 1.93-1.68 (m, H 3 , 2H) HRMS (m/z, ESI):calcd for C 25 H 26 N 2 NaO 3 ([M+Na] + ) 425.1841, found 425.1818

	Dehydration
	(S)-methyl 4-cyano-4-(tritylamino)butanoate 177

1 H NMR (360 MHz, CDCl 3 ): δ

  7.59-7.57 (m, H Ar , 6H), 7.40-7.25 (m, H Ar , 9H), 3.72 (s, H OMe , 3H), 3.66-3.58 (m, H 2 , 1H), 2.69-2.61 (m, H 4 , 1H), 2.56-2.46 (m, H 4 , 1H), 2.17-2.09 (m, H 3 , 2H) 13 C NMR (90 MHz, CDCl 3 ): δ 172.7 (C 5 ), 144.9 (C q Ar ), 128.6 (C Ar ), 128.4 (C Ar ), 127.2 (C Ar ), 119.6 (C 1 ), 71.5 (C 6 ), 51.9 (C OMe ), 45.1 (C 2 ), 30.9 (C 4 ), 30.1 (C 3 ) HRMS (m/z, ESI) calcd for C 25 H 24 N 2 NaO 2 ([M+Na] + ) 407.1736, found 407.1722.

1 H NMR (300 MHz, CDCl 3 ): δ

  9.97 (bs, H COOH , 1H), 7.38-7.36 (m, H Ar , 5H), 5.3 (d, J = 7.7 Hz, H 7 , 1H), 5.15 (s, H 6 , 2H), 4.43-4.36 (m, H 2 , 1H), 2.60-2.47 (m, H 4 , 2H), 2.33-2.23 (m, H 3 , 1H), 2.10-2.02 (m, H 3 , 1H), 1.46 (s, H tBu , 9H).

  .35-7.31 (m, H Ar , 5H), 6.60 (bs, H CONH2 , 1H), 6.14 (bs, H CONH2 , 1H), 5.52 (d, J = 7.2 Hz, H 7 , 1H), 5.11 (s, H 6 , 2H), 4.28-4.19 (m, H 2 , 1H), 2.61-2.38 (m, H 4 , 2H), 2.22-2.08 (m, H 3 , 1H), 2.00-1.85 (m, H 3 , 1H), 1.41 (s, H tBu , 9H)

1

H NMR (250 MHz, CDCl 3 ): δ 7

1 H NMR (300 MHz, CDCl 3 ): δ

  7.38-7.36 (m, H Ar , 5H), 5.32-5.26 (m, H 7 , 1H), 5.16 (s, H 6 , 2H), 4.71- 4.65 (m, H 2 , 1H), 2.65-2.53 (m, H 4 , 2H), 2.20-2.13 (m, H 3 , 2H), 1.47 (s, H tBu , 9H).

1 H NMR (360 MHz, CDCl 3 ): δ 10

  .48(s, H 6 , 1H),6.34 (s, H 9 , 1H), 5.37 (dd, J = 3.4 Hz, J = 8.7 Hz, H 2 , 1H), 5.15 (s, H 7 , 1H), 2.74-2.62 (m, H 3 , 1H), 2.46-2.26 (m, H 4 , 2H), 2.08-2.00 (m, H 3 , 1H), 1.49 (s, H tBu , 18H).

13 C NMR (

90 MHz, CDCl 3 ): δ 178

  .9 (C 5 ), 169.0 (C 8 ), 157.5 (C CO Boc ), 151.7 (C 1 ), 92.9 (C 7 ), 81.7 (C q tBu ), 80.9 (C q tBu ), 53.3 (C 2 ), 28.8 (C 4 ), 28.4 (C tBu ), 28.3 (C tBu ), 27.9 (C 3 ). HRMS (m/z, ESI): calcd for C 16 H 26 N 2 NaO 5 ([M+Na] + ) 349.1739, found 349.1729.

