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INTRODUCCIO GENERAL

La sintesi en fase solida ha esdevingut una eina fonamental en la sintesi de peptids 1
oligonucleotids. Tot i que en els darrers anys s’han desenvolupat en aquestes arees un
gran nombre de sintesis en fase solida, encara es fa dificil pensar en 1’obtencid de
qualsevol molecula organica utilitzant aquesta metodologia. Aixi, un dels problemes
principals que presenta la sintesi en fase solida és el desenvolupament de noves
estrategies de sintesi que permetin obtenir molecules amb una complexitat estructural
important d’una forma rapida 1 eficient. Per aconseguir-ho, es poden necessitar
plataformes centrals ramificades. En aquest sentit i concretament en la sintesi de peptids

1 petidomimetics, els aminoacids trifuncionals hi juguen un paper fonamental.

Aixi, aquesta tesi es pot considerar un exemple de com emprar diferents plataformes
trifuncionals en la sintesi d’estructures complexes com soén els peptids ciclics, els

foldamers o fins i tot en la sintesi de noves quimioteques.

Principalment hem treballat amb peptidomimetics basats en derivats trifuncionals de
prolina, com sén la cis-y-amino-L-prolina i la trans-4-hidroxi-L-prolina. La prolina ¢és
I’Gnic aminoacid proteinogenic que té la cadena lateral unida covalentment a I’atom de
nitrogen de I’extrem N-terminal. Aquesta peculiaritat estructural la converteix en una
unitat de construccié molt util degut a les restriccions conformacionals que presenta.
Aixi, els derivats trifuncionals de prolina abans esmentats presenten I’avantatge
addicional de que els tres grups funcionals que decoren 1’anell de cinc baules tenen una
distribucid en 1’espai forca atractiva per tal de ser utilitzats com a plataformes

ramificadores centrals.

Aixi, en aquesta tesi doctoral hem treballat en tres projectes diferents, els quals tenen
en comu I’us de la sintesi en fase solida com a metodologia sintetica, aixi com la
utilitzacié d’aminoacids trifuncionals com a blocs de construccid. Els diferents projectes
s’han basat en: (i) estudi de grups protectors ortogonals en la sintesis de peptids ciclics
en fase solida; (ii) sintesi, estudis estructurals i aplicacions de foldamers y—peptidics

derivats de la y—amino-L-prolina; i (iii) sintesis en fase solida d’una llibreria de
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compostos adrecats a inhibir la lisil-tRNA sintetasa (LysRS) de Plasmodium

falciparium, parasit causant de la malaria.

Tanmateix, aquest es pot considerar un treball multidisciplinar, ja que a més a més de
la sintesi en fase solida dels diferents compostos amb els que s’ha treballat, s’han dut a
terme estudis d’estructura mitjangant técniques de dicroisme circular i ressonancia
magnetica nuclear 1 estudis biologics utilitzant técniques com ara la fluorimetria de

plaques, la citometria de flux o la microscopia confocal.
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RESUM

Capitol 1. Exploracio de diversos grups protectors en la sintesis en
fase solida de peéptids que contenen aminoacids trifuncionals. Sintesi de

peptids ciclics.

El fet de tenir a I’abast diferents sistemes de proteccio per diversos grups funcionals
obre la possibilitat de poder escollir la ruta sintética més adequada per tal d’obtenir uns
resultats satisfactoris a 1’hora d’abordar una sintesis complexa en fase solida. Ara bé,
molts cops, tot 1 disposar de sistemes de proteccid ortogonals, no sempre s’arriba al
resultat esperat. En el 1’apartat 1.3.1. de la present tesi doctoral descrivim els problemes
derivats de treballar amb un d’aquests sistemes, concretament en el cas en el que els
grups protectors d’amines Fmoc i1 Alloc estan continguts en el mateix bloc de
construccid, com son els aminoacids trifuncionals. Un dels problemes que s’ha detectat
¢s I’eliminaci6 prematura del grup Fmoc en les condicions d’eliminaci6 dels grup Alloc.
Aixi, varem observar que en alguns casos, en peptids on haviem incorporat Fmoc-L-
Lys(Alloc)-OH sobre un suport polimeric, al eliminar el grup Alloc en presencia del
grup Fmoc, aquest ultim podia acabar també eliminant-se. Es va establir que I’origen
del problema no radicava en les condicions emprades per a 1’eliminacio del grup Alloc,
sind que es produia un cop aquest ja havia estat eliminat i era I’amina que restava lliure
la causant de 1’eliminaci6 prematura del grup Fmoc. Els estudis realitzats van permetre
trobar metodes alternatius d’acoblament per tal d’evitar subproductes indesitjats
derivats d’aquesta reaccid secundaria, com sén: 1) un metode tandem de desproteccid-
acoblament utilitzant especies reactives com els fluorurs d’acid; 2) la substitucio del
grup Alloc per un grup protector labil al medi acid (com és el 4-metiltriril (Mtt)), fent
aixi la desproteccio en medi acid per tal de mantenir ’amina protonada i fent el segilient

acoblament amb neutralitzacio in situ.

En el I’apartat 1.3.2. es mostren els resultats de treballar amb un sistema de proteccid

més complex, de tipus tetraortogonal, el qual contenia aminoacids trifuncionals que

XV



Introduccio General i Resum

necessitaven tenir una funcié temporalment bloquejada fins que s’hagués de modificar
just abans de ’escissio del peptid de la resina. L’aplicacié inicial que es va explorar fou
la sintesi de tetra—p—peptids ciclics en fase solida. Aquest treball ens va permetre
demostrar la importancia de tenir diferents sistemes de proteccid ortogonals, que puguin
donar una gran versatilitat a I’hora d’afrontar una sintesi complexa en fase solida, com
son els B—peptids ciclics que alternen la B-alanina i 1’acid 2,3-diaminopropionic en la
seqliencia. El p-nitrobenzilester de la f—alanina fou ancorat a la resina BAL mitjangant
una aminacid reductiva i el peptid fou allargat utilitzant quimica Fmoc, fent servir el
grup Alloc com a protector dels grups a—amino dels residus de 1’acid diaminopropionic.
Després d’eliminar el grup Fmoc de I’extrem N-terminal i el grup pNB de I’extrem C-
terminal, el peptid fou ciclat en fase solida. Finalment, els grups protectors de les
cadenes laterals foren eliminats, aquestes posicions foren funcionalitzades amb motius
tipus RGD 1 el peptid ja ciclat fou escindit de la resina amb un tractament acidolitic.
Comparant la sintesis en fase solida amb una sintesis combinada en fase solida del
peptid lineal i fent la ciclacid en solucid, varem concloure que la sintesis en fase solida
d’aquest tipus de sistemes era prou adient, obrint la possibilitat de sintetitzar llibreries

d’aquest tipus de compostos en fase solida.

Capitol 2. Foldamers y—peptidics derivats de la cis-y-amino-L-prolina:

estructura i aplicacions

Els B-peptids son els foldamers més ben estudiats fins al moment, ja que se n’ha
descrit propietats forca interessants com ara I’antimicrobiana o la seva capacitat per
travessar la membrana cel-lular de cel-lules eucariotes, fet que els converteix en bons
candidats a transportadors de farmacs. La rellevancia que estan adoptant aquests
peptidomimetics respecte als peptids naturals es deu basicament al fet que aquestes
molécules no naturals poden millorar el que segurament és el pitjor inconvenient dels
peptids naturals, que és la baixa estabilitat en front a proteasses. En alguns treballs
descrits a la literatura, analegs p—peptidics formats per B—aminoacids homologats
presenten una elevada estabilitat en front a proteasses i mantenen algunes propietats del

peptid model intactes, com ara la capacitat de penetracié a través de la membrana
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cel-lular. Els segiients m—peptids més estudiats son els y—peptids, encara que aquests no

ho han estat tant com els seus analegs f.

En I’apartat 2.3.1. s’ha dut a terme la sintesi en fase solida de y—peptids derivats de la
cis-y-amino-L-prolina, aprofitant un cop més la versatilitat dels grups protectors per tal
d’obtenir una sintesis adequada. Es va escollir aquest bloc de construcci6 derivat de la
prolina degut a les interessants propietats que tenen els compostos rics en prolina 1 a
I’amplia experiencia del grup en aquest tipus de compostos. La sintesis d’aquests
peptids es va dur a terme allargant la cadena a través del grup y-amino de
I’aminoprolina, obtenint aixi [’esquelet y—peptidic 1 tenint la possibilitat de
funcionalitzar les posicions a de la prolina amb diferents motius estructurals, obtenint

aixi el que nosaltres anomenem cadenes laterals dels y—peptids (figura 1).

o o o /o) o o
/:JNMNMNVLNMN@NHZ
R N N N N N N
\ ) \ \ \ \
& Rs v R3 % Ry

Figura 1. Esquema representatiu d’un y-péptid derivat de la cis-y-amino-L-prolina.

A més a més de descriure’n la sintesi, es va dur a terme estudis estructurals mitjangant
I’as de tecniques de dicroisme circular i ressonancia magnetica nuclear per tal de veure
quin tipus d’estructures adoptaven aquests compostos en H,O. Les conclusions a les que
varem arribar és que aquest tipus de compostos poden formar llagos Cy, donant com a
resultat en una estructura regular una serie de girs concatenats d’aquest tipus, estructura
que també es pot descriure com a helix 9 (figura 2). En aquesta estructura idealitzada de
girs encadenats, els anells de prolina queden en el mateix pla, el qual és perpendicular al

pla on queden disposats els enllagos amida.
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Figura 2. Model estructural obtingut per als y-péptids deduit a partir de les dades d’RMN.

En Dl’apartat 2.3.2. es varen assajar algunes propietats d’aquest tipus de compostos,
com ara la seva capacitat de travessar membranes cel-lulars o 1’activitat antimicrobiana.
Aixi, un conjunt d’aquests y—peptids foren etiquetats amb una sonda fluorescent i les
seves propietats de penetracid a través de membranes cel-lulars en foren avaluades.
L’entrada de cada peptid fou quantificada mitjancant técniques de fluorimetria de
plaques i de citometria de flux i1 fou visualitzada al microscopi confocal. També es
varen realitzar altres estudis complementaris de toxicitat i d’estabilitat en front a la
degradaci6 enzimatica. Treballant amb cel-lules de mico (COS-1) i humanes (HeLa),
varem comprovar que els diferents y—peptids no es comportaven de la mateixa manera,
el que indicava que la capacitat de travessar la membrana cel-lular depenia en bona part
de les modificacions estructurals introduides a través de les cadenes laterals en la
posicié a de la prolina. El fet que aquest tipus d’estructures mostressin una toxicitat
baixa 1 una elevada estabilitat en front a les proteasses fa pensar en un futur us com a
transportadors de farmacs. Peptids naturals amb aquesta capacitat normalment tenen
toxicitats elevades, a més a més de ser metabolitzats rapidament pels organismes vius.
Aquesta rapida degradacié fa que per tal d’obtenir una resposta bona, s’hagi
d’augmentar la dosis, augmentant aixi la toxicitat. Encara que 1’eficacia de penetracio
que mostren els nostres peptidomimetics no es troba al nivell dels a—péeptids que tenen
aquesta capacitat descrits a la literatura, la seva valua com a transportadors podria estar
garantida al establir-se un balang favorable entre la seva capacitat de penetracid, la

baixa toxicitat i I’elevada estabilitat enzimatica.
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Finalment, el millor candidat a transportador de farmac fou conjugat a un PNA
(peptide nucleic acid) i les seves propietats com a transportador estan essent actualment
analitzades al laboratori del Dr. Peter Nielsen de Cophenaghe. Estudis preliminars
mostren que aquest y—peptid té la capacitat de transportar el PNA fins a I’interior de la

cel-lula.

Per altra banda, algun d’aquests y—péeptids també han mostrat propietats microbicides
en contra de la Leishmania, en els estudis que estan sent actualment duts a terme al
laboratori del Dr. Luis Rivas de Madrid. Aquests estudis mostren que aquest peptids no

actuen a nivell de membrana i que semblen causar toxicitat a nivell de la mitocondria.

Capitol 3. Sintesi en fase solida d’una llibreria de potencials
inhibidors de la lisil-tRNA sintetassa (LysRS) de Plasmodium

Falciparium

En el tercer capitol de la present tesi doctoral s’ha treballat en la sintesis d’una
llibreria de compostos derivats de la prolina amb la finalitat de cercar inhibidors de lisil-
tRNA sintetassa (LysRS) del Plasmodium Falciparium, parasit causant de la malaria. Al
llarg dels anys els microorganismes han desenvolupat resisténcies als antibiotics
convencionals, el que fa que el desenvolupament de nous farmacs antiinfecciosos sigui
del tot imprescindible. En aquest sentit, una de les vies que s’esta explorant actualment
es basa en la cerca de noves dianes terapeutiques. S’ha vist que les aminoacil-tRNA
sintetasses poden ser dianes terapeutiques forga valides, ja que tot i ser enzims
essencials en totes les especies, aquestes es poden inhibir d’una forma espécie-
especifica, gracies a que les sintetasses de les diferents espécies son diferents. Es a dir,
es pot actuar en contra de la sintetassa del microorganisme sense afectar a la humana.
En la ruta biologica de la traducci6 en la que participen les tRNA sintetasses es forma
un complex intermedi, 1’aminoacil adenilat (figura 3), en el qual s’han basat molts
autors per tal de dissenyar inhibidors d’aquests enzims. La quimioteca realitzada en
aquesta part del treball també esta inspirada en aquest complex intermedi. En el disseny,
es va canviar el sucre de la ribosa per blocs de construccid trifuncionals derivats de la
prolina, a partir de la qual es va introduir diferents modificacions que poguessin

mimetitzar diverses parts d’aquest complex.

XiX
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Figura 3. Complex aminoacil adenilat.

Abans de dur a terme la sintesi de la llibreria, fou necessari desenvolupar una sintesi
eficient de sulfamats en fase solida, ja que aquests eren unes de les modificacions que
voliem explorar i no havien estat sintetitzats abans utilitzant aquesta metodologia. Aixi,
en D’apartat 3.3.1. es descriu la sintesi de sulfamats en fase solida, obtenint-se unes
condicions que ens permeten obtenir aquest tipus de compostos amb bons rendiments i
pureses. Aixi, utilitzant aquest metode es van sulfamoilar en fase solida alcohols de
diferent origen, obtenint sulfamoilpeptidomimetics. La metodologia que varem
descriure, sembla deixar la porta oberta a la sintesi d’oligo-sulfamats, podent aixi

obtenir noves families de peptidomimetics amb propietats desconegudes.

Un cop posada a punt una metodologia que permetia la sintesi de sulfamats en fase
solida, varem sintetitzar la llibreria objectiu. Com hem esmentat abans, per tal de
dissenyar-la ens varem basar en el complex aminoacil adenilat, utilitzant plataformes
trifuncionals derivades de la prolina, ja que aquests aminoacids trifuncionals ens
permetien tenir tres punts de diversitat. Un cop més, la disposicio de sistemes de
proteccié adequats per als aminoacids trifuncionals fou crucial per tal d’assolir els
objectius marcats. L’estratégia general de sintesis (figura 4) tenia com a primer pas
I’acoblament de la plataforma de prolina a la resina. Utilitzant diferents espaiadors i
resines es va obtenir el primer punt de diversitat de la llibreria (R;). L eliminacid del
grup protector que capava la posicid y de la prolina va permetre introduir la lisina,
introduint el segon punt de diversitat en aquesta posicid (R;). Aquest segon punt de
diversitat era el tipus d’enllag que unia els dos aminoacids, el qual pretenia mimetitzar

el grup fosfat del complex natural. Per ultim, I’eliminacio del grup protector del grup

XX
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o—amino va permetre introduir el tercer punt de diversitat, diferents grups aromatics 1

heterocicles que havien de mimetitzar 1’adenina del complex natural (R;).
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A o | o) [o} 1
Alloc Alloc N S
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N“ functionalization
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HN_ R HN R,
o Z—>\S(R1 TFA 0 m&{)
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Figura 4. Estratégia general de sintesis de la llibreria.

La llibreria fou sintetitzada amb exit, encara que algunes combinacions de diversitat no
foren possibles d’obtenir degut a la baixa estabilitat de la resina en les condicions de
sintesi. Actualment, la seva capacitat d’inhibir I’aminoacil-tRNA sintetassa LysRS esta
essent avaluada al laboratori del Dr. Lluis Ribas de Pouplana al Parc Cientific de

Barcelona.
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CAPITOL 1

ELS GRUPS PROTECTORS EN LA SINTESI DE
PEPTIDS EN FASE SOLIDA. SINTESI EN FASE
SOLIDA DE PEPTIDS CICLICS






Capitol 1. Sintesis de péptids ciclics en fase solida. Grups protectors

1.1. INTRODUCCIO

1.1.1. Sintesis de péptids en fase solida: els grups protectors

La sintesi d’un dipeptid en solucié requereix que el grup amino de I’aminoacid que
estara en I’extrem N-terminal i 1’acid carboxilic de I’aminoacid que estara en la posicid
C-terminal estiguin protegits amb un sistema de grups protectors adequats (7). Si es vol
fer créixer més tard aquest dipeptid, un dels protectors s’ha d’eliminar per tal de poder
acoblar el tercer aminoacid, el qual també haura de tenir protegit el grup funcional que
no interessi que reaccioni. L’elevat nombre d’etapes d’acoblament-desproteccié que es
requereixen per la sintesi de peptids de talla mitja-llarga fa que sigui llarg i tedios
sintetitzar-los en solucidé degut a que després de cada pas de reaccid es necessita una
etapa de purificacid. Molt habilment, Merrifield desenvolupa la sintesis de peptids en
fase solida (solid phase peptide synthesis, SPPS) (2) (figura 1), en la qual sobre un
suport polimeric funcionalitzat es pot acoblar un aminoacid bloquejat en la seva funci6
o—amino amb un grup protector adient. Es facil adonar-se que en el fons el que en
Merrifield va aconseguir quan va introduir el suport poliméric fou tenir un grup
protector insoluble, la mateixa resina. El fet de tenir un suport poliméric, permet
utilitzar excessos de reactiu a I’hora de fer I’acoblament, ja que aquest excés pot €sser
facilment eliminat per filtracid, sense la necessitat de fer cap etapa de purificacid
intermitja. Un cop 1’acoblament ha estat complet, es pot eliminar el grup protector del
nou aminoacid incorporat i continuar ’allargament de la cadena amb repeticions
d’aquestes dues etapes. Aixi, la sintesi de peptids en fase solida es basa en la
combinacio6 apropiada de grups protectors junt a un metode eficient per a I’activacid del
grup carboxilic abans de reaccionar amb el grup amino (3). L’éxit d’una sintesis més o

menys complexa dependra en bona mesura del sistema de proteccio utilitzat.
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Figura 1. Esquema general de sintesis de peptids en fase solida.

A I’hora d’afrontar una sintesi de peptids en fase solida, s’ha d’escollir bé I’estrategia
a utilitzar. Donada una sintesis, els grups protectors es poden classificar segons la
funcid que realitzin al llarg d’aquesta. Aixi, si ens mirem la figura 1, I’acid carboxilic
del primer aminoacid es troba unit al polimer insoluble, el qual es considera un grup
protector permanent ja que es conserva al llarg de tota la sintesis. Els grups protectors
de les cadenes laterals també acostumen a ser grups protectors permanents, ja que
aquests solen ésser escollits de tal forma que siguin eliminats al final de la sintesis en
les mateixes condicions d’escissio del peptid. Tenen la propietat de no veure’s afectats
al llarg de la sintesis en les diferents etapes de reaccid. Per altra banda, es considera

grup protector temporal aquell que s’utilitza per a la proteccid del grup a—amino al
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llarg de la sintesis per tal de fer I’allargament de la cadena, essent necessari eliminar-lo
en cada pas de sintesi. Els grups protectors semi-permanents son aquells que aguanten
perfectament les condicions de sintesis i que es poden eliminar en un moment
determinat per tal de dur a terme alguna modificacié en la sintesis, com pot ésser la

ramificacid en algun punt de la seqiiéncia o un ciclacid.