	tert-butyl 2-(3-((tert-butoxycarbonyl)amino)-6-oxopiperidin-2-yl)acetate 181

1 H NMR (360 MHz, CDCl 3 ) : δ 7

  .45 (d, J = 6.8 Hz, H Ar , 2H),7.41-7.27 (m, H Ar , 3H), 5.38 (d, J = 12.3 Hz, H Cbz , 1H), 5.28 (d, J = 12.3 Hz, H Cbz , 1H), 5.16 (d, J = 9.3 Hz, H 6 , 1H), 4.46-4.37 (m, H 1 , 1H), 4.31-4.23 (m, H 2 , 1H), 2.82-2.61 (m, H 4 , 1H), 2.50-2.40 (m, H 4 , H 7 , 2H), 2.32 (dd, J = 15.2 Hz, J = 7.6 Hz, H 7 , H), 2.10-1.89 (m, H 3 , 2H), 1.49 (s, H tBu , 9H), 1.36 (s, H tBu , 9H).

13 C NMR (

360 MHz, CDCl 3 ): δ 173

  .6 (C 5 or C 8 ), 170.2 (C 8 or C 5 ), 155.7 (C CO Cbz ), 155.1 (C CO Boc ), 135.4 (C q Ar ), 129.6 (C Ar ), 129.2 (C Ar ), 129.1 (C Ar ), 81.5 (C q tBu ), 79.8 (C q tBu ), 68.2 (C Cbz ), 60.7 (C 2 ), 49.1 (C 1 ), 37.7 (C 7 ), 31.7 (C 4 ), 28.1 (C tBu x 2), 19.6 (C 3 ). calcd for C 24 H 34 N 2 NaO 7 ([M+Na] + ) 485.2264, found 485.2250.

	HRMS (m/z, ESI): Diastereomer (βS,γS)-182

1 H

NMR (360 MHz, CDCl 3 ): δ

  7.45 (d, J = 7.1 Hz, H Ar , 2H), 7.39-7.27 (m, H Ar , 3H), 5.32 (d, J = 12.3 Hz, H Cbz , 1H), 5.24 (d, J = 12.3 Hz, H Cbz , 1H), 5.00 (d, J = 9.5 Hz, H 6 , 1H), 4.40-4.34 (m, H 2 , 1H), 4.27 -4.13 (m, H 1 , 1H), 2.85-2.59 (m, H 4 , 1H), 2.59-2.34 (m, H 7 , H 4 , 2H), 2.28 (dd, J = 15.4, J = 7.8 Hz, H 7 , 1H), 2.24-2.12 (m, H 3 , 1H), 2.03-1.95 (m, H 3 , 1H), 1.42 (s, H tBu , 9H), 1.37 (s, H tBu , 9H).

13 C NMR (

62.5 MHz, CDCl 3 ): δ 174

  .0 (C 5 or C 8 ), 169.8 (C 8 or C 5 ), 155.4 (C CO Cbz ), 152.2 (C CO Boc ), 135.1 (C q Ar ), 128.6 (C Ar ), 128.4 (C Ar ), 128.3 (C Ar ), 81.5 (C q tBu ), 79.9 (C q tBu ), 68.4 (C Cbz ), 59.9 (C 2 ), 51.4 (C 1 ), 38.6 (C 7 ), 31.4 (C 4 ), 28.3 (C tBu ), 28.0 (C tBu ), 22.5 (C 3 ). calcd for C 24 H 34 N 2 NaO 7 ([M+Na] + ) 485.2264, found 485.2250.