Entre els diversos esquemes de proteccid que s’han desenvolupat n’hi ha dos que son
els més emprats amb diferéncia. El primer d’aquests esquemes de proteccio €s
I’estrategia que combina grups protectors del tipus tert-butoxicarbonil (Boc) / benzil
(Bzl) i esta basat en la diferent labilitat en medi acid dels grups protectors emprats, la
qual fa compatible la seva utilitzacio (2). En aquesta estrategia, el grup Boc s’utilitza
com a grup protector temporal del grup a—amino i s’elimina a 1’hora d’allargar la
cadena peptidica amb acid trifluoroacetic (TFA). El grup protector Bzl i1 relacionats
s’utilitzen per protegir les funcions de les cadenes laterals dels aminoacids trifuncionals
1 s’eliminen al final de la sintesis utilitzant acids forts com per exemple I’acid
fluorhidric (HF) o el trifluorometansulfonic (TFMSA). Aquesta estratégia presenta
alguns inconvenients, com ¢és que els grups benzil s’acaben veient afectats durant
I’exposicid sistematica de la cadena peptidica al TFA en sintesis llargues, o que
I’eliminaci6 dels grups benzils sempre acaba produint 1’eliminaci6 dels grups Boc. A
més a més, peptids amb seqiiencies fragils no son capacos d’aguantar les condicions
d’eliminacié dels grups Bzl en medi acid fort, tot i que aix0 es pot evitar amb la

utilitzacid de protocols d’escissio alternatius.

La segona estratégia més emprada ¢és la que combina els grups protectors 9-
fluorenilmetoxicarbonil (Fmoc) / tert-butil (-Bu) (4,5), la qual es basa en el concepte
d’ortogonalitat ja que els diferents grups de protectors pertanyen a classes independents
1 s’eliminen en diferents condicions. Aixi, mentre el grup Fmoc s’elimina en medi basic
(6), normalment amb piperidina, mitjangant una reaccié de f—eliminacio, el grup #-Bu i
relacionats s’eliminen en medi acid, normalment amb TFA. Aquesta estrategia ha
permes desenvolupar diferents grups espaiadors que s’uneixen a la resina 1 sobre els
quals es fa créixer el peptid. La uni6é d’aquests espaiadors amb el peptid €s en la majoria
dels casos labil al TFA, fent aquesta estratégia més versatil per a la sintesis de peptids ja
que no es necessita utilitzar acids tant forts com els que es requereixen en una estratégia
Boc/Bzl. Com hem esmentat abans, la quimica Fmoc es basa en el concepte

d’ortogonalitat. Dos grups protectors es consideren ortogonals quan pertanyen a
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classes completament independents i on cada classe s’elimina mitjancant mecanismes
completament diferents. Aixo implica que cada classe de grup protector pot ser eliminat

en qualsevol ordre i1 en presencia de qualsevol de les altres classes (7).

Aix0 sera particularment important en la sintesi de molecules més complexes com per
exemple peptids ciclics o sistemes ramificats, on es necessiten varis tipus de grups
protectors ortogonals (8). Per aixo €és important disposar de diferents alternatives a
I’hora d’emprendre una sintesis complexa per a poder avaluar quina podra ser la més
exitosa 1 tot aixd passa per tenir un ampli ventall de grups protectors que facilitin la

sintesi.

Els grups protectors de les cadenes laterals poden ser molt variats (8). La taula 1
mostra exemples dels més habituals, utilitzats en una estrateégia de sintesi Fmoc/7Bu per
tal de bloquejar les funcions reactives de les cadenes laterals dels aminoacids

trifuncionals, impedint aixi que aquestes reaccionin donant productes no desitjats.

Aminoacids en els
quals s’usa

Grup protector Condicions d’eliminacié

”WN a) 90-95 % TFA, 4-6h Arg
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a) 50% TFA en DCM, 1h Arg
wu“u'l:ll b) TFA-anisol (9:1), 30 min
// ¢) TFA-anisol-EDT-EMS
Pmc (95:3:1:1), 1.5h
a) 95% v/v TFA , 30 min Arg
;’mmN
// S
Pbf
i JT
N o O'Bu a) 90% v/v TFA, 30 min Asp, Glu

O
= H )‘L OJT

a) 90% v/v TFA, 30 min
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Taula 1. Grups protectors de les cadenes laterals utilitzats habitualment en sintesis de peptids en fase

solida utilitzant una estrategia Fmoc/fBu.

1.1.2. Sintesis en fase solida de peptids ciclics

El fet que els peptids ciclics no tinguin ni un C- ni un N-terminal ionitzables i que
puguin disposar d’un nombre elevat d’enllagos cis en la seqiiencia, els hi dona una forta
resistencia a proteasses. La ciclacio també redueix considerablement la flexibilitat
conformacional de I’esquelet peptidic, el que pot fer augmentar la selectivitat en front a
un receptor sempre i quan quedi fixada la conformacié activa. De fet, la ciclacid de
peptids és una estratégia forga utilitzada per tal de modificar peptids actius i trobar-ne

analegs més selectius, més actius i amb una millor biodisponibilitat (9).

Per tal de sintetitzar peptids ciclics s’han abordat diferents estrateégies (9), tant en
solucid6 com en fase solida. Els procediments de ciclacio en solucid s’han centrat
basicament en ’eleccid correcta dels agents acoblants, buscant sempre bons rendiments
de ciclacio, pero a la vegada intentant evitar subproductes secundaris com pot ser la
racemitzacid de I’extrem C-terminal, la formacié de dimers o les polimeritzacions

(9,10). Per tal d’evitar aquests productes secundaris, és crucial escollir bé el lloc de
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desconnexio en el qual es ciclara el peptid. A més a més d’aquests factors, n’hi ha
d’altres de molt importants, també crucials per tal d’aconseguir bons resultats com ara
la concentraci6 de treball, la temperatura, el temps de reaccid, el dissolvent emprat, les
bases utilitzades, els additius o la relaci6 de substrats. Modificacions com pot ser
canviar un dissolvent apolar per un de polar poden afectar dramaticament en els
resultats, ja que dissolvents polars poden eliminar interaccions tipus pont d’hidrogen

que afavoreixen la ciclacio (11).

(A) (B)
OQ (EZOOH ’;\‘HZ

| AC-AA-AAy-AA;-AA-AAs-AAG-AA-...-AA;
H-AA-AAL-AA3-AA4-AA5-AAG-AA;-...-AA,-GP

i) Eliminacio del grup potector (GP) i) Acoblament
ii) Acoblament ii) Escissio del péeptid de la resina

iii) Escissi6 del peptid de la resina

TAA1'AAZ'AA3'AA4'AA5'AA6'AA7""'AA”T AC-AA{-AAL-AA-AAL-AA5-AAG-AA;-...-AA,

Figura 2. Ciclacio de peéptids en fase solida. (A) Ancorant una cadena lateral a la resina. (B) Ancorant

I’esquelet peptidic a la resina.

En les diferents estrategies de ciclacid de peptids en fase solida, la ciclacid es sol fer
de dues formes segons sigui la molecula objectiu. La primera es basa en fer la ciclacio
entre els aminoacids de les posicions C-terminal i N-terminal (head-to-tail cyclization)
(figura 2A). Aquest tipus de ciclacié s’ha utilitzat molt ancorant les cadenes laterals de
I’acid aspartic, de 1’acid glutamic, de la lisina, de la serina o de la tirosina
(12,13,14,15,16). La segona es basa en fer la ciclacio entre les cadenes laterals de dos
aminoacids trifuncionals presents en la seqiiéncia (side-chain to side-chain cyclization)

(figura 2B) (17,18,19).

Una de les estrategies de ciclacié de peptids en fase solida es basa en aprofitar I’etapa
d’escissio del peptid de la resina per fer la ciclacio, estrategia anomenada escissié amb
ciclacidé (cleavage-by-cyclization) (figura 3). Aquesta estratégia requereix ancorar
I’aminoacid C-terminal de I’esquelet peptidic a una resina que tingui unes propietats
determinades i fer la ciclacid al final, fent abans alguna modificacié quimica un cop
sintetitzat el peéptid precursor lineal que afavoreixi I’escissié del peptid i la ciclacid

final. L’espaiador que s’utilitza en aquesta aproximacié ha de ser estable a les
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condicions de sintesis del precursor lineal, capa¢ de suportar les condicions de
desproteccié de les cadenes laterals en medi acid i, després d’haver-lo activat,
desplagable pel grup amino N-terminal mitjangant un atac nucleofilic. Els espaiadors
descrits amb aquesta aplicacio acostumen a ser esters actius com ara peptids sintetitzats
sobre la resina oxima de Kaiser (20) o espaiadors desactivats, els quals son estables al
llarg de la sintesi 1 s’activen en el moment de fer la ciclacid (safety-catch linkers) (21).
En la resina que conté I’oxima de Kaiser, el peptid es fa créixer sobre aquesta oxima
ancorada en fase solida, la qual, un cop sintetitzat el péptid lineal 1 desprotegit I’extrem
N-terminal, és atacada nucleofilicament per 1’amina lliure, fent una ciclaci6 head-to-tail

1 escindint-se a la vegada el peptid de la resina (figura 3) (22).

RHN
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Bom\N/%N

o — Bom- "N\
H H

o H O
_N N N -
oY SEETEG T
o :( ) 25% TFAICH,Cl, ~ Fmoc™ 7" "N” > "Ny o7
o}

i H g3y H g 2
ii) 5% DIEA/CH,CI, : @ >§0

HN O,N Q iii) AcOH, dioxa N
Boc

Figura 3. Ciclacio de peptids en fase solida sobre la resina oxima de Kaiser, utilitzant una estrateégia

tandem de ciclacio-escissio.

Un altra estrategia de sintesi de péptids ciclics en fase solida es basa en utilitzar
I’espaiador bifuncional BAL (Backbone Amide Linker), descrita per Albericio i Barany
(23). Aquest espaiador conté un grup aldehid sobre el qual es pot ancorar el grup amino
de I’aminoacid de I’extrem C-terminal mitjangant una aminaci6 reductiva, mantenint
sempre 1’acid carboxilic d’aquest aminoacid protegit (figura 5). La cadena peptidica es
fa créixer sobre aquesta amina secundaria que roman lliure i al final, després de
desprotegir els extrems N- 1 C-terminals, es duu a terme la ciclaciéo en fase solida.

Finalment el péptid s’escindeix de la resina en medi acid.

10
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Figura 4. Ciclacio de peptids en fase solida utilitzant I’espaiador bifuncional BAL.

Un altra estrategia forga utilitzada per a fer ciclacions en fase solida fou descrita per
Lee i Silverman, utilitzant un espaiador que no deixa rastre (traceless linker) basat en un
arilsila (24,25). S’anomenen traceless linkers aquells espaiadors bifuncionals que un
cop escindit el compost de la resina, en aquest no queda rastre del punt d’uni6 a la
resina. En el cas de Lee i col., van sintetitzar el depsipeptid sansalvamida ancorant la
fenilalanina per la cadena lateral (figura 5), fent créixer el peptid i ciclant-lo en fase
solida mitjancant una ciclacio head-to-tail. Un tractament final amb TFA escindi el
peptid de la resina.

A més a més d’aquestes estrategies, se n’ha explorat altres per tal de ciclar tant
peptids com peptidomimetics, com son les ciclacions mimetitzant els ponts disulfur via
enllagos tipus tioeter (26), un tancament d’anell via metatesis (27), enllacos trisulfit
(28) o metilenditioeters (29), ciclacions formant un enllag tipus eter amb reaccions tipus
Mitsunobu (30) o SxAr (31), ciclacions formant un pont biarilic amb reaccions de
Suzuki (32) o ciclacions via un enllag ester formant el corresponent depsipeptid (33),

entre d’altres.

11
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1.2. OBJECTIUS

El primer objectiu d’aquest capitol fou I’estudi d’una reaccid secundaria
derivada de la utilitzacid de sistemes de proteccio ortogonals en fase solida, com
¢s ’eliminacié prematura d’un grup Fmoc en presencia d’una amina lliure en la
peptidil-resina. Entendre el que passava ens va animar a buscar metodes
alternatius d’acoblament per tal d’evitar els subproductes indesitjats, com €s un
metode tandem de desproteccido-acoblament utilitzant especies reactives com els

fluorurs d’acid o un canviar un dels grups protectors per altres d’alternatius.

El segon objectiu que ens varem proposar fou la sintesi en fase solida de
tetra—pB—peptids ciclics polifuncionalitzats utilitzant 1’espaiador bifuncional
BAL. La sintesis en solucidé d’aquest tipus de plataformes no s’havia mostrat
prou eficient, mostrant la necessitat de desenvolupar noves estrategies
sintetiques. Per dur a terme la sintesi en fase solida, ens varem proposar la
utilitzaci6 d’un sistema de proteccid tetra-ortogonal, demostrant aixi la
importancia de tenir sistemes de proteccid ortogonals capacos de donar una gran

versatilitat a I’hora d’afrontar una sintesi complexa en fase solida.
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Abstract—In solid-phase peptide synthesis, a side-reaction consisting of the premature and undesired removal of the Fmoc group
has been detected. This can be caused by a primary amine of sufficient basicity, such as the e-amino of the Lys, present in the
peptide resin. This side-reaction, which is not promoted by either the B-amino side-chain of the Dapa residue or the o-amino
group, can be prevented by a coupling/neutralization protocol in the case of Mtt protection or by a tandem deprotection—coupling
reaction in the case of Alloc protection. The same kind of side-reaction has been detected when amino side-chain functions of Orn

or Daba are free in the peptide resin. © 2002 Elsevier Science Ltd. All rights reserved.

Lysine is a key amino acid for the synthesis of complex
peptides, such as cyclic,' branched,? and modified sys-
tems with labels or probe molecules.? Furthermore, it is
a useful scaffold for the preparation of small molecules
in drug discovery programs.* In all these cases, the two
amino functions of Lys can be used for anchoring
different building blocks. For this type of process it is
necessary to have both amino functions protected with
orthogonal groups.>® In an Fmoc-based strategy, the
most common orthogonal protecting groups are 4-
methyltrityl (Mtt)” and allyloxycarbonyl (Alloc).® While
Mtt is removed by low concentrations of TFA in the
presence of a scavenger, Alloc is removed by an allyl
transfer reaction to an allyl scavenger, usually PhSiH,’
or H;N-BH;/Me,NH-BH,,!° in the presence of Pd(0).

In some of our programs, we have observed a double
incorporation of an acyl compound in an N*-Fmoc,
N&-protected Lys-containing structure anchored to a

Abbreviations: Ac, acetyl;, AM, p-[R,S]-o-[1-(9-fluorenyl)methoxy-
formamido]-2,4-dimethoxybenzyl]phenoxyacetic acid; DIEA, N,N-
diisopropylethylamine; Ddz, o,oa-dimethyl-3,5-dimethoxybenzyloxy-
carbonyl; DIPCDI, N,N’-diisopropylcarbodiimide; DMF, N,N-di-
methylformamide; Fmoc, 9-fluorenylmethoxycarbonyl; HATU, N-
{(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-yl-methylene}-
N-methylmethanaminium hexafluorophosphate N-oxide; HOBE,
hydroxybenzotriazole; PS, polystyrene; PyAOP, 7-azabenzotriazol-1-
yl-oxytris(pyrrolidino)phosphonium  hexafluorophosphate;  SPPS,
solid-phase peptide synthesis; TFA, trifluoroacetic acid; amino acid
symbols denote the L-configuration.

* Corresponding authors. Tel.: 34 93 403 70 88; fax: 34 93 403 71 26;

e-mail: royo@qo.ub.es; albericio@qo.ub.es

solid support after removal of the e-protecting group of
the lysine and its subsequent reaction with an acylating
reagent. This fact could indicate that the Fmoc group
had also been removed.'' In the case of the e-Alloc
compound, the premature Fmoc removal could be
interpreted in terms of the abstraction of the H of the
Fmoc group by the hydride of the scavenger. However,
this explanation does not apply in the case of Mtt.
Thus, we decided to undertake a systematic study to
investigate the scope of this side-reaction as well as
methods to overcome it.

1la, X = Mitt
1b, X = Alloc
(i) TFA—TES—CH,Cl, (1:1:98)
DIEA-CH,Cl, (1:19) for 1a
(i") Pd(Phs), PhSiH; for 1b
(ii) Ddz-Phe-OH, DIPCDI, HOBt
Fmoc—Lys—Ala—PS —o + Ddz—Phe —L)lls —Ala—PS '—o
l
Phe Pflle

D:iz Ddz

(i) piperidine-DMF (1:4)
(ii)) TFA—CH,Cl, (9:1)

H-Lys—Ala—NH, 4+ H-Phe—-Lys—Ala—NH,
| |

Fmoc-Lys-Ala~AM-PS—()
l

Pllle Ptlle

H @ H 3

Figure 1. Strategy used for the determination of the extent of
side-chain reaction for Lys-containing peptides.

0040-4039/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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Firstly, Fmoc-Lys(X)-Ala—~AM-PS-resin (X =Mtt,
Alloc) was chosen as a model system and the protocol
shown in Fig. 1 was followed. Treatment of the model
peptide resin with the corresponding deprotection
reagent, incorporation of Ddz-Phe-OH,!? removal of
the Fmoc group from the a-amino function, and cleav-
age with TFA led to two possible peptides: H-Lys(Phe-
H)-Ala-NH, (2) (no premature removal of the Fmoc
group) and H-Phe-Lys(Phe-H)-Ala-NH, (3) (prema-
ture removal of the Fmoc group).!* The ratio between
these two peptides was calculated by amino acid analy-
sis (AAA) and HPLC. The presence of 3 was corrobo-
rated by MALDI-TOF-MS.

In the case of 1a, 80% of 2 and 20% of 3 were obtained
but for 1b, the results showed 65% of 2 and 35% of 3.

A similar experiment was carried out with Fmoc-Ala—
Lys(Alloc)-Ala—~AM-PS-resin (4) to assess whether the
side-reaction is dependent on the position of the Fmoc
group with respect to the g-amino function. In this case,
14% premature removal of the Fmoc group [H-Phe-
Ala-Lys(Phe-H)-Ala—NH,] was detected by HPLC and
AAA, demonstrating that the side-reaction was not
particularly dependent on the relative positions of the
two groups.

A similar experiment was then carried out with Fmoc—
Dapa(Alloc)-Ala~AM-PS-resin (5) and Alloc-Dapa-
(Fmoc)-Ala—AM-PS-resin (6). Compound 5 was simi-
lar to 1b, where the Lys (4 methylene groups in the
side-chain) was substituted by N*Fmoc-NP-Alloc-L-
diaminopropionic acid (1 methylene group in the side-
chain), and 6 was similar to 5, where the two protecting
groups of the Dapa residue had been switched. In
neither case was premature elimination of the Fmoc
group detected.

At that moment it was already clear that the premature
removal of the Fmoc group was not related to either
the protecting group or the method used to remove it,
but was influenced by the basicity of the amino func-
tion liberated. It is well known that an €-amino group,
when adjacent to a carbon containing both a carbox-
amido and a carbamate function (as in 1), is more basic
than both a B-amino group, in the same environment as
above (as in 5), and an a-amino group (as in 6).

In order to assess the scope of the side-reaction, the test
experiment was carried out with Fmoc—Daba(Alloc)-

Ala—AM-PS-resin (7) (Daba, o,B-L-diaminobutyric
acid; 2 methylene groups in the side-chain) and Fmoc-
Orn(Alloc)-Ala—~AM-PS-resin (8) (3 methylene groups
in the side-chain). In the case of 7, 19% of the peptide
containing two residues of Phe was obtained, whereas
for 8 21% of the side-product was formed.

A further experiment was carried out to show that the
side-reaction was caused by the presence of the free
amino function. Thus, resin 1b was treated with Pd(0)
in the presence of the scavenger and then the resin
containing the free amine function was shaken in DMF
for 16 h. After this time, the incorporation of Ddz—
Phe-OH resulted in 95% of double incorporation of
Phe.

These results are consistent with the p K, values of these
amino functions in the model compounds shown in
Table 1. Thus, while the pK, values of the side-amino
functions of Lys, Orn, and Daba are very close, the
pK, of Dapa is lower by one unit, making this amino
function less basic than the another derivatives. The
same explanation applies for the a-amino function.

Finally, alternative strategies were tested to circumvent
this side-reaction. In order to achieve this goal, it is
necessary to avoid the presence of the free g-amino
group in a similar way to methods used to avoid other
side-reactions, such as the formation of diketopipezari-
nes (DKP).>!413

For the Mtt-containing peptides, the protecting group
is removed with TFA/TES/CH,Cl, (1:1:99) and then
the incorporation of the Ddz—Phe-OH is carried out,
without a prior neutralization step, using PyAOP as the
coupling reagent in a similar way to the method used to
avoid the formation of DKP’s.!5!7

For the Alloc-containing peptides, a tandem deprotec-
tion—coupling reaction, in which the removal of the
Alloc group with Pd(PPh;),/PhSiHj; is carried out in the
presence of Ddz-Phe-F, avoids this side-reaction.’

In both cases, double incorporation was not detected
neither by HPLC and MALDI-TOF-MS.

In conclusion, in the solid phase the N*-Fmoc protect-
ing group can be prematurely removed by a primary
amine of sufficient basicity, such as the e-amino group
of Lys, present in the peptide resin. This side-reaction,

Table 1. pK, of amino function according to the pKalc module (PALLAS version 2.0, CompuDrug)

0 g 0
HyN NH, s NH,
v H Hof o
’OTNjJ'LNH: =9 NH, —O~N NH,
o %N o) 0
NH, NH,
O\ HyN
pKa: 8.04 pKa: 8.49 pKa: 9.45 pKa: 10.00 pKa: 10.09
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which is not promoted by either the B-amino side-chain
of the Dapa residue or the o-amino group, can be
prevented by a coupling/neutralization protocol in the
case of Mtt protection or by a tandem deprotection—
coupling reaction in the case of Alloc protection.

Experimental protocols
Standard SPPS protocols

The Fmoc group was removed by treatment with pipe-
ridine/DMF (1:5) (2x15 min). Incorporation of pro-
tected amino acids (5 equiv.) was performed with
DIPCDI (5 equiv.) and HOBt (5 equiv.) in DMF for
2 h.

Removal of the Mtt group was carried out with TFA/
TES/CH,CI, (1:1:98) (2x10 min).

Removal of the Alloc group was achieved with
Pd(PPh;), (0.1 equiv.) in the presence of PhSiH; (20
equiv.) in CH,Cl, under Ar (2x20 min, 25°C).

Cleavage of peptides from the resin was carried out
with TFA/CH,CI, (9:1) for 2 h at 25°C.

Circumventing premature removal of Fmoc

The Mtt-containing peptide resin was treated with
TFA/CH,Cl, (1:99) (3x1 min), washed with CH,CIl,
(5%30 s), and the protected amino acid (10 equiv.),
PyAOP (10 equiv.), and DIEA (20 equiv.) were sequen-
tially added and the mixture left with occasional stir-
ring for 2 h at 25°C.

The Alloc-containing peptide resin was washed with
CH,CI, (5%30 s) under Ar, and the active species of the
protected amino acid (10 equiv.), Pd(PPh;), (0.10
equiv.), and PhSiH; (10 equiv.) in CH,Cl, were added
and the mixture left with occasional stirring for 2 h at
25°C.
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Abstract—A four-dimensional orthogonal protecting scheme that involves the acid-labile BAL linker in conjunction with Fmoc,
Alloc and pNb protecting groups, which can be removed by B-elimination, allyl transfer, and reductive hydrolysis, respectively,
allows the solid-phase preparation of scaffolds based on a cyclic tetra-B-peptide with free amino side chains ready for further

elaboration. © 2002 Published by Elsevier Science Ltd.

In medicinal chemistry, small cyclic peptides are excel-
lent scaffolds for the incorporation of functional groups
that can interact with the corresponding receptor.!
Although the vast majority of cyclic peptides described
in the literature are based on o-amino acids, there is
increasing interest in the design and synthesis of cyclic
peptides derived from B-amino acids. For example,
Seebach? and Gellman® have independently demon-
strated that peptides based on B-amino acids have a
well-defined secondary structure as well as excellent
stability against degradation by proteases. Further-
more, Seebach has also shown that cyclic B-peptides are
arranged in the solid state as tubular structures with a
tight net of pleated-sheet-type hydrogen bonds.* That
supposes that those type of cyclic peptides present
secondary structure. Given the interest in these systems,
it would be advantageous to have at our disposal a
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versatile method for the preparation of cyclic B-peptides
with protected functionalized side-chains that, after
deprotection, could be further manipulated for the
preparation of libraries based on the cyclic B-peptide
scaffold. In order to gain maximum advantage from the
synthetic effort, the ideal method would involve
anchoring the cyclic peptide on a solid support.>¢ We
describe here the preparation of a solid-phase anchored
cyclic B-peptide with protected side-chains and also
report some examples of the modified scaffold.

The only valid strategy for the solid-phase preparation
of cyclic peptides with protected side-chains is to
anchor the peptide through the backbone amide nitro-
gen. In order to obtain a completely flexible system it is
necessary to have at least a four-dimensional orthogo-
nal protection scheme (Fig. 1).”-® More specifically, the
scheme requires the following: a permanent protecting
group to anchor the first amino acid to the support;
two semi-permanent protecting groups, one for the
protection of the C-terminal carboxylic acid group and
the other for the side-chains; and finally a temporary
protecting group for the protection of the PB-amino

function.

£ i
X5=NH~CH, = CH~C~NH-CH, ~CH—C-0X;
X4 R

Figure 1. General protecting strategy for the solid-phase
preparation of scaffolds based on cyclic tetra-p-peptides.
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For the anchoring of the backbone, a backbone amide
linker (BAL)’ resin (X,) was chosen, which at the end
of the process will liberate the peptide by treatment
with acid. The protection of the B-amino function was
performed with the fluorenylmethoxycarbonyl (Fmoc)'°
group (X;), which is removed by a B-elimination reac-
tion. The side-chains of the amino acids were protected
with allyl-based groups'! (X,), which can be removed
by an allyl transfer reaction in the presence of Pd(0).
Finally, the p-nitrobenzyl group (pNb)'>!? (X,), which
is removed by reductive hydrolysis, was used for the
protection of the carboxylic acid group.

As a key trifunctional B-amino acid, Na-Alloc-NB-
Fmoc-L-diaminopropionic acid (Dapa) was chosen and
this was elongated through the B-amino function.' The
first cyclic peptide to be synthesized was c(L-Dapa-
BAla-L-Dapa-BAla), which has as side-chains the two
a-amino functions of the two Dapa residues.

Our strategy started with the addition of 5-(4-formyl-
3,5-dimethoxyphenoxy)valeric acid (PALdehyde) to an
amino-functionalized PS solid support through TBTU/
DIEA coupling. This step was followed by on-resin
reductive amination using the appropriate amino acid
(usually B-alanine), pNb ester hydrochloride salt and
NaBH;CN in DMF (Fig. 2). In the case where the
B-amino group is attached to a BAL resin, the acylation
of the secondary amine was found to be faster than the
comparable reaction with a-amino acids anchored to
the same BAL resin.’ Quantitative yields were obtained
in the acylation of Na-Alloc-NB-Fmoc-L-Dapa by
using PyAOP/DIEA" in DMF. Deprotection of the
B-amino function of the Dapa residue with piperidine

Q

CI" *HgN-CH,—CHR-COOpNb
B CHz0 OCHs

CH30 OCHjs NaBH3CN, DMF

/\)k

was followed by incorporation of Fmoc-B-alanine and
Na-Alloc-N B-Fmoc-L-Dapa. After incorporation of the
last residue, the removal of the pNb group was accom-
plished by treatment with SnCl,/HOAc/phenol/
DMF.!>!13 Subsequent removal of the Fmoc group was
followed by cyclization with PyAOP/DIEA'® to give the
cyclic B-tetrapeptide in which the two a-amino func-
tions of the two Dapa residues were protected with the
Alloc group. Removal of the Alloc group with
Pd(PPh,),!” in the presence PhSiH; left the two amino
functions free for further manipulation.'®

After removal of the Alloc group, different aliquots of
the resin were derivatized separately. For example,
phenylacetic acid (PhAcOH) was incorporated using
DIPCDI/HOBt and the Arg-Gly-Asp (RGD)' receptor
recognition motif was constructed using a stepwise
Fmoc/tBu strategy.

The same scheme was used to prepare BAL-c[L-
Dapa(Boc)-BAla-L-Dapa(Boc)-BAla], which after treat-
ment with TFA gave c(L-Dapa-fAla-L-Dapa-BAla)
with the side-chain amino function of the Dapa
residues free for subsequent functionalization in solu-
tion. Finally, the simplest cyclic tetra-p-peptide,
c(BAla),, was also prepared in good yield and with
excellent purity.?°

In order to confirm any advantages inherent in our
cyclization on-resin method, the linear peptide was
prepared on a chloro-trityl-(Cl-Trt-)*! resin by follow-
ing the scheme shown in Fig. 3. Assembly of the
peptide chain was followed by removal of the Alloc
groups and PhAcOH was then incorporated as

¢ Fmoc SPPS
O

CH30 OCHj

(i) SNCl~HOAc-phenok-DMF  Alloc . CHa
(ii) piperidine—-DMF
<> (iii) PyAOP-DIEA-DMF
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HN NH
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Figure 2. General strategy for the solid-phase preparation of scaffolds based on cyclic tetra-f-peptides containing Dapa residues.
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Figure 3. General strategy for the preparation of scaffolds based on cyclic tetra-B-peptides using a Cl-Trt-resin.

described above. Cleavage of the peptide with TFA and
subsequent cyclization in solution gave c¢[L-Dapa-
(PhAc)-BAla-L-Dapa(PhAc)-fAla]. Comparison of the
two methods shows that cyclization on solid-phase
using a BAL resin, where the whole process was per-
formed on the solid-phase, gave better results than
cyclization in solution after synthesis of the linear pep-
tide on a Cl-Trt-resin. Thus, while the linear peptide
was never detected by HPLC in the crude cyclic pep-
tides obtained in solid-phase after 2 h of reaction, in
solution large amounts of the linear peptide were
detected after 16 h of reaction (the ratio cyclic versus
linear was 1:4).22

In conclusion, a solid-phase strategy has been devel-
oped that uses a tetra-orthogonal protecting scheme
and allows the preparation of cyclic tetra-B-peptides
with free amino side chains ready for further elabora-
tion. Cyclic tetra-p-peptide libraries prepared in this
way will be suitable for both on- and off-resin
screening.

1. Experimental

SPPS on BAL-resin. PALdehyde (5 equiv.) and TBTU
(5 equiv.) were dissolved in DMF and then DIEA (10
equiv.) was added. After 1 min preactivation, this solu-
tion was added to the amino-functionalized PS. Cou-
pling was allowed to proceed at 25°C for 2 h, after
which time the resin was negative to the Kaiser ninhy-
drin test.

Mixtures of B-alanine pNb ester hydrochloride® (10
equiv.) and NaBH;CN (10 equiv.) in DMF were added
to the PALdehyde-IRAA-resins (1 equiv.). The reac-
tions were allowed to proceed for 1 h at 25°C. The
resins were then washed with CH,Cl, and MeOH and
finally dried.

Na-Alloc-NB-Fmoc-L-Dapa (5 equiv.), PyAOP (5
equiv.), and DIEA (10 equiv.) in DMF were added to
amino acyl ester BAL-resins and the mixtures were
allowed to react for 2 h at 25°C. After washing with
DMF and CH,Cl,, the couplings were repeated for a
further 2 h with fresh reagents.

The Fmoc group was removed using piperidine/DMF
(1:4) (2x15 min). Incorporation of the rest of the pro-
tected amino acids and acids (10 equiv.) was performed
with DIPCDI (10 equiv.) and HOBt (10 equiv.) in
DMF for 2 h.

Removal of the pNb group was carried out with § M
SnCl, in DMF containing 1.6 mM HOAc and 0.2%
phenol (2x30 min, 60°C).

Solid-phase cyclization was carried out with PyAOP (5
equiv.) and DIEA (10 equiv.) in DMF for 2 h at 25°C.

Removal of the Alloc group was achieved with
Pd(PPh;), (0.1 equiv.) in the presence of PhSiH; (24
equiv.) in CH,Cl, under Ar (2x20 min, 25°C).

Cleavage of the cyclic peptide from the resin was car-
ried out with TFA/CH,Cl, (9:1) for 2 h at 25°C.

SPPS on CITrt-resin. Fmoc-BAla-OH (0.5 equiv.)** and
DIEA (2 equiv.) in CH,Cl, were added to a CI-TrtCl-
resin (1.35 mmol/g) for 2 h at 25°C. The reaction was
terminated by addition of MeOH and stirring for 15
min.

The rest of the manipulations were carried out in a
similar way to those described above.
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1.4. DISCUSSIO

1.4.1. Eliminacio prematura del grup Fmoc durant I’eliminacio del

grup Alloc (1)

En el primer capitol de la present tesi, varem estudiar I’estabilitat del grup Fmoc en
una sintesi a 1’hora d’eliminar un grup Alloc, grups en principi completament
ortogonals. En el grup, varem detectar que en alguns casos, a I’hora d’eliminar un grup
Alloc en preséncia d’un grup Fmoc, aquest ultim no es mantenia completament estable.
Aixi, treballant amb la lisina amb el grup a—amino protegit amb el grup Fmoc i amb la
posici6 e—amino protegida amb el grup Alloc, després d’eliminar-ne el grup Alloc i
d’acilar-ne I’amina lliure, varem detectar doble incorporacié de I’agent acilant. Aquest
resultat indicava que el grup Fmoc també s’havia eliminat en 1’etapa de desproteccio del
grup e—amino. En un primer moment varem pensar que el que estava passant era que
I’hidrur del grup capturador de carbocations que s’utilitzava (PhSiH3) estava capturant
el prot6 del grup Fmoc, afovorint d’aquesta forma la —eliminacio6 i per tant alliberant el
grup amino. Aix0 es va descartar treballant amb Fmoc-Lys(Mtt)-OH, on es va detectar

el mateix problema, és a dir, doble acilacio un cop eliminat el grup Mtt.

En I’estudi que varem dur a terme (figura 1), una lisina protegida en la posicidé o amb
el grup Fmoc 1 en la posicio € amb el grup Alloc o amb el Mtt fou ancorada a la resina
Rink Amida MBHA, utilitzant una alanina com aminoacid de referéncia interna.
Després d’eliminar el grup protector de la cadena lateral, hi fou ancorada la Ddz-Phe-

OH. Aquest pas es considera clau, ja que si a I’hora d’eliminar el grup protector de la

1. Farrera-Sinfreu, J.; Royo, M., and Albericio, F. Undesired removal of the Fmoc
group by the free e—amino function of a lysine residue. Tetr. Lett. 2002, 43,
7813-7815.
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cadena lateral es desprotegeix també 1’amina en posicid o explicaria I’obtencid del
compost 3 degut a la doble incorporacié de la fenilalanina. Un cop incorporada la
fenilalanina, es va fer un tractament amb piperidina per tal de desprotegir el grup a-
amino de la lisina. Finalment el compost fou escindit de la resina amb TFA. El resultat
fou que en el cas en que s’utilitzava el grup Mtt com a protector de la cadena lateral, el
subproducte 3 s’obtenia amb un 20%, mentre que quan s’utilitzava el grup Fmoc
I’extensio de la reaccid secundaria era forca més dramatica i es detectava fins un 35%

de subproducte després de dues hores.

Fmoc—Lys—Ala—AM—PS—O la, X = Mtt
| 1b, X = Alloc

X (i) TFA-TES—CH,Cl, (1:1:98)
DIEA-CH,Cl, (1:19) for 1a
(i") Pd(Phs),, PhSiH; for 1b
(ii) Ddz-Phe-OH, DIPCDI, HOBt

Fmoc—Lys—Ala—PS—o + Fmoc—Phe—Lys—Ala—PS—O
| |

Phe Pllle

Dldz Ddz
(1) piperidine-DMF (1:4)
(i) TFA-CH,Cl, (9:1)

H—Lys—Ala—NH, + H—Phe—Lys—Ala—NH,

I |
Phe Phe

}'1 (2) }'I 3)

Figura 1. Estratégia utilitzada per a determinar I’extensid de la reaccié secundaria de peptids que

contenen lisina.

Semblava clar que el que estava passant era degut a que I’amina que quedava lliure un
cop eliminat el grup protector de la cadena lateral era capag¢ d’eliminar el grup Fmoc en
posicio a, el qual s’elimina mitjancant una B-eliminacié en medi basic. L’extensid
d’aquesta reaccid secundaria és més dramatica quan s’utilitza el grup Alloc a la cadena
lateral perque ’amina corresponent es troba més temps desprotonada, essent capag
d’arrancar el prot6 del fluorenilmetoxicarbonil. En el cas d’estar eliminant el grup Mtt,
I’amina lliure resultant es troba protonada durant la desproteccid, no podent en aquest
cas eliminar el grup Fmoc. Un cop neutralitzada aquesta amina resultant, aquesta
comenga eliminar el grup Fmoc, perd com el temps que es troba desprotonada €s menor

que en el cas de tenir el grup Alloc, es detecta menys producte secundari. Aixo es va
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corroborar deixant la resina 1b sense el grup Alloc un dia sencer agitant en DMF.
Després de seguir I’esquema sintetic, el 95% del producte detectat per HPLC era el 3,
indicant inequivocament que el causant de 1’eliminaci6 del grup Fmoc era I’amina lliure

de la cadena lateral, prou basica per arrancar el prot6 de I’Fmoc.

El mateix esquema de sintesi fou aplicat a 1’ornitina, a I’acid diaminobutiric i a I’acid
diaminopropionic. Els diferents valors de pKa dels grups amino de les cadenes laterals
expliquen els resultats obtinguts. En el cas de la lisina, I’ornitina i el diaminobutiric, la
reaccid secundaria es dona degut a que els grups amino son prou basics per eliminar el
grup Fmoc. En el cas del diaminopropionic no es detecta producte secundari perque

I’amina no és prou basica.

Per tal d’evitar aquesta reaccio secundaria, es van buscar metodes alternatius per no
obtenir productes indesitjats. Aixi, en el cas d’utilitzar el grup Mtt, es va aplicar una
etapa d’acoblament amb neutralitzacid in situ, evitant aixi tenir I’amino lliure. En el cas
de tenir el grup Alloc, es va optar per fer una reaccié tandem de desproteccid-
acoblament, utilitzant una especie activa durant ’etapa de desproteccid com sén els

fluorurs d’acid.