	[α] D 20 = -62.4 (c = 2.5, CH 3 OH)

HRMS (m/z, ESI):

tert-butyl 2-((2R,3S)-3-((tert-butoxycarbonyl)amino)-6-oxopiperidin-2-yl)acetate (βR,γS)-181

1 H NMR (

360 MHz, CDCl 3 ) : δ

  6.65 (s, H 9 , 1H), 5.29 (d, J = 8.8 Hz, H 6 , 1H), 3.99-3.81 (m, H 1 , 1H), 3.77-3.60 (m, H 2 , 1H), 2.46-2.20 (m, H 7 , H 4 , 4H), 2.20-2.01 (m, H 3 , 1H), 1.88-1.79 (m, H 3 , 1H), 1.38 (s, H tBu , 9H), 1.36 (s, H tBu , 9H).

13 C

NMR (90 MHz, CDCl 3 ): δ 178

  .7 (C 8 ), 170.6 (C 5 ), 155.6 (C CO Boc ), 81.4 (C q tBu ), 79.5 (C q tBu ), 57.8 (C 2 ), 51.1 (C 1 ), 36.6 (C 7 ), 29.7 (C 4 ), 28.4 (C tBu ), 28.2 (C tBu ), 23.2 (C 3 ).HRMS (m/z, ESI) calcd for C 16 H 27 N 2 O 5 ([M-H] -)327.1920, found 327.1914. 

	[α] D 20 = -30.0 (c = 2.4, CH 3 OH)
	tert-butyl 2-((2S,3S)-3-((tert-butoxycarbonyl)amino)-6-oxopiperidin-2-yl)acetate (βS,γS)-181

1 H

NMR (360 MHz, CDCl 3 ): δ

  6.99 (s, H 9 , 1H), 5.17 (d, J = 9.4 Hz, H 6 , 1H), 4.08-3.96 (m, H 1 , 1H), 3.83-3.76 (m, H 2 , 1H), 2.52-2.29 (m, H 7 , H 4 , 4H), 2.25 -2.13 (m, H 3 , 1H), 1.93-1.85 (m, H 3 , 1H), 1.43 (s, H tBu , 9H), 1.42 (s, H tBu , 9H)

13 C NMR (

90 MHz, CDCl 3 ): δ 179

  .1 (C 8 ), 170.1 (C 5 ), 155.4 (C CO Boc ), 80.9 (C q tBu ), 79.7 (C q tBu ), 57.4 (C 2 ), 51.2 (C 1 ), 38.6 (C 7 ), 30.2 (C 4 ), 28.3 (C tBu ), 28.0 (C tBu ), 24.2 (C 3 ) HRMS (m/z, ESI) calcd for C 16 H 27 N 2 O 5 ([M-H] -)327.1920, found 327.1914. 

	Dipeptide coupling
	Z-AIB-LAC-OtBu 184
	Preparation of NH 2 -LAC-OtBu 183

1 H NMR (360 MHz, CDCl 3 ): δ

  7.36-7.30 (m, H Ar , 5H), 6.77 (d, J = 8.7 Hz, H 5 , 1H), 6.48 (s, H 12 , 1H), 5.52 (s, H 8 , 1H), 5.10-5.03 (m, H Cbz , 2H), 3.97-3.89 (m, H 4 , 1H), 3.54-3.50 (m, H 3 , 1H), 2.65 (d, J = 17.9 Hz, H 2 , 1H), 2.41-2.31 (m, H 2 , H 10 , 3H), 1.90-1.82 (m, H 9 , 1H), 1.74-1.66 (m, H 9 , 1H), 1.50 (s, H 13 or H 14 , 3H), 1.49 (s, H 14 or H 13 , 3H), 1.44 (s, H tBu , 9H)

  Hz, H 5 , 1 H), 7.96(s, H 13 , 1H), 7.91 (d, J = 9.1 Hz, H 22 , 1H), 7.44 (s, H 8 , 1H), 7.38-7.27 (m, H Ar , 5H), 7.15 (s, H 28 , 1H), 5.06 (s, H Cbz , 2H), 4.11-3.99(m, H 4 , 1H), 3.93-3.82 (m, H 12 , 1H), 3.73-3.63 (m, H 3 , 1H), 3.57-3.47 (m, H 11 , 1H), 2.77 (dd, J 1 = 2.3 Hz, 