Aixi, en aquest capitol de la tesis hem pogut detectar un problema d’estabilitat del
grup Fmoc en front a amines 1, el que €s més important, hem pogut trobar solucions per
tal d’evitar que aquest tipus de reaccions secundaries es donin. Actualment, aquest
continua essent un problema d’interes, ja que recentment han aparegut a la literatura
alternatives a la nostra solucié (2), les quals es basen en la utilitzacio de nous grups

protectors en fase solida com ara el pNZ.

2. Isidro-Llobet, A.; Alvarez, M., and Albericio, F. Semipermanent p-
nitrobenzyloxycarbonyl (pNZ) protection of Orn and Lys side chains: prevention of
undesired o—Fmoc removal and application to the synthesis of cyclic peptides.

Tetr. Lett. 2005, 46, 7733-7736.
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1.4.2. Aplicacio d’un sistema de proteccio tetra-ortogonal en una

sintesis complexa de B—peptids ciclics (3)

Atesa la importancia de tenir bons sistemes de proteccid a I’hora d’afrontar una
sintesis, aquest capitol s’ha centrat en la sintesis de tetra—B—péeptids ciclics en fase solida
utilitzant un sistema de proteccio tetra-ortogonal (3). La sintesis d’aquests p—peptids
ciclics es va dur a terme utilitzant 1’espaiador bifuncional BAL (Backbone Amide
Linker) (4), estratégia que sembla ser una de les més adients per a la sintesis en fase
solida de peptids ciclics amb les cadenes laterals protegides. Per fer-ho, és necessari
tenir com a minim un sistema de proteccio tetra-ortogonal (5), el qual es basa en: un
grup protector permanent per ancorar el primer aminoacid a la resina, un grup protector
semipermanent per I’acid carboxilic del C-terminal, un altre grup semipermanent per a
la proteccio de les cadenes laterals (grups a—amino) i un ultim grup protector temporal

per al grup p—amino a través del qual es far créixer 1’esquelet peptidic.

Com hem dit, per ancorar 1’esquelet peptidic a la resina es va utilitzar I’espaiador
bifuncional BAL (4), el qual al final de la sintesis permet alliberar el peptid de la resina
per tractament amb medi acid. Els grups B—amino foren protegits amb el grup Fmoc (6).

Les cadenes laterals dels p—aminoacids (en aquest cas grups amino en la posicid a)

3. Royo, M.; Farrera-Sinfreu, J.; Sole, L., and Albericio, F. Four-dimensional
orthogonal solid-phase synthesis of new scaffolds based on cyclic tetra—B—peptides.
Tetr. Lett. 2002, 43, 2029-2032.

4. (a) Jensen, K. J.; Alsina, J.; Songster, M. F.; Vagner, J.; Albericio, F., and Barany,
G. Backbone Amide Linker strategy for solid-phase synthesis of C-terminal-
modified and cyclic peptides. J. Am. Chem. Soc. 1998, 120, 5441-5452
(b) Alsina, J.; Jensen, K. J.; Albericio, F., and Barany, G. Solid-phase synthesis with
tris(alkoxy)benzyl backbone amide linkage (BAL). Chem. Eur. J. 1999, 5, 2787—
2795.

5. Per una revisi6 de grups protectors: Albericio, F. Orthogonal protecting groups for
Na-amino and C-terminal carboxyl functions in solid-phase peptide synthesis.
Biopolymers (Peptide Sci.) 2000, 55, 123—139.

6. Carpino, L. A., and Han, G. Y. 9-Fluorenylmethoxycarbonyl amino-protecting
group. J. Org. Chem. 1972, 37, 3404-3405.
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foren protegits amb grups Alloc (7), els quals s’eliminen mitjangant una reaccidé de
transferéncia d’al.lil en preséncia de Pd(0). Finalment, el grup p-nitrobenzil (pNb) (8,9)
fou utilitzat per a la proteccid del grup acid carboxilic, el qual s’elimina mitjangant una

hidrolisi reductiva.

Q

CI""H3gN-CH,-CHR-COOpNb
NaBH;CN, DMF o

CH30 OCHj3 CH30 OCHjs
o HNWOpr
Fmoc SPPS
O
@ CH30 OCHs
H NH 4 (i) SnCly-AcOH-phenol-DMF Alloc CH
N N (ii) Piperidina-DMF

H
o) L < iii) PYAOP-DIEA-DMF o \/H/N OpNb
0 (iv) Pd(0) Vﬁ(
O  (vspPos
N N (vi) TFA HN/AIIoc
H H HNWH

“F
o) mocC

Figura 2. Estratégia general per a la preparacid en fase solida de plataformes basades en

tetra—B—peptids ciclics que contenen residus d’acid diaminopropidnic i f—alanina.

7. Per una revisid sobre grups protectors alilics: Guibé, F. Allylic protecting groups
and their use in a complex environment part I: Allylic protection of alcohols.
Tetrahedron 1997, 53, 13509-13556.

8. Hocker, M.D.; Caldwell, C.G.; Macsata, R.W., and Lyttle, M.H. p-Nitrobenzyl side-
chain protection for solid-phase synthesis. J. Peptide Res. 1995, 8, 310-315.

9. Romanovskis, P., and Spatola, A. F. Preparation of head-to-tail cyclic peptides via
side-chain attachment: implications for library synthesis. J. Peptide Res. 1998, 52,
356-374.
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Aixi, el p-nitrobenzilester de la p—alanina fou ancorat a la resina BAL mitjangant una
aminaci6 reductiva. El tetra—B—péeptid es va fer créixer utilitzant 1’acid diaminopropionic
1 la B—-alanina de forma alternada. Un cop tinguérem el peptid lineal, el grup Fmoc de
I’extrem N-terminal i el grup pNB de DI’extrem C-terminal foren eliminats (amb
piperidina i amb una solucié de clorur d’estany 6M respectivament) i el peptid fou ciclat
en fase solida utilitzant PyAOP/DIEA en DMF com a sistema d’acoblament. La
desproteccidé dels grups p—amino dels acids diaminopropionics, seguit de la seva
funcionalitzacié amb el tripéptid Arg-Gly-Asp (RGD) o amb fenilacetic i final escissio
de la resina donaren els compostos finals, amb pureses per HPLC del 72 i del 65%

respectivament.

Aquesta sintesi fou comparada amb una sintesi descrita en el Master Experimental
realitzat per la Sra. Laia Solé 1 Feu, la qual es basava en sintetitzar el peptid lineal en
fase solida sobre la resina CI-Trt, seguit de la funcionalitzacié dels grups f—amino dels
aminoacids diaminopropionic, desproteccid de I’extrem N-terminal i de 1’escissio de la

resina, fent finalment la ciclacié en solucio.

La ciclacio en fase solida era total després de dues hores de reaccid, mentre que en la
ciclacié en solucid el peptid lineal es detectava com a majoritari després de 16 hores de

reaccio.

En resum, en aquest capitol varem desenvolupar una sintesis efica¢ en fase solida de
B—peptids ciclics, la qual es podria aprofitar per la sintesis de llibreries d’aquest tipus de
compostos o fins i tot generalitzar-se per 1’obtencid de péptids ciclics modificats en les
cadenes laterals. De fet, s’ha descrit que basant-se en aquesta sintesi es poden
desenvolupar altres plataformes (10). Aixi, els autors d’aquest treball han sintetitzat una
llibreria de compostos amb sucres en les cadenes laterals utilitzant la plataforma central

B—peptidica descrita en aquesta tesi.

10. Virta, P.; Karskela, M., and Lonnberg, H. Orthogonally protected

cyclo—p—tetrapeptides as solid-supported scaffolds for the synthesis of glycoclusters.
J. Org. Chem. 2006, 71, 1989—-1999.
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1.5. CONCLUSIONS

1.

S’ha determinat que 1’eliminacié prematura d’un grup Fmoc degut a la presencia
d’una amina lliure després de 1’eliminacio d’un grup Alloc es pot evitar. Per fer-
ho, en comptes del grup Alloc es pot utilitzar un altre grup protector el qual
s’elimini en condicions completament diferents com és en medi acid, tenint aixi
I’amina protonada i evitant que pugui actuar com a base. En aquest metode, si es
realitza [’acoblament amb neutralitzaci6 in situ, s’aconsegueix disminuir
I’extensio de la reaccid secundaria. Utilitzant el grup Alloc, es pot també evitar
I’eliminaci6 del grup Fmoc fent una reaccié tandem de desproteccio-acoblament,

utilitzant especies molt reactives com son els fluorurs d’acid.

La sintesi en fase solida de tetra—f—peptids ciclics utilitzant un sistema de
proteccio tetra-ortogonal sobre 1’espaiador bifuncional BAL ¢és factible. Utilitzant
aquesta sintesis es possible sintetitzar plataformes cicliques ramificades d’una

forma rapida 1 eficient.
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Capitol 2. Foldamers bioinspirats. Aplicacions

2.1. INTRODUCCIO

2.1.1. Foldamers

Els biopolimers naturals més importants com son les proteines, els acids nucleics i els
polisacarids poden adoptar una ampli rang d’estructures secundaries i estan involucrats
en aspectes clau de la vida. Una caracteristica rellevant dels polimers naturals és la
immensa variabilitat que dona la combinacié d’un nombre limitat de monomers en una
seqliencia ben definida. En els ultims anys s’han desenvolupat nous oligomers que
mimetizen als polimers naturals, obtenint aixi nous compostos amb aplicacions en les
ciencies de la vida. En els ultims anys, 1’estudi d’oligomers utilitzant molecules
d’origen no natural ha esdevingut una font molt important de noves estructures amb la
capacitat d’adoptar infinitat d’estructures secundaries (foldamers) (1) i amb propietats

aprofitables en el camp de la quimica medica i terapeutica.

A la decada dels 80, el professor Juan A. Subirana i col. (2) varen trobar que polimers
de B-aminoacids derivats de I’acid aspartic podien adoptar estructures helicoidals.
L’any 1994, el professor Samuel H. Gellman (3) discuteix el concepte general
d’oligomers sintétics amb plegaments definits, especialment els p—peptids 1 aporta
estudis de modelat. El fet que aquest tipus de molécules poguessin adoptar estructures
secundaries definides en solucio, va fer que ell mateix els anomenés foldamers per
primer cop a ’any 1996 (4). En Gellman definia foldamer com a totes aquelles
estructures no naturals que es podien plegar en soluci6 donant un estat
conformacionalment ordenat. M¢és tard, Moore (1) va donar una definicid6 més
restrictiva, afegint a la definicidé d’en Gellman que aquestes estructures havien d’estar
estabilitzades per una col-leccid d’interaccions no covalents entre mondomers no
adjacents. La definici6 d’en Moore restringeix el terme foldamer a tots aquells
oligodmers amb un pes molecular que estigui en el rang de 500 a 5000 Da, ja que
polimers de pes més gran com soén totes les biomacromolécules presenten diversos
dominis estructurats, ja sigui donant el mateix tipus d’estructura secundaria o no. Aixo

dona lloc a la formacié d’estructures terciaries i quaternaries. El que pretén Moore és

39



Introduccié

restringir el terme foldamer només a la formacié d’estructures secundaries, 1 proposa el

terme tyligomer per polimers que tinguin més d’una subunitat de foldamers.

Els foldamers poden desestructurar-se per formar un conjunt de conformacions
desordenades i tornar-se a plegar. En canvi, aquelles molécules que presenten una
estructura secundaria definida, perd sense flexibilitat conformacional com son els
polimers rigids no es consideren foldamers. Aquesta distincio €s deguda a que la recerca
en aquest camp va dirigida a coneixer profundament I’estructura 1 el funcionament de
biomacromolécules i a identificar nous polimers que puguin mimetitzar la natura, essent
capacos de realitzar alguna funcio. Pero la veritat és que com a conseqiiéncia de la seva
estructura molecular, els foldamers mostren diferéncies importants en les seves
propietats comparats amb les conformacions habituals dels polimers naturals ordenats.
El procés de plegament resultant d’un nombre d’interaccions no covalents mostra
cooperativitat i ¢és proporcional al nombre d’unitats de repeticio. Aixi, 1’estabilitat
relativa de les conformacions ordenades respecte les desordenades augmenta amb la
llargada del polimer. A més a més, la flexibilitat inherent de I’esquelet polimeric i
I’estabilitzaci6 dels estats ordenats mitjangant interaccions no covalents déna un
increment de resposta ambiental. Qualsevol parametre, per exemple el solvent, el pH o
la forga ionica, que moduli la natura o la for¢a de les interaccions no covalents pot ser

utilitzat per alterar la natura o 1’estabilitat de la conformaci6 preferida.

2.1.1.1. Tipus de foldamers

Donada la importancia que han demostrat tenir aquest tipus d’estructures, se n’ha
descrit de molts tipus 1 procedeéncies molt variades. Aixi, els foldamers es poden
classificar tant segons ’estructura secundaria que adopten (figura 1), com segons el
tipus d’esquelet que els constitueix (7). Segons aquesta tltima classificaci6 1 comparant-
los amb els biopolimers naturals coneguts, els foldamers es poden classificar en dos
grans grups: els abiotics 1 els bioinspirats. Els abiotics incorporen al seu esquelet anells
aromatics. Entre ells destaquen les oligopirrolinones (5), els oligo(fenilen-etinilens)
(6), cls aedamers (7) i els guanidinis (8), entre altres. Per altra banda, els bioinspirats
s’assemblen quimicament a les proteines i son basicament foldamers de caracter

peptidic (peptidomimetics), com ara els peptoids (N-alquil glicines) (9), els
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vinilogopéptids (vinylogous polypeptides) (10), els PNAs (peptide nucleic acids) (11),
les oligourees (12), els B—peptids (4,13) o els y—peptids (14,15,16), entre altres. Els
estudis dels foldamers de caracter peptidic s’han centrat en I’elucidacid de ’especificitat
de seqliencia a I’hora d’adoptar una estructura secundaria, aconseguint aixi estabilitzar
aquestes estructures d’una manera racional en aigua i arribant fins i tot a crear

estructures terciaries (tyligomers) com empaquetaments helicoidals (kelical bundles).

A
a-Péptid p-Péptids y-Péptid Oligourea Sulfonamides
°\/°
Re5|du B Re5|du B R H
Peptoid (N-alquil glicina) PNAs

M N 2

B

Aedamers Oligo-m-fenilenetinilen

Guanidinis

Oligo-antranilamides

RO O O~ OR
H H H H
N -0 N. N Os N
HTIQ\[( I:( T(@fH
N NH O O HN N.
MeO OMe
o (o} (o} o

Figura 1. Exemples més representatius de foldamers. (A) Foldamers bioinspirats. (B) Foldamers

abiotics.
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2.1.1.2. Foldamers bioinspirats. Peptidomimetics

Dins la gran varietat de foldamers descrits, els més estudiats sense cap mena de dubte
son els bioinspirats. Entre aquests, els que més s’han estudiat son els p— (4,13,17,18) i
y—péeptids (14). S’entén com a B—peptid aquell péptid que esta format per f—aminoacids,
els quals, respecte als a—aminoacids, estan formats per un carboni més entre el grup
amino i el grup acid carboxilic (figura 2). Els y—péptids estan formats per y—aminoacids,
els quals tenen tres carbonis entre el grup amino i el grup acid carboxilic. Aixo
comporta un augment considerable de les molécules que es poden arribar a obtenir, ja
que es poden tenir molts tipus de substitucid en les posicions a, B o y dels y—aminoacids.
S’ha demostrat que la natura i posicié d’aquesta substitucio és crucial a 1’hora d’obtenir

una estructura plegada.

@-Aminoacids lineals aquirals (no substituits)

o« n=1p-Ala

HoN OH n=2y-Abu
mr n=33-Ava

n =4 g-Acp

pB-Aminoacids lineals quirals substituits

B-Aminoacid-B-substituit B-Aminoacid-o-disubstituit
R1 Rq = Me, p°hAla HoN COOH Ry =Me, Ry =H, p?hAla
2 ~
HoN J\/COOH R1 = CH(CHg)z, B*hval R1 Ry Ry = CH(CHg)a, Ry = H, p2hVal
R1 = CHaCH(CHa), B°hLeu Ry = CHCH(CHa)z, Ry = H, p2hLeu

R1 = Me, Ry = Me, acid aminopivalic

B-Aminoacids ciclics quirals

COOH
%COOH HoN \%\COOH
HoN HoN
Acid trans-2-aminociclopentanoic Acid trans-2-aminociclohexanoic Acid trans-4-aminociclohexanoic

Figura 2. Estructures de o-aminoacids lineals no substituits (aquirals), de B—aminoacids lineals

substituits (quirals) i de ®-aminoacids ciclics.
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2.1.1.3. p—Peptids (13)

Els B—péptids (oligo—p—aminoacids) son els foldamers més estudiats fins al moment
(13,19). L’interés que han merescut aquests peptids és deu a diferents factors, tals com
la seva gran semblanca als a—péptids, D’ampli rang d’estructures secundaries
estabilitzades que formen (4,20) o la gran varietat d’aplicacions que se n’ha descrit, com
per exemple ’activitat antimicrobiana (21) o ’activitat com a Trojan carriers (22), entre
altres (23). Es conegut que diferents substitucions en les cadenes laterals poden canviar
la preferéncia conformacional local de I’esquelet peptidic i per tant l’estructura
secundaria global (1,13) (figura 3). Tot i que les preferéncies estructurals dels B—peptids
son ben conegudes, fins ara la construcci6 d’estructures terciaries s’ha vist limitada
degut a la dificultat sintética que representa sintetitzar B—peptids amb seqiliencies més
llargues de 8 residus, ja que la forta estructuracid que pressenten dona problemes en la
sintesi en fase solida. Aquests problemes s’han anat solucionant paulatinament utilitzant
diferents estratégies sintétiques com ara fent acoblament de fragments (24) o més

recentment amb 1’s de microones (25).

Les estructures secundaries que se n’han descrit son for¢a variades 1 van des
d’estructures helicoidals fins esteses tipus lamina B o girs (figura 3). Si hom fa un repas
global a la literatura, és facil adonar-se que els p—peptids serien facilment classificables
en dues grans escoles, ja que basicament hi ha hagut dos grups que els han estudiat i ho
han fet utilitzant dos tipus de monomers ben diferents. Aixi, mentre que el grup d’en
Dieter Seebach ha explorat estructures formades unicament per f—aminoacids lineals el
grup d’en Samuel Gellman ha estudiat oligo—f—aminoacids formats per p—aminoacids
ciclics, encara que en els ultims temps també ha estudiat combinacions de tots dos tipus

de p—aminoacids, a més a més de péptids que combinen a— i f—aminoacids.

Entre les conformacions secundaries dels p—péptids, I’helix 14 és la més popular.
L’helix 14 conté 14 atoms en 1’anell que forma el pont d’hidrogen N—-H(7)***O=C(i+2) i
té aproximadament tres residus per volta. Aquesta helix es pot estabilitzar mitjangant
interaccions electrostatiques de residus carregats oposadament en voltes d’hélix
diferents (concretament en posicions i 1 i+3). A més a més, s’ha vist que aquesta helix
pot ser promoguda amb aminoacids tipus B’~y—ramificats, com son la p*hVal o la p hlle

(26). També ¢és conegut que ¢és suficient utilitzar uUnicament residus ciclics
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conformacionalment restringits en el centre d’una seqiliéncia de 10 aminoacids per que
s’adopti aquesta helix (27). A més a més, per peptids de 12 residus, essent quatre d’ells
ciclics 1 distribuits uniformement en la seqiiencia, és suficient per a estabilitzar 1’hélix
14 a pH’s entre 2 i 12. També s’ha comprovat com una helix 14 monomeérica en
metanol es pot desestructurar en afegir H;O (28). Aquesta desnaturalitzacié sembla ser
gradual, el que porta a pensar que I’helix 14 s’assembla a I’helix o en quant a que tenen

molts estats parcialment plegats en la transicié de plegament/desplegament (28,29).