1 H NMR (360 MHz, CD 3 OH): δ 8.14 (d, J = 9.1

C NMR (90 MHz, CDCl 3 ): δ 172.8 (C 5 ),

144.6 (C 8 ), 135.9 (C 11 ), 130.1 (C 9 ), 127.3 (C 10 ), 117.1 (C 1 ),

Scheme 29. Synthesis of linear octapeptide 147

Cyclization and deprotection

Peptide 147 was hydrogenated and then saponified to free both terminuses. Cyclization was performed in highly diluted solvent to minimize hetero-oligomerization. PyBOP/HOBt was used for activation reagent. Cyclic octapeptide 148 was obtained as crude product. Precipitation in diethyl ether was not able to absolutely remove by-products. Therefore, it was directly used for next step. The final Boc deprotection was conducted in the presence of in a mixture of TFA/water (9/1, v/v). Crude product was first precipitated in cold diethyl ether to move the majority of inpurities, then it was allowed to perform purification on reverse semi-preparative HPLC to give pure peptide GS8R as TFA salt (Scheme 30, also see experimental part). The global yield is about 3.7% from the starting Dphenylalnine.

To a stirred solution of compound 159c (500 mg, 1.6 mmol, 1 eq.) in anhydrous THF (30 mL) at 0 °C under argon was added 1,1'-Carbonyldiimidazole (260 mg, 1.6 mmol, 1 eq.) and the resulting mixture was allowed to stir for 1 h. A solution of THF/30% aqueous ammonia (2.0 mL, 1/1, v/v) was added (or NH 3 gas), then the solution was allowed to stir at room temperature for additional 30 minutes.

After volatile removal, the aqueous layer was extracted with diethyl ether (100 mL x 3). Combined organic layers were dried with anhydrous MgSO 4 , filtered and concentrated under reduced pressure.

Crude product was purified by chromatography (SiO 2 , DCM/MeOH, 95/5, v/v) to afford compound 160c (247 mg) as a white solid in 50% yield.

[α] D 20 = +1. To a stirred solution of compound 160c (120 mg, 0.38 mmol, 1 eq.) in THF (7 mL) at 0 °C under argon was added Et 3 N (0.04 mL, 0.76 mmol, 2 eq.) followed by TFAA (0.11 mL, 0.76 mmol, 2 eq.)

and resulting mixture was allowed to stir for 1 h. After volatile removal, the residue was dissolved in DCM (100 mL) and washed with 2N aqueous hydrochloric acid, saturated aqueous NaHCO 3 and brine.

The organic layer was dried with anhyrous MgSO 4 , filtered and concentrated under reduced pressure.

Crude product was purified by chromatography (SiO 2 , ethyl acetate/petroleum ether, 30/70, v/v) to afford compound 161c (107 mg) as a white solid in 95% yield.

[α] D 20 = -39.3 (c = 1.9, CH 3 OH) Along with many other peptides containing unnatural amino acids, they have shown the ability to possess stable conformations and/or interesting biological activities. Moreover, those peptides are usually more resistant to proteolysis. In order to synthesize stereopure γ-amino acids, we have developed a synthetic route using Blaise reaction and subsequent diastereoselective reduction as key reactions. Through applying this method, we have synthesized β,γ-diamino acids derived from Dphenylalanine and L-glutamic acid. The former β,γ-diamino acid was used for designing antimicrobial peptide gramicidin S analogues. Compared with mother molecule, the analogues exerted much less host cell cytotoxicity while remaining interesting antibacterial activity. Meanwhile, it gave us more knowledge for further developing analogues of gramicidin S as well as other antimicrobial peptides. We also paid lots of effort to efficiently synthesize cyclic β,γ-diamino acids starting from L-glutamic acid. Interestingly, when oligomers incorporating this β,γ-diamino acids and α-amino acids, they have shown the potential to adopt stable conformations. The following studies will be continuously investigated.