Helix 14 O
S O
o fo 9 [T, O)“ \I)g
3 3 pr— H N
g\ N /\)'L N N /\)k% g\ N H 1y N /g H 2
H H 5 H H [SShVaI (y-ramificat) afavoreix
B-Aminoacid restringit que afavoreix la formacié d'hélix 14 la formacié d'hélix 14
Helix 12 o o o Q.
H 3 3 Ho 3 %
O 9 N 9, N ; § NS K
§ g = H,oNF
H H H ¢ ¢ R H
H H H

R = OMe, OPh, CH,NH;"
Ciclopentans funcionalitzats que

B-Aminoacid restringit que afavoreix la formacié d'hélix 12 Pirrolidines que contenen B-aminoacids

contenen B-aminoacids

Hélix 10/12 >< ><

o
g)OL i 1 s i~ U g H . MeO"NC g OQA
4 g N 2 :
N N3 E N/\‘)ké N W £
H H HoLos ’ ?N/\)kN
H

H
Patern alternat [}3/[52

Iz

Helix 8
. . &
B 3 5 5 > S > PR
S)LN Nt SN : E\N/o\)% é\N/'\;)K‘té SNH :
* H H H : H ’ H &y ° i 3
Acid 1-(aminometil)ciclo-
propanoic

R = CHj3, (CH3),CH, (CHj3),CHCH,
acids (2R,3S)-3-amino-2-hidroxicarboxilics

Residu de B-aminoacid que

Acid o-aminoxicarboxilic conté oxanorbonen

Estructures no basades en ponts d'hidrogen

Estructures lineals

R '

(0] Rt @] 3 5 *

O/ ‘O/ A 2

. N N * N 3
% 5 H R

Residus a,f-syn-dialquilats donen
conformacions extesses

Acid pirrolidinil-3-carboxilic
2,2-disusubstituit

Acid pirrolidinil-3-carboxilic

Figura 3. Principals estructures secundaries adoptades pels f—péptids.

L’helix 14 que formen alguns B—péeptids ha estat aprofitada per diferents autors per a
crear estructures terciaries tipus empaquetaments helicoidals utilitzant diferents
estratégies. Per exemple, el grup d’en Gellman va dissenyar una helix 14 amfifilica
utilitzant residus ciclics de sis membres i [33hLys (30). Els residus ciclics estabilitzen

I’hélix 14 en H,O 1 la natura amfifilica d’aquesta promou I’associacidé. En tampons

44



Capitol 2. Foldamers bioinspirats. Aplicacions

TRIS 1 acetat, aquests B—peptids exhibeixen empaquetaments helicoidals tetramerics 1
hexamerics respectivament. En un altre treball, aquest mateix grup va dissenyar
B—peptids que contenien nucleobases en les cadenes laterals per tal de mediar una
dimeritzaci6 antiparal-lela per parells de bases tipus Watson-Crick (figura 4) (31). La
desnaturalitzacié térmica d’aquestes estructures va mostrar una pérdua entropica menor
per a la dimeritzaci6 comparat amb la doble helix de DNA, el que suggereix que la
preorganitzacido de I’helix 14 facilita I’associacio. El grup d’en Seebach també va
dissenyar una hélix 14 amfifilica formada per 20 residus, amb una p’hCys a I’extrem N-
terminal per formar una doble helix connectada mitjancant un pont disulfur (32).
DeGrado i col. també han fet servir un pont disulfur per a dissenyar una doble helix

basada en B—peptids (29).

Figura 4. Model d’agregacio de B-péptids helicoidals a través d’aparellament de bases antiparal-lel

seguint el model Watson-Crick (figura treta de la referéncia (31)).

Un altre tipus d’helix descrit per als B—peptids ha estat I’helix 12, la qual també ha
estat descrita per B—péptids formats inicament per f—aminoacids ciclics de cinc baules.
Diversos peptids formats per B-aminoacids ciclics derivats de la pirrolidina i de
ciclopentans funcionalitzats han estat incorporats a 1’h¢lix 12 per tal de millorar la seva
solubilitat en H,O 1 donar diversitat de seqiiéncia (33). A més a més, heptamers amb
més de dos B*— o p’—residus continuen donant aquest tipus d’hélix, donant encara més

diversitat de seqiiencia (34).
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Utilitzant B—péptids formats per aminoacids mono-substituits tipus B*— i p°— de forma
alternada es pot obtenir I’helix 10/12, una hélix que consisteix en una xarxa entrellagada
de cicles que formen els ponts d’hidrogen de 10 i 12 membres (1,13a,20d). Aixi,
seqiiéncies alternades d’aminoacids tipus p*/B’ adopten hélix 10/12, mentre que
seqiiéncies alternades d’aminoacids tipus p°/B> adopten hélix 12/10. Estructures en
solucié d’oligomers tipus B*/B° de més de nou residus han estat ampliament estudiades
per tal de poder-ne dissenyar de noves en un futur. Tamb¢ s’ha vist que peptids formats
alternadament per phGly 1 f—aminoacids ciclics de cinc baules funcionalitzats amb
carbohidrats poden formar aquest tipus d’helix en acetonitril (35). Sembla que els
residus ciclics i la phGly fan el paper dels residus B° i B respectivament. Péptids B* amb

la quiralitat alternada en cada residu tamb¢ poden adoptar aquest tipus d’helix (36).

Estudis amb oligomers derivats de 1’acid 1-(aminometil)ciclopropanoic 1
d’acids a—aminoxi carboxilics van donar com resultat la formaci6 d’helix 8 (13a).
Estudis més recents utilitzant acids (2R,3S5)-3-amino-2-hidroxi funcionalitzats (20e) 1
B—aminoacids derivats d’oxanorbonens ciclics (37) també han donat com a resultat la
formacié d’aquest tipus d’helix. Aixi, mentre B—péptids derivats de ’acid (2R,35)-3-
amino-2-hidroxanoic estabilitzen aquesta hélix en metanol a través de ponts d’hidrogen
entre els hidroxils de les cadenes laterals i els carbonils de 1’esquelet peptidic, els
derivats d’oxanorbonens ciclics ho fan en cloroform a través de la restriccid

conformacional que imposa el cicle.

També s’han descrit B—peptids I’estructuracié dels quals no esta basada en una
estabilitzacio per ponts d’hidrogen, com és el cas dels homo-oligomers de 1’acid 3-
pirrolidinoic, els quals exhibeixen diversos rotamers (38). Per a poder dissenyar
estructures secundaries PB-peptidiques que no tinguin ponts d’hidrogen, acids
pirrolidinil-3-carboxilics 2,2-disubstituits, els quals adopten un Unic rotamer en
cloroform foren estudiats. El dimer corresponent va donar una conformacido Z de
I’enllag amida d’unid, analeg al que es troba en una helix de poliprolina tipus I (PPI),
estructura tampoc estabilitzada per ponts d’hidrogen. Tot 1 que per dicroisme circular
es va trobar que aquests formaven una estructura regular, per RMN es van detectar

multiples conformacions.
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2.1.1.4. o/p—Péptids alternats

Uns altres peptidomimetics for¢a estudiats son els peptids formats per o 1 B
aminoacids (figura 5). El grup d’en Gellman ha estudiat les preferéncies
conformacionals d’aquest tipus de peptids, utilitzant B—aminoacids ciclics de cinc
membres restringits conformacionalment (39). Estudis per RMN en CD;OD d’aquests
tipus de peptids que contenien per L—a-residus van mostrar NOEs a llarga distancia,
mentre que els seus D—analegs no en tenien, el que va suggerir la importancia de
I’estereoquimica a I’hora de formar estructures ben definides. Les dades obtingudes per
RMN eren consistents tant amb una helix 14/15 com amb una hélix 11 i per tant es
necessiten més estudis per a determinar 1’estructura predominant. Altres estudis
d’aquest tipus de peptids es varen fer utilitzant p—aminoacids ciclics de tres membres
(40). Per RMN es va veure que podien formar hélix 13 en CD;OD, pero no en H,O.
Altres estudis introduint f—aminoacids en el centre d’una forqueta (hairpin) formada per
o—aminoacids ocupant posicions en el gir van confirmar el manteniment d’aquesta
estructura, demostrant la compatibilitat dels f—aminoacids en forquilles basades en

o—peptids (41).

o/B-Péptid alternat Helix 11 Helix 14/15
o o A /_\
3 O Q R H [o ) o R H fe)
> - — N P H :
BN N : % N N g)( N N L 2
"H H o e N H Y N e '
H o 5 H (e} 5 _H

o/B-Peptid alternat Helix 13
Hooo P Jﬁ(é HQH\\ it 3
N s N N S
N L AANACA

COOMe COOMe COOMe

Figura 5. Possibles conformacions de o/B—péptids alternats.
2.1.1.5. y-Péptids

Tot 1 que els y—peptids representen el segiient esglad per a una nova generacié de

foldamers basats en esquelets peptidics, se n’han descrit pocs exemples a la literatura
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(1,16,42), la majoria basats en aminoacids lineals amb substituents en les diferents
posicions (a, B 0 v) (14,15,43). De la mateixa manera que en els B—péeptids, les diferents
substitucions en 1’esquelet indueixen diferents tipus d’estructura secundaria i per tant,
en les seves possibles aplicacions (43,44). L’increment de graus de llibertat comparat
amb els a— i els B—peptids es pot reduir utilitzant monomers ciclics (45), els quals
incrementen [’estabilitat d’estructures secundaries regulars. Els monomers ciclics
descrits fins al moment so6n menys diversos que els lineals i, de la mateixa manera que
en una poliprolina, no hi ha distincid entre esquelet conservat i diversitat en les cadenes
laterals (45,38). Aixi, s’ha vist que els diferents y—peptids descrits fins al moment poden
adoptar estructures secundaries variades, com ara 1’hélix 2.614 (15,16), girs (42a,43b) o

conformacions tipus lamina p (10,46).

Heélix 14

o H 0 . o I'? . 0 R R" . Estru::tura desordenada
N > o : 3 H
%N MNé %NW é)kN s : N—O
H H ¢ H * H R i
(e} (0] R O H o)

Residu 74 Residu >34

Figura 6. Possibles conformacions de y—péptids alternats.

Aixi, mentre els y—péptids tipus y' formen hélix 14 en solucio, y—peptids formats per
aminoacids tipus y**—disubstituits amb 1’estereoquimica adequada formen un gir invers
(reverse turn). El grup d’en Seebach va trobar que oligomers formats per aminoacids
v*>*_trisubstituits donaven un hélix 14 en metanol (47). Per altra banda, el grup d’en
Gellman va descriure que y—péptids formats per aminoacids ciclics de cinc baules

formaven lamines f paral-leles (48).
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2.1.2. Péptids amb capacitat de travessar la membrana cel-lular

L’as de péptids naturals com agents terapeutics en organismes vius s’ha vist molts
cops restringit degut a la seva baixa estabilitat, sobretot en front a proteasses. El fet que
els o—peptids poguessin adoptar estructures helicoidals estables, girs o estructures tipus
lamina B va donar el punt de partida al disseny de mimetics de peptids naturals 1
proteines amb funcions rellevants. En particular, els p—peptids son totalment estables en
medi aquos 1 estables a la degradacié enzimatica in vitro i in vivo (49,50), el que sembla
un avantatge important respecte als o-péptids naturals. Aquesta propietat té
implicacions per al seu us farmaceutic, ja que podrien ser actius per administraci6 oral i
podrien presentar una millor biodisponibilitat que els farmacs peptidics. Aixi, entre les
propietats més rellevants descrites fins al moment per f—peptids destaquen I’inhibicid
de I’absorci6 de greix i colesterol, 1’activitat antimicrobiana i la capacitat de penetrar la

membrana cel-lular (21-23).

2.1.2.1. Peptids penetradors. Alternativa a altres sistemes de transport de

farmacs

En els ultims anys, 1’4s de péptids com a transportadors de farmacs ha estat una de les
aplicacions més explorades. Aixi, s’han descrit diferents peptids amb capacitat d’entrar
en cel-lules eucariotes (cell penetrating peptides, CPPs) (51). Aquesta propietat va fer
pensar en el seu possible Uis com a alternativa a altres sistemes transportadors de
farmacs com son els sistemes virals (viral delivery systems) (52), els liposomes
(53,54), I’encapsulament en polimers (55), I’electroporacio (electroporation) (56), o
I’endocitosi mediada per receptor (receptor mediated endocytosis) (57), que molts
cops no han demostrat una eficiéncia prou bona, a més a més de causar toxicitats

cel-lulars elevades en alguns casos.

Tanmateix, també s’han descrit diferents aspectes negatius que limiten 1’Gs de peptids
en organismes vius, com ara la rapida degradacidé enzimatica, alguns cops la baixa

permeabilitat a la membrana cel-lular o ’elevada toxicitat d’algun d’aquests péptids. El
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fet que es degradin facilment fa que la dosis a administrar per tal d’obtenir una resposta
positiva hagi de ser més alta, augmentant dramaticament la toxicitat. Aixi, mimetics
peptidics amb una millor resisténcia a proteasses com son els B—peptids (22) o els
peptoids (58) s’han avaluat com a transportadors de farmacs, amb la idea principal de

millorar-ne 1’estabilitat metabolica.

2.1.2.2. Tipus de peptids amb capacitat de travessar la membrana cel-lular

La majoria de CPPs descrits a la literatura son peptids d’origen natural derivats de
seqiiéncies peptidiques responsables de la internal-lizacié cel-lular de proteines de
membrana o de proteines que traspassen la membrana cel-lular. Aixi, al 1988 Green 1
col-laboradors (59) es van adonar que les proteines contenien seqiiéncies responsables
de la seva internalitzacio en cel-lules 1 van descriure un fragment de 86 aminoacids de la
proteina HIV-1 Tat (Tat 86) que podia travessar la membrana cel-lular. Més tard, al
1991, Joliot 1 col-laboradors (60) van descriure que 1’homeodomini de la proteina
Antennapedia de Drosophila també era capag¢ de penetrar en cél-lules, fet que va portar
a descobrir que només la tercera helix era necessaria per a la penetracio, donant com a
resultat el péptid penetrador penetratina o pAntp (61). Seguint el mateix raonament, al
1997 Vives 1 col-laboradors descrigueren la seqiiéncia basica de péptid Tat (62) i durant
els anys 1996 1 1997 es van descriure diferents péptids amb la mateixa propietat basats
en seqiiéncies senyal (signal-sequence-based peptides), seqliencies riques en
aminoacids basics com I’Arg o la Lys responsables de facilitar el transport al nucli
(63,64,65). Al 1998 Pooga 1 col-laboradors (66) descrigueren el peptid quimeric botinil-
transportan 1 Oehlke 1 col-laboradors (67) descrigueren un péptid sintétic model de 18
aminoacids (FLUOS-KLALKLALKALKAALKLA-NH;), ambddés amb capacitat
penetradora. En la figura 7 es mostren els péptids amb capacitat penetradora més

importants descrits fins al moment.

Els peptids capagos de travessar la membrana cel-lular solen seguir unes pautes
estructurals definides: o bé son peptids amb caracter cationic amb com a minim sis
aminoacids carregats o bé son peptids hidrofobics. Ambdues caracteristiques semblen

ser la funcio clau en la translocacié dels peptids penetradors a través de la membrana.
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Els peéptids antimocrobians solen tenir al llarg de la seva estructura primaria o
secundaria tant regions carregades com regions hidrofobiques (68,69,70,71). Tot i aixo,
no ¢és gaire habitual trobar péptids amb capacitat penetradora que tinguin alhora
propietats antimicrobianes, ja que aquestes caracteristiques estructurals estan
involucrades tant en la permeabilitzacié de la membrana com en la formacié de porus,
funcions que lideren els mecanismes de ’activitat antimicrobiana. Aixi, I’us d’aquests
peptids com a penetradors es veu limitada, tot i que la modulacié selectiva de 1’activitat
bactericida d’aquests compostos ha derivat en I’obtencié de nous carriers rics en prolina
(72). Un dels avantatges més importants dels peptids rics en prolina en sistemes
biologics és I’alt grau de solubilitat en aigua i en condicions fisiologiques en general,
propietat fonamental per a I’us in vivo. En el nostre grup també s’han descrit altres
péptids rics en prolina (73,74), aixi com dendrimers de poliprolina (75,76,77,78,79)

amb capacitat per penetrar en c¢l-lules

Péptid penetrador Seqiiencia Origen Ref.
Tat 48-60 GRKKRRQRRRPPQ HIV Tat 62
Penetratin RQIKIWFQNRRMKWKK AntpHD 61
Transportan GWTLNSAGYLLKINLKALAALAKKIL Galanin and mastoparan 66
Amphipathic model peptide KLALKLALKALKAALKLA NA 67
Signal sequence-based peptidle GALFLGWLGAAGSTMGAWSQPKKKRKYV  gp41 fusion protein—-NLS 65
pVEC LLIILRRRIRKQAHAHSK Murine vascular endothelial 80
cadherine
Arg; RRRRRRR NA 81

La seqiieéncia indicada correspon a la seqiiéncia original. A més d’aquestes, s’han descrit varis analegs a la literatura.
Abreviacions: AntpHD, Antennapedia protein homeodomain; NA, not avalaible; NLS, nuclear localization signal;
Tat, transactivator of transcription.

Figura 7. Principals péptids penetradors.

2.1.2.3. Mecanismes d’acciod, interaccié peptid-membrana i artefactes provinents

de la fixacio

El mecanisme exacte que segueixen els peptids a I’hora d’entrar dins la cel-lula
continua sent un misteri, ja que existeixen a la literatura resultats contradictoris (82,83).
El que sembla clar és que la primera etapa del mecanisme es produeix quan els peptids

transportadors cationics o els conjugats peptid-farmac interaccionen amb la membrana
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mitjangant una interaccid electrostatica. Un cop a la membrana, s’han proposat tres
mecanismes principals que podrien permetre a aquests sistemes entrar dins la cel-lula:
(a) la formacié d’una miscel'la invertida, (b) la difusié passiva a través de la
membrana (alguns autors es refereixen a aquest mecanisme amb el nom de penetracid)
1 (c) processos endocitotics classics (figura 8). Els dos primers es consideren energia i
receptor independents, al contrari que el tercer, que es considera energia 1 receptor

dependent.

La difusio passiva a través de la membrana cel-lular permet un transport eficient de
molécules tant fins al citoplasma com fins al nucli. En un primer moment, aquest fet va
fer pensar que aquest mecanisme era independent del tipus de ce¢l-lula, donant un
sistema universal per al transport de molecules hidrofiliques de ’exterior de la cél-lula
cap al citoplasma o al nucli (84,85). Tanmateix, més tard s’ha demostrat que el
Tat(48—-60) 1 la penetratina(42—58) veuen limitada la seva entrada en certes linies

cel-lulars 1 que aixo depén de la composicio lipidica especifica de cada membrana

cel-lular (86).

L’endocitosi de molécules hidrofiliques necessita un receptor de membrana o una
absorcio en la membrana plasmatica, la qual requereix energia per a la formacié de les
vesicules. Un cop les molécules han estat internalitzades, aquestes son classificades en
diferents compartiments com sén els lisosomes o els endosomes, per al seu reciclatge o
destruccio, fet que molts cops entorpeix 1’alliberament de la molécula transportada al
citoplasma (87). Tot i1 aix0, s’ha demostrat que en alguns casos aquest alliberament es
pot arribar a produir d’una forma eficient (88), a més d’induir-se utilitzant diferents
aproximacions com ara tractaments amb Ca>" (89), tractaments amb cloroquina (90),

tractaments amb sucrosa (91) o tractaments fotoquimics (92).

Quan es va comengar a descriure que alguns peptids tenien la capacitat de traspassar
la membrana cellular, es va pensar que el mecanisme que permetia aquesta
internalitzaci6 era un mecanisme endocitotic classic, receptor-depenent o independent,
tal i com se sabia que eren internalitzades molecules petites hidrofiliques. Tot 1 aixo, els
primers estudis amb aquest tipus de molécules van suggerir que aquests peptids
creuaven la membrana cel-lular mitjangant una ruta energia-independent. Aixi, estudis
sobre els mecanismes d’entrada de pAntp, peptids derivats de Tat i VP22 van concloure
que el mecanisme involucrat en la translocacid no estava associat a cap receptor classic,

transportador o endocitosis (61,62,93,94), suggerint un transport passiu d’aquests
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peptids a través de la membrana cel-lular. Tanmateix, re-evaluacions recents sobre el
mecanisme de translocacié d’aquests peptids 1 peptids-cargo suggereix que 1’endocitosi
¢s el mecanisme principal involucrat en aquest procés (95,96). Tot 1 aixo, sembla
acceptat que el mecanisme que permet entrar aquests péptids dins la cel-lula no és tnic i

que depéen en part de les caracteristiques estructurals del péptid en si.

Extracellular Intracellular
) Target validation tool
Protein transduction domain
{positive charge)
| 1 |
— —_—
- o -

Maodel 1 — Inverted micelle-driven delivery

}— — )— — 3
Maodel 2 — Direct penetration-driven delivery

-

Model 3 — Endocytosis-driven delivery
Plasma membrane

{negative charge)

Figura 8. Representacio esquematica dels diferents mecanismes proposats per a ’entrada cel-lular de

péptids penetradors (imatge de la referéncia (97)).

Aixi, la falsa idea inicial de que el principal mecanisme involucrat en la
internalitzacio era independent d’energia, pot ser atribuit, al menys en part, a diferents
artefactes derivats de 1’etapa de fixacio de les cél-lules que es realitza en els experiments
de microscopia confocal 1 a fortes interaccions entre el peptids i la membrana. S’han
descrit problemes en 1’etapa de fixacid de les cel-lules al utilitzar agents com 1’etanol, el

metanol o [’acetona (98,99,95,100). S’ha descrit que aquests produeixen una
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permeabilitzaci6 artefactual de la membrana al dissoldre’n els lipids, mentre que el p-
formaldehid sembla mantenir-la intacta. Aix0 acaba causant una reorganitzacid
artefactual dels péptids a I’interior cel-lular. Aquest fet va forcar la reavaluaci6 del
mecanisme d’entrada de diferents CPPs (96). Aixi, alguns péptids cationics tendeixen a
quedar retinguts en la membrana sense ser internalitzats, i tan sols una part acaba
entrant a D’interior de la cel-lula. En D’etapa de fixacio, aquest péptid retingut a la
membrana acaba entrant al citoplasma degut a I’efecte de 1’agent fixador, donant la
impressio a I’hora de fer la visualitzacid al microscopi confocal que un dels mecanismes
involucrats és independent d’energia. Els péptids enganxats a la membrana també poden
donar falsos positius d’internalitzaci6 a 1’hora de fer quantificacions per fluorimetria de
plaques, quantificant fluorescéncia de péptid enganxat a membrana en comptes de
peptid internalitzat. S’han descrit diferents aproximacions per discrimar entre ambdues
situacions, com ¢és l’utilitzacio de la citometria de flux (fluorescence-activated cell
sorting, FACS) en comptes de la fluorimetria o 1’aplicaci6é de diferents protocols per
eliminar el peptid romanent a la membrana, com ¢és la digestié amb tripsina just abans

de la quantificacio (100), aixi com altres metodes alternatius (100,101).

2.1.2.4. Aplicacions generals: molécules transportades

L’aplicacio final dels CPPs ha de ser el transport de molécules amb una baixa
biodisponibilitat deguda a una pobra permeabilitzacié a la membrana cel-lular. Els
principals treballs han estat duts a terme utilitzant els péptids Tat i1 penetratina com a
portadors. Pel que fa a les molecules transportades, les quals no son capaces de
travessar la membrana cel-lular per si soles, son forca més variades. Entre elles en
destaquen alguns peptids (102,103), acids nucleics (104,105), proteines
(106,107,108,109), drogues (110,111), anticossos (112), liposomes (113) o fins i tot
nanoparticules (114). A més, proteines de fusié han estat internalitzades per altres CPPs
com VP22 (115,116) 1 hCT (117). Per tal d’unir el transportador al farmac, s’han avaluat
diferents opcions com son la unid covalent obtenint la quimera CPP-farmac, sintetitzant
el peptid 1 el farmac de forma separada i fent al final la unid, o mitjangant interaccions
fisiques entre el peptid i el farmac, normalment formant interaccions electrostatiques

entre el peptid cationic 1 una regid del farmac carregada negativament. La figura 9

54



Capitol 2. Foldamers bioinspirats. Aplicacions

resumeix quines han estat les molécules transportades 1 amb quins peptids

transportadors s han realitzat alguns dels treballs publicats.

Molécula transportada Péptid Linia cel-lular
Peéptids
Inhibidor PKC Penetratina Neuronals

Tat Cor aillat de ratoli
PCw3 Penetratina Macrofags
Rab1i2 Penetratina Cél-lules Prolactines
Inhibidors Cdk-4 i Cdk-6 Penetratina Cél'lules HaCa
Inhibidors de P16 Penetratina Céllules Pancreatiques
VHL Tat In vivo
Proteines
Grb2SH2 Signal sequence based peptides NIH3T3
Rnasa A Tat In vivo
Bel-xL Tat Neuronals i in vivo
Caspasses 21 8 Tat Cor aillat de ratoli
Smac Tat i penetratina Cél-lules MCF7
Oligonucleotids
SOD1 Penetratina Neuronals
BAPP Penetratina Neuronals
MDR-1 Tat Fibroblasts 3T3

26-mer AsBCom

Particules grans
PCMV-Luc

Nanoparticules Magnétiques

Tatp-liposoma

Signal sequence based peptides

Tat
Tat
Tat

NIH3T3, HS68 i HOC2

Cos-1, 9L, 3T3 i PtdCho-3
Cél'lules progenitores i in vivo
NIH3T3 i HOC2

Abbreviacions (de 1’anglés): BAPP, B amyloid precursor protein, CDK, cyclin-dependent kinase; MDR-1,
multi-drug resistance type 1; PKC, protein kinase C; Smac, second mitochondria-derived activator of caspase;
SODI, superoxide dismutase 1; Tat, transactivator of transcription, VHL, Von Hippel-Lindau peptide.

Figura 9. Exemples de les principals molécules transportades.

2.1.2.5.

Avantatges

inconvenients dels

d’administracio de farmacs

CPPs

sobre altres sistemes

Tot 1 que els peptids tenen alguns inconvenients a 1’hora d’utilitzar-se en sistemes

biologics com pot ser la baixa resisténcia a proteasses, la creenca general de que poden

oferir avantatges sobre altres sistemes de transport, com ara baixes toxicitats o

eficiéncies altes envers diferents linies cel-lulars estd forca estesa. Ara bé, aquests
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avantatges i inconvenients han de ser presos amb molta cura. En una revisid critica del
2004, Tréhin 1 col-laboradors (118) recolliren els principals problemes que s’han descrit
treballant amb aquest tipus de sistemes, com son les pobres internalitzacions obtingudes
amb alguns peptids, la variabilitat a I’hora d’utilitzar diferents linies cel-lulars, la baixa
permeabilitat a les membranes biologiques, la degradacié metabolica, la toxicitat i la

immunogenicitat.

Sens dubte, una de les limitacions més grans dels peptids a 1’hora de ser utilitzats en
sistemes biologics és la baixa resisténcia a les proteasses. Aixi, s’espera que el CPP
conjugat amb el farmac entri dins la cél-lula i un cop dins s’alliberi el farmac. Pero la
rapida degradacié metabolica en el medi extracel-lular d’alguns CPPs d’origen natural
pot arribar a impedir 1’objectiu final del carrier (119,120,121). Tot 1 aix0, la degradacio
metabolica del CPP i del conjugat CPP-farmac pot arribar a ser un requisit
indispensable, tant per a I’alliberament del farmac un cop ha arribat al seu lloc d’accid

com per a la seva eliminacio del cos per tal d’evitar toxicitats croniques.

En quant a toxicitats, s’ha observat que els peptids derivats del Tat son neurotoxics 1
que el nivell de toxicitat depén del temps d’exposicié i de la llargada del péptid,
demostrant que Tat(31-61) produeix més neurotoxicitat que la proteina sencera (122).
Altres estudis demostren que alguns derivats del Tat disminueixen la viabilitat cel-lular
de cellules HeLa (62). Penetratina(43—58) també té alguns efectes nocius, ja que
produeix neurotoxicitat arribant fins 1 tot a causar mort cel-lular (123), citotoxicitat en
algunes linies cel-lulars (124), o fins 1 tot indueix lisis cel-lular (95). El tercer gran
inconvenient dels CPPs ¢és la baixa permeabilitat a la membrana. Fent un cop d’ull als
resultats recollits a la literatura, es pot concloure que aquesta propietat és completament
depenent del tipus de cel-lula. Aixi, mentre en un principi semblava que els derivats de
Tat eren capagos de travessar qualsevol tipus de membrana cel-lular (84,85), fins i tot la
barrera hematoencefalica (blood brain barrier, BBB) (106), estudis posteriors han
demostrat que algunes linies cel-lulars no son permeables a derivats de Tat en
condicions fisiologiques (125). Reforcant aquesta idea, altres autors han demostrat que
I’entrada i alliberament del farmac a I’interior de la cel-lula depén del tipus de péptid en
si 1 de la composici6 lipidica de la membrana cel-lular, la qual canvia en cada linia

cel-lular (126).

Per tal de millorar algun dels inconvenients que mostren els CPPs d’origen natural,

s’han descrit algunes alternatives amb millors estabilitats a les proteasses, com ara els
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peptids formats per D-aminoacids (127) i altres peptidomimetics com els —péeptids (22)
1 els peptoids (58). Aquestes molécules poden evitar la degradaci6é enzimatica ja que no

son reconegudes per enzims.

2.1.3. Activitat antimicrobiana en f—péptids

a—Peptids capagos d’adoptar helix o amb activitat antimicrobiana formen part dels
mecanismes de defensa d’organismes multicel-lulars i poden ser utilitzats en contra de
bacteries resistents als antibiotics convencionals. El fet que alguns B—peptids poguessin
adoptar diferents tipus d’helix va fer pensar en el seu possible s com a nous agents

antimicrobians.

A la literatura s’han descrit diferents B—péeptids capagos d’adoptar estructures
helicoidals amb propietats antimicrobianes (21). Perd aquests péptids capagos d’afectar
la membrana bacteriana no poden tenir utilitat terapeutica a menys que deixin intactes
les membranes de cél-lules humanes. La susceptibilitat de les membranes de cel-lules
eucariotes al trencament fisic s’avalua generalment mitjangant hemolisis (lisis de
cel-lules roges de la sang). Tanmateix, alguns dels B—péeptids descrits a la literatura amb
activitat antimicrobiana tenen també propietats hemolitiques, el que fa que no puguin
ser utilitzats amb finalitats terapcéutiques. Malgrat aixo, la necessitat de trobar nous
agents antimicrobians capagos d’esquivar les resisténcies desenvolupades pels
microorganismes fa que qualsevol nou agent amb propietats antibiotiques s’acabi

avaluant.
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El primer objectiu que ens varem proposar en aquest capitol fou la sintesi en
fase solida de y—péptids derivats de la cis-y-amino-L-prolina, treballant un cop
més amb la versatilitat dels grups protectors per tal d’obtenir una sintesi eficient.
A més a més de descriure’n la sintesi, varem dur a terme estudis estructurals per
tal de veure quin tipus d’estructures en solucidé aquosa adoptaven aquests
compostos, utilitzant técniques de dicroisme circular i ressonancia magnetica

nuclear (RMN).

El segon objectiu fou validar algunes propietats dels y—péptids derivats de
prolina, com ara la seva capacitat de travessar membranes cel-lulars. Peptids
naturals amb aquesta capacitat mostren deficiéncies importants en el seu Us in
vivo, com ara toxicitats elevades i degradacions enzimatiques rapides. Es per
aix0 que ¢és necessari trobar sistemes alternatius. En aquest apartat, una scrie
d’aquests y—peptids foren marcats amb una sonda fluorescent i les seves
propietats de penetracid a través de membranes cel-lulars foren testades.
L’entrada de cada péptid fou quantificada mitjangant técniques de fluorimetria
de plaques i1 de citometria de flux i fou comprovada al microscopi confocal.
Altres estudis complementaris de toxicitat 1 d’estabilitat en front a la degradacio
enzimatica també foren duts a terme. A més a més, es presenten els resultats que
ha donat el millor candidat a transportador de farmacs a I’hora d’internalitzar un
PNA a I’interior de la cél-lula. També es discutiran les propietats microbicides

d’aquests y—péptids en front Leishmania.
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y-amino-L-proline is described. The methodology allows the independent buildup of the peptide backbone
and the introduction of sequential variations by reactions with the o-amino group of y-aminoproline. Both
alkyl- and acyl-substituted y-peptides have been prepared and studied by CD and NMR. Conformational
restrictions due to the cyclic structure of the monomer give rise to long-range interactions that are indicative
of secondary structures even in aqueous solution. Interresidue NOEs suggest a concatenation of turns
that, in a permissive solvent, could give rise to an isolated hydrogen bond ribbon, flanked and protected by

proline rings.

Introduction

Biopolymers encompass a broad range of structures and are
involved in key aspects of our understanding of life. In nature,
there are only three major biopolymer backbones, proteins,
nucleic acids, and polysaccharides. Therefore, the devel opment
of new oligomers that mimic natural biopolymers should provide
apowerful tool to obtain compounds with potential applications
in life sciences. One particularly relevant aspect of natural
biopolymersis the variability introduced by combining alimited
set of monomersin awell-defined sequence. The foldamer field
isdirectly inspired by this philosophy. The term foldamer, which
was first coined by Gellman,3 is used to describe those unnatural
oligomers that in solution fold into a conformationally ordered
state. Some authors have suggested a more rigid definition for
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(1) A preliminary report describing part of this work was presented at the 17th
American Peptide Symposium: Giralt, E.; Royo, M.; Kogan, M.; Crespo,
L.; Sanclimens, G.; Farrera, J.; Pons, M.; Albericio, F. Proline: a key
building block in “de novo” designed peptide molecules. In Peptides
Proceedings of the 17th American Peptide Symposium; Houghten, R., Lebl,
M., Eds.; American Peptide Society: San Diego, CA, 2001; pp 432—434.
Abbreviations: Ac, acetyl; MeCN, acetonitrile; Ac,O, acetic anhydride;
Amp, cis-4-amino-L-proline or (2S4S)-4-amino-pyrrolidine-2-carboxylic
acid; Boc, tert-butoxycarbonyl; Dab, a,y-diaminobutyric acid; DCM,
dichloromethane; DHB, 2,5-dihydroxybenzoic acid; DIEA, N,N-diisopro-
pylethylamine; DIPCDI, N,N’-diisopropylcarbodiimide; DMF, N,N-dimeth-
ylformamide; Fmoc, 9-fluorenylmethoxycarbonyl; (2S4S)-Boc-Amp(Fmoc)-
OH, (2S49)-Fmoc-4-amino-1-Boc-pyrrolidine-2-carboxylic acid; HOAc,
acetic acid; HOBt, 1-hydroxy-1,2,3-benzotriazole; HR-ESI: high-resolution
electro spray; iV, isovaleryl; MALDI-TOF, matrix-assisted laser desorption
ionization, time-of-flight; MBHA, p-methylbenzhydrylamine; MeOH,
methanol; MPLC, medium-pressure liquid chromatography; PhAc, phen-
ylacetyl; RP-HPLC, reversed-phase high performance liquid chromatog-
raphy; SPOS, solid-phase organic synthesis; SPPS, solid-phase peptide
synthesis; TBME, tert-butylmethyl ether; TFA, trifluoroacetic acid; TFE,
2,2,2-trifluoroethanol; amino acid symbols denote the L-configuration.
Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.; Gellman,
S. H. J. Am. Chem. Soc. 1996, 118, 13071—13072.
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this term, adding the restriction that ordered structures formed
by these compounds should be stabilized by a collection of
noncovalent interactions between nonadjacent monomer units.*
Foldamers can be classified either by their secondary structure?
or by the backbone type. Various examples of foldamers of the
latter type have been described in the literature, including
peptoids,®> vinylogous polypeptides,® peptide nucleic acids,”
oligoureas,® oligopyrrolinones,® oligo(phenylene ethylenes),©
aedamers,™ guanidines,’? and 3-313 and y-peptides.!
pB-Peptides are probably the most extensively studied fol-
damers.1®> The success of these compounds is a result of three
factors: their resemblance to o-peptides, the diverse range of

(4) Hill, D. J; Mio, M. J,; Prince, R. B.; Hughes, T. S,; Moore, J. S. Chem.
Rev. 2001, 101, 3893—4011.

(5) (& Simon, R. J;; Kanig, R. S.; Zuckermann, R. N.; Huebner, V. D.; Jewell,
D. A,; Banville, S; Ng, S;; Wang, S.; Rosenberg, S.; Marlow, C. K;
Spellmeyer, D. C.; Tan, R.; Frankel, A. D.; Santi, D. V.; Cohen, F. E.;
Bartlett, P. A. Proc. Natl. Acad. Sci. U.SA. 1992, 89, 9367—9371. (b)
Armand, P.; Kirshenbaum, K.; Goldsmith, R. A.; Farr-Jones, S.; Barron,
A. E.; Truong, K. T.; Dill, K. A.; Mierke, D. F.; Cohen, F. E.; Zuckermann,
R. N.; Bradley, E. K. Proc. Natl. Acad. Sci. U.SA. 1998, 95, 4309. (c)
Kirshenbaum, K.; Barron, A. E.; Goldsmith, R. A.; Armand, P.; Bradley,
E. K.; Truong, K. T.; Dill, K. A.; Cohen, F. E.; Zuckermann, R. N. Proc.
Natl. Acad. Sci. U.SA. 1998, 95, 4303.

(6) Hagihara, M.; Anthony, N. J.; Stout, T. J,; Clardy, J.; Schreiber, S. L. J.
Am. Chem. Soc. 1992, 114, 6568—6570.

(7) (& Nielsen, P. E. Acc. Chem. Res. 1999, 32, 624—630. (b) Jordan, S,;
Schwemler, C.; Kretschmer, A.; Schwenner, E.; Stropp, U.; Mielke, B.
Bioorg. Med. Chem. Lett. 1997, 7, 681—686. (c) Jordan, S.; Schwemler,
C.; Kretschmer, A.; Stropp, U.; Schwenner, E.; Mielke, B. Bioorg. Med.
Chem. Lett. 1997, 7, 687—690.

(8) (&) Burgess, K.; Linthicum, K. S; Shin, H. Angew. Chem., Int. Ed. Engl.
1995, 34, 907—909. (b) Semetey, V.; Rognan, D.; Hemmerlin, C.; Briand,
J-P.; Marraud, M.; Guichard, G. Angew. Chem., Int. Ed. 2002, 41, 1893—
1895.

(9) Smith, A. B.; Favor, D. A.; Sprengeler, P. A.; Guzméan, M. C.; Carrall, P.
J; Furst, G. T.; Hirschmann, R. Bioorg. Med. Chem. 1999, 7, 9—22.
(10) Prince, R. B.; Saven, J. G.; Wolynes, P. G.; Moore, J. S. J. Am. Chem.

Soc. 1999, 121, 3114—-3121.
(11) Nguyen, J. Q.; Iverson, B. L. J. Am. Chem. Soc. 1999, 121, 2639—2640.
(12) (a) Tanatani, A.; Kagechika, H.; Azumaya, |.; Yamaguchi, K.; Shudo, K.
Chem. Pharm. Bull. 1996, 44, 1135—1137. (b) Kagechika, H.; Azumaya,
I.; Tanatani, A.; Yamaguchi, K.; Shudo, K. Tetrahedron Lett. 1999, 40,
3423—3426.
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stabilized secondary structures that they form,316 and the
different applications found (e.g., antimicrobials” Trojan
carriers,’® or other biologica activities'®).

Even though y-peptides represent the natural next step for
the generation of anew family of foldamers based on the amide
backbone, only afew examples of y-peptides have been reported
in the literature,?® and these systems are based on linear amino
acids with substituents at different backbone positions.142!
Different substitution patterns introduce diversity into the

(13) (@) Seebach, D.; Overhand, M.; Kuhnle, F. N. M.; Martinoni, B. Helv.
Chim. Acta 1996, 79, 913—941. (b) Seebach, D.; Matthews, J. L. Chem.
Commun. 1997, 2015—2022. (c) Gellman, S. H. Acc. Chem. Res. 1998,
31, 173—180. (d) Gung, B. M.; Zou, D.; Stalcup, A. M.; Cottrell, C. E. J.
Org. Chem. 1999, 64, 2176—2177. (€) Cheng, R. P.; DeGrado, W. F. J.
Am. Chem. Soc. 2001, 123, 5162—5163. (f) Arvidsson, P. |.; Frackenpohl,
J.; Seebach, D. Helv. Chim. Acta 2003, 86, 1522—1553. (g) Raguse, T. L.;
Lai, J. R.; Gellman, S. H. J. Am. Chem. Soc. 2003, 125, 5592—5593.
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Heckel, A. Chimia 2001, 55, 831—838.
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Chem. 1999, 6, 905—925.
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Gademann, K.; Guichard, G.; Hintermann, T.; Jaun, B.; Matthews, J. L.;
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B.; Seebach, D. Helv. Chim. Acta 2002, 85, 2577—2593. (€) Gademann,
K.; Hane, A.; Rueping, M.; Jaun, B.; Seebach, D. Angew. Chem.,, Int. Ed.
2003, 42, 1534—1537. (f) Apella, D. H.; Christianson, L. A.; Klein, D. H.;
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Gellman, S. H. J. Am. Chem. Soc. 1998, 120, 10555—10556. (i) Appella,
D. H.; Christianson, L. A.; Klein, D. A.; Richards, M. R.; Powell, D. R.;
Gellman, S. H. J. Am. Chem. Soc. 1999, 121, 7574—7581. (j) Appella, D.
H.; Barchi, J. J.,, Jr.; Durell, S. R.; Gellman, S. H. J. Am. Chem. Soc. 1999,
121, 2309—2310. (k) Appella, D. H.; Christianson, L. A.; Karle, I. L;
Powell, D. R.; Gellman, S. H. J. Am. Chem. Soc. 1999, 121, 6206—2212.
(I) Motorina, I. A.; Huel, C.; Quiniou, E.; Mispdlter, J.; Adjadj, E.; Grierson,
D. S. J. Am. Chem. Soc. 2001, 123, 8—17. (m) Martinek, T. A.; Toth, G.
H.; Vass, E.; Hollosi, M.; Fllop, F. Angew. Chem.,, Int Ed. 2002, 41, 1718—
1721. (n) Hart, S. A.; Bahadoor, A. B. F.; Matthews, E. E.; Qui, X. J;
Schepartz, A. J. Am. Chem. Soc. 2003, 125, 4022—4023. (o) Cheng, R. P.;
DeGrado, W. F. J. Am. Chem. Soc. 2003, 125, 11564—11565.

(17) (a) Hamuro, Y .; Schneider, J. P.; DeGrado, W. F. J. Am. Chem. Soc. 1999,
121, 12200—12201. (b) Porter, E. A.; Wang, X.; Lee, H.-S.; Weisblum,
B.; Gellman, S. H. Nature 2000, 404, 565—565. (c) Liu, D.; DeGrado, W.
F. J. Am. Chem. Soc. 2001, 123, 7553—7559. (d) Arvidsson, |.; Frackenpohl,
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2468. (e) Seebach, D.; Rueping, M.; Arvidsson, P. I.; Kimmerlin, T.;
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different types of secondary structures induced and, as aresult,
in the possible applications of these materials.?2 The increased
number of degrees of freedom in y-peptides, as compared to
o- and S-peptides, can be reduced by the use of cyclic
monomers,2¢23 which increase the stability of regular secondary
structures. The cyclic monomers described to date show less
diversity than the linear ones, and there is not much distinction
between a conserved backbone and a diversity-carrying side
chain.139.23gh,24

In the work described here, we devel oped a synthetic strategy
to obtain two new families of y-peptides formed by the cyclic
monomer cis-y-amino-L-proline. The backbone in these peptides
contains amide/peptide bonds between the carboxyl function
and the y-amino function of successive residues. The o-amino
group is left free for the introduction of different substituents,
either during the synthesis of the oligomers (obtaining hetero-
oligomers) or as a fina functionalization step (obtaining
homooligomers). The independent buildup of the backbone and
side-chain sequences leads to a very high level of synthetic
versatility. We explored both acylation and alkylation for the
introduction of the side chains to give N*-acyl-y-peptides and
N*-alkyl-y-peptides, respectively.

CD and NMR studies were used to elucidate the structural
features of these new families of compounds in different
solvents, and we compared these features with those of acyclic
y-peptides based on a,y-diaminobutyric acid (Figure 1).

Results and Discussion

Synthesis and Characterization of y-Hexapeptides. To
study the influence on the secondary structure of the different
types of linkage between the side chain and the y-peptide
backbone, we prepared two families of y-peptides: N*-acyl-
y-peptides and N*-alkyl-y-peptides. An Fmoc/Boc combined
solid-phase strategy was chosen, where Fmoc was the temporary
protecting group for the y-amino group of each monomer and
Boc was the semipermanent protecting group for the o-amino
group through which the side chain was introduced.?> The same

(22) This effect is more extensively studied in the field of S-peptides; for
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Seebach, D.; Abele, S.; Sifferlen, T.; Hanggi, M.; Gruner, S.; Séler, P.
Hely. Chim. Acta 1998, 81, 2218—2243. (d) Abele, S.; Guichard, G,;
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Acta 2000, 83, 34—57. (g) Schreiber, J. V.; Seebach, D. Helv. Chim. Acta
2000, 83, 3139—3151. (h) Seebach, D.; Schreiber, V.; Arvidsson, I.;
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X.; Seebach, D.; van Gunsteren, W. F. J. Am. Chem. Soc. 2002, 124,
12972—12978. (j) Langenhan, J. M.; Guze, |. A.; Gellman, S. H. Angew.
Chem., Int. Ed. 2003, 42, 2402—2405.
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see: (@) Huck, B. R.; Langenhan, J. M.; Gellman, S. H. Org. Lett. 1999,
1, 1717-1720. (b) Barchi, J. J, Jr.; Huang, X.; Appella, D. H.; Christianson,
L. A.; Durel, S. R.; Gellman, S. H. J. Am. Chem. Soc. 2000, 122, 2711—
2718. (c) Wang, X.; Espinosa, J. F.; Gellman, S. H. J. Am. Chem. Soc.
2000, 122, 4821—-4822. (d) Huck, B. R.; Fisk, J. D.; Gellman, S. H. Org.
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2002, 124, 6820—6821. (h) Park, J.-S.; Lee, H.-S;; Lai, J. R.; Kim, B. M.;
Gellman, S. H. J. Am. Chem. Soc. 2003, 125, 8539—8545.
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Figure 1. Monomers used in these studies: (left) cis-y-amino-L-proline and (right) L-a,y-diaminobutyric acid. Peptide synthesis was carried out through the
y-amino group, to give the y-peptide backbone. The a-amino group alows diversity to be introduced and mimics the protein a-amino acid side chains.
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Figure 2. Synthesis of the N*-alkyl-y-hexapeptides and the N*-acyl-y-hexapeptides (synthesis of homooligomeric systems and of oligomers with different
side chains for both cases). In the case of the homooligopeptides (strategy 1), we first synthesized the peptide backbone using the Fmoc strategy and
functionalized the o-amino groups at the end. In the case of the heterofunctionalized y-hexapeptides (strategy 2), we introduced the corresponding side chain
after each monomer coupling. For the acylation of the a-amino groups to obtain N®-acyl-y-hexapeptides, we used the corresponding acid, DIPCDI, and
HOBt in DMF (step c for strategy 1 and steps iv and ix for strategy 2). The N*-alkyl-y-hexapeptides were obtained by alkylation of the o-amino group of
each monomer, through a reductive amination reaction (step ¢ for strategy 1 and stepsiv and ix for strategy 2) with the corresponding aldehyde and NaBH3-
CN in 1% HOACc/DMF.

strategy allows the synthesis of either homooligomeric y-pep-
tides (identical side chains) or heterooligomeric y-peptides (with
different side chains). In the case of y-peptide homooligomers,
the backbone was synthesized first, and, after removal of all
Boc protecting groups, al of the side chains were introduced
at the same time. This strategy was carried out for N*-acyl-y-

(25) Lloyd-Williams, P.; Albericio, F.; Giralt, E. Chemical Approaches to the
Synthesis of Peptides and Proteins; CRC: Boca Raton, FL, 1997.

6050 J. AM. CHEM. SOC. = VOL. 126, NO. 19, 2004

peptides and N*-alkyl-y-peptides (Figure 2, strategy 1). In the
case of the sequentially functionalized y-peptides, different side
chains were introduced after the coupling of each monomer
(Figure 2, strategy 2).

The y-peptide backbone was prepared from the protected
amino acid (2S4S)-Fmoc-4-amino-1-Boc-pyrrolidine-2-carbox-
ylic acid [(2S549)-Boc-Amp(Fmoc)-OH] using DIPCDI with
HOBt. The reaction was monitored by the ninhydrin test.?6 The
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Figure 3. Chemical structures of the cis-y-aminoproline and a,y-diaminobutyric acid peptide oligomers synthesized in this work.

side chain of N*-acyl-y-peptides was introduced using the
corresponding carboxylic acid and the coupling reagents de-
scribed above. In this case, the reaction was followed either by
the chloranil?” or by the De Clercg®?® tests which detect
secondary amines. For N*-alkyl-y-peptides, the alkyl group was
introduced by reductive amination using the corresponding
aldehyde and NaBH3CN. This reaction also was monitored by
the chloranil test.

The y-peptide family based on a.,y-diaminobutyric acid was
prepared following the same synthetic strategy using N*-Boc-
N”-Fmoc-L-diaminobutyric acid.

At the end of the synthesis, and after removal of the Fmoc
group, the N-terminal amino group was acetylated. However,
in afew cases, the terminal amino group was kept free (4, 7) to
increase solubility in H,O. Peptides were cleaved from theresin
by acidolytic treatment with anhydrous HF. The purity of the
crude y-peptides ranged from 70% to 95% as determined by
HPLC. Compounds were purified to >95% homogeneity by
preparative reversed-phase HPLC prior to characterization by
electrospray and/or MALDI-TOF mass spectrometry. All com-
pounds gave results consistent with the desired products. The

(26) The y-amino functions of these building blocks anchored on the resin give
a clear positive Kaiser ninhydrin test, so this test is useful in controlling
the synthesis of thiskind of peptide. Kaiser, E.; Colescott, R L.; Bossinger,
C. D.; Cook, P. I. Anal. Biochem. 1970, 34, 594—598.

(27) Christensen, T. Acta Chem. Scand. 1979, 33, 760—766.

(28) Madder, A.; Farcy, N.; Hosten, N. G. C.; De Muynck, H.; De Clercq, P.;
Barry, J.; Davis, A. P. Eur. J. Org. Chem. 1999, 11, 2787—2791.

(29) Although the De Clercq test seems more sensitive than the the chloranil
test (De Clercq gives slightly positive when chloranil gives negative), the
final product whose synthesis has been controlled by just the chloranil test
is good to excellent.

chemical structures of the y-hexapeptides prepared in this work
(1—7, 11, and 12) are shown in Figure 3.

Circular Dichroism. The CD spectra of the vy-peptides
reported here were obtained in different solvents: H,O, MeOH,
and TFE in the range 190—250 nm. Peptides were studied in
the concentration range 100—1000 M. The CD spectra are
independent of concentration, indicating that aggregation does
not occur. The CD spectra of peptides 1, 2, 4, 5, 11, and 12 are
shown in Figure 4. The largest differences in CD spectra are
between y-peptides derived from y-aminoproline with acyl or
alkyl side chains. Compounds 2 and 4 belong to the N*-acyl-
y-peptide family. The CD spectrum of compound 2 in H,O
shows two minima at 204 and 217 nm and a zero crossing at
ca. 200 nm. The CD spectrum of 2 in TFE aso shows two
minima, but these are dightly shifted to 202 and 223 nm. In
MeOH, the CD spectrum shows only one negative maxima at
204 nm. The CD spectrum of peptide 4 in H,O shows only one
negative maxima at 207 nm and a zero crossing at ca. 197 nm;
this is similar to the spectrum obtained in MeOH. The CD
spectrum in TFE shows a broad negative band with a negative
maxima at 207 nm. By comparison with the CD spectrum of 2
in the same solvent, the wide band can be interpreted as resulting
from the overlap of the two minima observed for this peptide.3

Peptides 1 and 5 are representative of the N*-alkyl-y-peptides
derived from y-aminoproline and show CD patterns that are
markedly different from those of 2 and 4. The CD spectra of 1
and 5 each show a positive maxima at ca. 200 nm in the three

(30) Thisdifferent intensities of the CD bands between 2 and 4 could be related
to the presence of an aromatic side chain in 4 or to the increased bulkiness
of the substituents.
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Figure 4. Circular dichroism spectra for peptide hexamers (1, 2, 4, 5, 11, and 12) in (A) H20, (B) MeOH, and (C) TFE at 25 °C. Data were normalized

for y-peptide concentration and number of monomer groups.

solvents studied. Compound 1 in H,O at pH = 12.1 (results
not shown) and compound 5 in methanol both show a weak
negative maxima at ca. 220—230 nm. The CD spectrum of
peptide 5 in TFE shows a more intense minimum at ca. 220
nm, thus giving a CD pattern more similar to that observed for
the N*-acyl-y-peptide family.

Peptide 12 (derived from a,y-diaminobutyric acid, with afree
o-amino group) presents a CD pattern similar to that of the
N*-alkyl-y-peptides derived from y-aminoproline. The corre-
sponding acylated form (peptide 11) has completely different
CD spectra in H,O and TFE. In TFE, peptide 11 gives rise to
a CD spectrum resembling that of the acylated y-peptides
derived from y-aminoproline. In H,O, on the other hand, 11
shows a completely different spectrum that is characterized by
amaximum at ca. 210 nm.

The CD pattern in each family of y-peptides was compared
to those observed for monomeric model compounds that were
representative of each class. The CD spectra in H,O of each
y-peptide family resemble that of its corresponding model
compound when the data are normalized in terms of the number
of amide chromophores. The CD spectral features observed for
alkyl and acyl peptides should therefore be attributed mainly
to interactions involving the additional amide chromophore in
the second family (Figure 5). This situation is not unexpected
given that interactions between chromophores responsible for
the CD spectra are distance-dependent and the interactions
between the backbone and side-chain amide bonds in the N*-
acyl-y-peptides are equivalent to the interaction between
adjacent backbone peptide bonds in o-peptides. It is these latter
interactions that give rise to the well-known CD spectra of
natural peptides.

Within each family, the CD spectra show significant solvent
dependency. In acylated peptide 2, derived from y-aminoproline,
the long wavelength minimum is shifted from 217 to 225 nm
on changing solvent from H,O to TFE. The corresponding peak
appears as a shoulder in MeOH. More strikingly, in akylated
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Figure 5. Circular dichroism spectra for the different peptide oligomers
in HO at 25 °C. The data have been normalized for y-peptide concentration
and number of monomer groups.

y-aminoproline peptides, the CD signal at around 220 nm
changes from positive (in H20) to negative (in MeOH and TFE).
Interestingly, the absence of amide chromophores in the side
chains indicates that the observed changes in the CD spectra
reflect a different conformation of the peptide backbone in H,O
than in TFE or MeOH. Backbone cyclization has amajor effect
on the structure of y-peptides, as deduced from the CD spectra
of 11 and 2 in H,O and TFE. The CD spectrum of 11 changes
from having a positive maximum in H,O to one characterized
by two minima, while the spectra of 2 show two minimain all
solvents studied. This behavior suggests that the spectra with
two minima could correspond to a structural feature that is
preserved in all solventsin the peptide with a cyclized backbone,
but is only present in TFE when the backbone is not restrained.

The large differences in the CD spectra between alkylated
and acylated peptides 11 and 12 suggest some structura role
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Figure 6. ™H NMR spectrum of y-peptide 2 in H,O plus 10% D,0. The inset shows an expansion of the carboxamide region. Labeled peaks correspond
to different isomers. The relative intensities are (8)1:(b)2.8:(c)0.46:(d)3.4:(€)10.8.

for the amide group in the side chain, at least in the peptides
formed by noncyclic y-amino acids.

Nuclear Magnetic Resonance. The 'H NMR spectrum of
y-peptide 2 in H,O/D,0 (9:1) is shown in Figure 6.3 The
presence of different sets of signals is evident, and this
corresponds to different conformations in slow exchange. On
considering the carboxamide signals (inset in Figure 6), it can
be seen that at least five different conformations are present.
The different conformations can be traced to the presence of
possible side-chain cis—trans isomers for each of the side-chain
amide groups. This situation was confirmed by the observation
of two isomersin 3:1 relative populations in the model monomer
10, which contains an acetyl side chain, and a single population
for monomer 9 with afree o-amino group (spectra not shown).

The number of possible isomers in the hexamer is 64 (25).
However, the chemica shift of the C-terminal carboxamide
depends mainly on the conformation of the side chain of the
last residues. The relative populations of the four major isomers
observed in the carboxamide region are close to 9:3:3:1. These
are the expected populations if we consider that the conforma-
tions of neighboring side chains are independent of each other

(31) Peptides were practically not soluble in CDCl3, but were soluble in H,0,
and some of them were soluble in MeOH and TFE.

and the relative stahilities of the trans and cis isomers are the
same as in the monomer (3:1).

The presence of strong hydrogen bonds involving the main-
chain amide groups can be ruled out on the basis of the
observation of the same temperature coefficients (—6 ppb K1)
for all of the observed amide protons, a fact that suggests a
flexible structure.

However, the 3Jyn—, couplings of al internal amide protons
show values of around 7.5 Hz, which are dightly higher than
the expected 6.5 Hz for afreely rotating group, as observed for
the N-terminal amide proton. In addition, the presence of a
number of interresidue NOEs suggests a preferred average
conformation of proline y-peptides.

NOE spectrawere obtained in the rotating frame as the global
correlation tune of the peptides studied gave only very weak
NOEs in the laboratory frame. In addition, strong overlap due
to the highly repetitive sequence of the peptides studied
prevented complete sequential assignment of the backbone
protons. However, the observation of an NOE in the N*-acyl
family between protons located in opposite faces of the proline
ring was interpreted as evidence of interresidue interactions.
Indirect NOE (three-spin effects) can be ruled out in rotating
frame experiments as the resulting cross-peaks would have
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Figure 7. Top: structural model for peptide 2 deduced from NMR data. Bottom: related structure for peptide 2 derived by reorientation of the N- and
C-terminal proline residues, with the observed NOE contacts indicated.

opposite signs. Interresidue NOEs are observed between protons
y and 3, o—f" and y—¢’, where the “prime”’ symbol denotes
the proton trans to the o proton of the proline ring. y-Peptides
containing afree or an akylated a-amino group show aslightly
different pattern of interresidue NOEs. The a—/f" strong NOE
is till observed. However, the f’—y NOE is not observed in
the free peptide 1 and is very weak in the methylated peptide
5. Additional strong NOEs are observed between protons f3, o,
and ¢".

The observed interresidue NOEs cannot be explained as
interactions between consecutive residues. However, the NOEs
are consistent with short distances between residues i and i+2

6054 J. AM. CHEM. SOC. = VOL. 126, NO. 19, 2004

in the structures shown in Figure 7 by rotation of the C- and
N-terminal proline groups. Due to the evidence of flexibility,
no attempt to derive a single structure using restrained mini-
mization was attempted. The suggested structure for peptide 2
in H,O is an idealized model for the folding of proline-derived
y-peptides. The structure can be described as a series of turns
in which the two amide bonds connected to the o and y positions
of each proline are in the same plane, which is perpendicular
to the average plane of the proline rings. In aqueous solution,
however, hydrogen bonds are not formed, a situation indicated
by the temperature coefficients and the coupling constants
measured on NH residues. In the minimized structure, protons
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a and y in prolines i and i+2 are a 5 A. This structure also
accounts for the observed coupling constant of 7.5 Hz 3JNH_y
as the dihedral angle between the two bonds is close to 0°.

Concluding Remarks

The y-amino-L-proline is a very convenient building block
for the preparation of y-peptides. The use of two orthogonal
protecting groups for both amino groups of the building block
leads to a flexible synthesis strategy for akyl- and acyl-
substituted y-peptides, allowing a convenient method for the
preparation of both homo- and heterooligomers.

The CD spectra of akylated peptides suggest that proline-
containing y-peptides show solvent-dependent secondary struc-
tures. In addition, comparison of the CD spectra of y-peptides
prepared from y-amino-L-proline and y-aminobutyric acid in
different solvents indicates that the proline-derived y-peptides
retain in aqueous solutions a conformation that is present only
in TFE solution in the linear analogues. NMR spectrain aqueous
solution show interresidue NOEs that are consistent with a
folded structure in which vectors perpendicular to the mean
plane of adjacent proline rings are alternatively pointing up and
down and, moreover, the peptide bonds are in a common plane
perpendicular to those of the proline ring.

The turn-like conformation induced by the y-aminoproline
skeleton could stabilize one of the smallest conceivable 5-me-
ander structures, which could prove useful as a model for an
isolated, 3-sheet-like, hydrogen bond ribbon.

Work isin progress to characterize the biological properties
of proline y-peptides which, as shown in this work, are readily
accessible from a synthetic point of view with a versatility that
opens the way to a variety of applications.

Experimental Section

Materials and Equipment. (2S4S)-Fmoc-4-amino-1-Boc-pyrroli-
dine-2-carboxylic acid and N“-Boc-N’-Fmoc-L-diaminobutyric acid
were obtained from Neosystem (Strasbourg, France), and MBHA resin
(0.7 mmol/g) was supplied by Calbiochem-Novabiochem AG. DIPCDI
was obtained from Fluka Chemika (Buchs, Switzerland), and HOBt
was from Albatross Chem, Inc. (Montreal, Canada). Solvents for peptide
synthesis and RP-HPLC equipment were obtained from Scharlau
(Barcelona, Spain). Trifluoroacetic acid was supplied by KaliChemie
(Bad Wimpfen, Germany). Other chemicals were obtained from Aldrich
(Milwaukee, WI) and were of the highest purity commercially available.
All commercia reagents and solvents were used as received. HF was
obtained from Air Products and Chemicals, Inc. (Allentown, Canada),
and the equipment was from Peptide Institute Inc., Minoh, Osaka, Japan.
Analytical RP-HPLC was performed using Shimadzu (Kyoto, Japan)
or Waters (Milford, MA) chromatography systems with reversed-phase
Kromasil Cis (250 x 4 mm) 10 um and Symmetry Cis (150 x 4.6
mm) 5 um columns with UV detection at 220 nm. Semipreparative
RP-HPL C was performed on a Waters (Milford, MA) chromatography
system using Vydac Cg (1 x 25 cm, 10 um) and Symmetry Cs (3 x
10 cm, 5 um) columns. Compounds were detected by UV absorption
at 220 nm. Mass spectra were recorded on a MALDI Voyager DE RP
time-of-flight (TOF) spectrometer (Applied Biosystems, Framingham).
DHB was used as a matrix and was purchased from Aldrich.

Circular Dichroism. CD measurements were obtained using a Jasco
model 720 spectropolarimeter at 25 °C. Spectra were obtained in fused
quartz cells with path lengths in the range 0.1—1 mm. Peptide samples
as TFA salts were dissolved in an appropriate amount of the selected
solvent [(H2O (pH in all cases was in the 6.0—6.5 range), MeOH, and
TFE)]. A baseline correction was measured with only solvent in the
cell. Data are expressed in terms of mean residue ellipticity, [6] (deg

cm? dmol 1), calculated per mol of total amide groups (chromophores)
present in the different molecules.

NMR Spectroscopy. NMR spectra were acquired on a Bruker 500
spectrometer. y-Hexapeptides were dissolved in H,O/D,O (9:1) at
concentrations of ~3 mg/mL at 25 °C apart from the temperature
experiments, which were collected between 5 and 30 °C under the
control of a Eurotherm variable-temperature unit with an accuracy of
0.1 °C. Two-dimensional spectra (COSY, TOCSY, NOESY, and
ROESY) were recorded employing standard pulse sequences with the
number of acquisitions typically set to 64 for the COSY, NOESY, and
ROESY and 32 for the TOCSY experiments. Presaturation was used
to suppress the water resonance. TOCSY spectra were recorded with
an isotropic mixing time of 70 ms. NOESY spectra were acquired with
mixing times of 150 and 400 ms. ROESY spectra were collected with
mixing times of 150 and 200 ms. The temperature coefficients of the
amide protons for compound 2 were studied by acquiring monodimen-
sional spectra at six different temperatures between 278 and 303 K in
5° increments and are reported in —ppb/K. All spectra were processed
with VNMR on an PC compulter.

General Procedures. Solid-Phase Synthesis. Peptide syntheses were
performed manually in a polypropylene syringe fitted with a polyeth-
ylene porous disk. Solvents and soluble reagents were removed by
suction. Washings between deprotection, coupling, and subsequent
deprotection steps were carried out with DMF (5 x 1 min) and DCM
(5 x 1 min) using 10 mL of solvent/g of resin each time.

Fmoc Group Removal. (i) DMF (5 x 1 min); (ii) piperidinelDMF
(2:8) (1 x 1 min + 2 x 15 min); (iii) DMF (5 x 1 min).

Boc Group Removal. (i) DCM (5 x 1 min); (ii) TFA/DCM (4:6)
(1 x I min+ 1 x 30 min); (iii) DCM (5 x 1 min); (iv) DIEA/DCM
(5:95) (3 x 3 min); (v) DCM (5 x 1 min).

Solid-Phase y-Peptide Backbone Elongation. All syntheses were
carried out with MBHA resin (1 g) by an Fmoc/Boc combined solid-
phase strategy. Couplings of Boc-Amp(Fmoc)-OH (1.58 g, 5 equiv)
and Fmoc-Dab-OH (1.53 g, 5 equiv) were carried out with DIPCDI
(540 uL, 5 equiv) and HOBLt (472 mg, 5 equiv) in DMF for 2 h at 25
°C. After the coupling, the resin was washed with DMF (5 x 1 min)
and DCM (5 x 1 min). Couplings were monitored by the Kaiser test.

Synthesis of Homo N*-Acyl-y-hexapeptides. After the N*-Boc
groups had been removed, acylation of the a-amino groups was carried
out using RCOOH (30 equiv, 5 equiv for each amine), DIPCDI (540
uL, 30 equiv), and HOBt (472 mg, 30 equiv) in DMF for 2 h at 25 °C.
The resin was washed with DMF (5 x 1 min) and DCM (5 x 1 min).
The acylation was monitored by the chloranil test.

Synthesis of Hetero N*-Acyl-y-hexapeptides. Once the monomer
had been introduced by coupling of the corresponding protected
monomer, the N*-Boc protecting group was removed and the acyl
function was introduced as above. After remova of the N-Fmoc
protecting group, the reactive sequence was repeated.

Synthesis of Homo N*-Alkyl-y-hexapeptides. After the Boc groups
had been removed, alkylation of the o-amino group was performed by
on-resin reductive amination using RCHO (30 equiv, 5 equiv for each
amine) and NaBH3CN (232 mg, 30 equiv) in 1% HOAc in DMF for
2 h. After the reductive amination, the resin was washed with DMF
(5 x 1 min) and DCM (5 x 1 min). The alkylation was monitored by
the chloranil test.

Synthesis of Hetero N*-Alkyl-y-hexapeptides. This transformation
was carried out by the sequential acylation methodology, but in this
case the akylation conditions outlined above were used.

Acetylation. The end terminal N7-amino Fmoc protecting group was
removed and was terminated with Ac,O (337 uL, 5 equiv) and DIEA
(607 uL, 5 equiv) in DMF for 2 h. The resin was washed with DMF
(5 x 1 min) and DCM (5 x 1 min).

Acidolytic Cleavage with HF. The peptide resin was washed with
MeOH (3 x 1 min), dried, and treated with HF in the presence of 10%
anisolefor 1 h at 0 °C. Peptides were precipitated with cold anhydrous
TBME, dissolved in HOAc, and then lyophilized.
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Ac-(yAmp)e-NH, (1): The crude peptide was purified by preparative
HPLC using alinear gradient of MeCN (containing 1% of TFA) and
H,O (containing 1% of TFA). The purity of each fraction was verified
by analytical HPLC and MALDI-TOF and showed that the peptides
were 95—99% pure. *H NMR [H,O/D,0 (9:1), 500 MHZ]: ¢ = 1.848—
1.945 (m, 5H; 5Hp); 1.962 (s, 3H; CHs); 1.998—2.052 (m, 1H; Hp);
2.587—2.647 (m, 5H; HB"); 2.673—2.719 (m, 1H; HB"); 3.017—3.057
(m, 4H; 4Ho); 3.001 (dd, Js- = 12.0 Hz and Js-, = 4.5 Hz; 1H,
Hd); 3.200 (dd, Js-» = 12.0 Hz and Js-, = 4.5 Hz; 1H, HJ); 3.334—
3.383 (m, 4H; HJ"); 3.398—3.450 (m, 2H; Ho"); 4.011 (t, Juyp =
7.5 Hz; 4H, 4Ho); 4.081 (t, Jo—p = 7 Hz, 1H; Ho); 4.190 (dd, Jo—p =
7 Hz and Jo—p = 9 Hz, 1H; Hol); 4.337—4.427 (m, 6H; 6Hy); 7.274
(s, 1H; carboxamide); 7.895 (s, 1H; carboxamide); 8.138 (d, Jwv—, =
5.5 Hz, 1H; N-terminal amide); MS calcd for C3oHssN13O7, [M + H] ™
732.4263; HR-ESI found, [M + H]" 732.4239; MALDI-TOF found,
732.97 [M + H]*, 754.99 [M + Na]*, and 771.97 [M + K]*.

Ac-[yAmp(N*-Ac)]e-NH2 (2): The crude peptide was purified by
preparative HPLC using a linear gradient of MeCN (containing 1% of
TFA) and H,0O (containing 1% of TFA). The purity of each fraction
was verified by analytical HPLC and MALDI-TOF and showed that
the peptides were 95—99% pure. *H NMR [H,O/D,0 (9:1), 500 MHZ]:

1.900—1.983 (m, 6H; Hp"); 1.973 (s, 3H; Nt methyl); 2.091—-2.105
(m, 18H; side-chain methyls); 2.572—2.685 (m, 6H; Hp); 3.490—3.570
(m, 6H; 6H0); 3.916—4.010 (m, 6H; 6H¢"); 4.328—4.372 (m, 6H; 6H);
4.442—4.499 (m, 6H; 6Hy); 7.087 (s, 1H; carboxamide); 7.855 (s, 1H;
carboxamide); 8.126 (d, Jwx-, = 6.5 Hz, 1H; N-terminal amide); 8.499
(m, Jwu—, around 7.5 Hz, 5H; central amides); these NMR data
correspond to the majority species, although there are other minority
species. MS caled for CasHesN13O1s, [M + Na] ™ 1006.4717; HR-ES
found, [M + Na]* 1006.4765; MALDI-TOF found, [M + H]* 984.57,
[M + Na]* 1006.60, and [M + K]* 1022.56.

Ac-[yYAmp(N*-PhAc)]e-NH (3): The crude peptide was purified
by preparative HPLC using alinear gradient of MeCN (containing 1%
of TFA) and H2O (containing 1% of TFA). The purity of each fraction
was verified by analytical HPLC and MALDI-TOF and showed that
the peptides were 95—99% pure. MALDI-TOF calcd for CgoHggN13013,
[M + H]* 1439.67; found, [M + H]*™ 1440.28, [M + Na]* 1464.61,
and [M + K] 1479.57. This peptide could be synthesized, but it proved
impossible to obtain the CD and NMR data for solubility reasons.

H-[yAmp(N®iV)-yAmp(N*-PhAc)]s-NH: (4): The crude peptide
was purified by preparative HPLC using a linear gradient of MeCN
(containing 1% of TFA) and H,O (containing 1% of TFA). The purity
of each fraction was verified by anaytical HPLC and MALDI-TOF
and showed the peptides to be 95—99% pure. *H NMR [H,O/D,0 (9:
1), 500 MHz]: 0.910—0.959 (m, 18H; isovaeric methyls); 1.270 (s,
1H; primary amine NH,); 1.800—1.950 (m, 6H; 6Hp"); 2.037—2.087
(m, 3H; three isovaleric CH); 2.138—2.240 (m, 6H; three isovaleric
methylenes CHy); 2.452—2.567 (m, 6H; 6Hp); 3.464—3.536 (m, 6H;
6H0"); 3.656—3.719 (m, 6H; three CH, linkage to phenyl); 3.799—
3.896 (m, 6H; 6H0); 4.227—4.335 (m, 6H; 6Ha); 4.363—4.478 (m,
6H; 6Hy); 7.162 (s, 1H; carboxamide); 7.187—7.271 (m, 15H; aromatic
protons); 7.811 (s, 1H; carboxamide); 8.561 (d, Jw-y = 7.5 Hz, 1H;
amide); 8.616—8.679 (m, 4H; central backbone amides); 8.874 (d,
InH-y = 8 Hz, 1H; amide); these NMR data correspond to the major
species, athough there are other minor species. MALDI-TOF calcd
for CegHg3N13012, [M + H]+ 129571, found, [M + H]+ 129688,
[M + Na]* 1318.88, and [M + K]* 1334.85.

Ac-[yAmp(Ne-Me)]e-NH; (5): The crude peptide was purified by
preparative HPLC using a linear gradient of MeCN (containing 1% of
TFA) and H,O (containing 1% of TFA). The purity of each fraction
was verified by analytica HPLC and MALDI-TOF and showed the
peptides to be 95—99% pure. *H NMR [H,O/D,0 (9:1), 500 MHZz]:
1.986 (s, 3H, CH; acetyl); 2.053—2.141 (m, 4H, Hp"); 2.201—-2.211
(m, 2H, HB'); 2.824 (s, 9H, 3 x CHa); 2.845 (s, 3H, CHa); 2.901 (s,
3H, CHg); 2.911-2.974 (m, 9H, 6 HS and one CHj3); 3.402—3.569
(m, 6H, 6H0); 3.612—3.779 (m, 6H, 6H0"); 3.991—4.086 (M, 4H, 4H);
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4.160 (t, Ju—pp = 9 Hz; 1H, Ha); 4.226 (t, Jupp = 9 Hz; 1H, Ha);
4.450—4.511 (m, 1H, Hy); 4.570—4.645 (m, 5H, 5Hy); 7.525 (s, 1H,
carboxamide); 8.054 (s, 1H, carboxamide); 8.300 (d, Jw+-, = 5.5 Hz;
1H, amide Nt); 8.900 (bs.); MS calcd for CagHesN13O7, [M + H]t
816.5202; HR-ESI found, [M + H]* 816.5212; MALDI-TOF found,
[M + 3H]* 818.03, [M + Na]* 840.08, and [M + K]* 856.09.

Ac-[yAmp(N*-CH,CH,Ph)]e-NH, (6): The crude peptide was
purified by preparative HPLC using a linear gradient of MeCN
(containing 1% of TFA) and H,O (containing 1% of TFA). The purity
of each fraction was verified by analytical HPLC and MALDI-TOF
and showed the peptides to be 95—99% pure. 'H NMR (H,0—D,0
(9:1), 500 MHz): 1.951—2.091 (m, 18H, 6H’ and 6 x CHy); 2.800—
3.117 (m, 18H, 6Hp and 6 x CH,); 3.268—3.780 (m, 12H, 6Ho and
6H0"); 4.088—4.427 (m, 12H, 6Ho. and 6Hy); 7.252—7.402 (m, 30H,
aromatics); 7.464 (s, 1H, carboxamide); 8.007 (s, 1H, carboxamide);
8.264—8.276 (d, Jxw-, = 6 Hz; 1H, Nt amide); MALDI-TOF calcd
for C80H101N1307, [M + H]Jr 135579, found, [M + H]Jr 135983,
[M + Na]* 1382.07, and [M + K]* 1397.05.

H-{yAmp[N“-CHZCH2CH(CH3)2]-yAmp(N°‘-CH2CH2Ph)}3-NH2
(7): The crude peptide was purified by preparative HPLC using alinear
gradient of MeCN (containing 1% of TFA) and H,O (containing 1%
of TFA). The purity of each fraction was verified by anaytical HPLC
and MALDI-TOF and showed the peptides to be 95—99% pure. H
NMR (H.0—D,0 (9:1), 600 MHz): 0.883—0.919 (m, 18H, 6 x CH3
isopropylic); 1.494—1.598 (m, 6H, 3 x CH, isopropyl); 1.613—1.686
(m, 3H, 3 x CH isopropyl); 2.007—2.157 (m, 6H, 6Hp"); 2.200—2.267
(m, 6H, 3 x CH, phenyl); 2.900—3.144 (m, 12H, 6Hf and 3 x CH,
phenyl linkage to N); 3.172—3.315 (m, 6H, isopropylic 3 x CH; linkage
to N); 3.404—3.659 (m, 6H, 6H0); 3.760—3.922 (m, 6H, 6H0"); 4.253—
4.410 (m, 6H, 6Ho); 4.700—4.900 (m, 6H, 6Hy); 7.291—7.429
(m, 15H, aromatics); 7.554 (s, 1H, carboxamide); 8.060 (s, 1H,
carboxamide); 8.963—8.973 (d, Jww-, = 6 Hz; 1H, amide); 9.016—
9.039 (t, Jww—y = 7.2 Hz; 2H, centra amides); 9.061—9.072 (d,
JnH-y = 6.6 Hz; 1H, amide); 9.184 (bc., 1H, Nt amine); MALDI-TOF
caled for CegH105N1306, [M + H]* 1211.83; found, [M + H]* 1212.79,
[M + Na]* 1234.76, and [M + K] 1250.37.

H-[yAmp(N*-Ac)]-NH- (8): This compound was synthesized in the
solid phase using a Boc/Fmoc strategy. The synthesis was carried out
on 350 umol of MBHA resin at a substitution level of 0.7 mmol/g.
The Boc-Amp(Fmoc)-OH monomer was first coupled onto the resin
by using the same Fmoc/tBu strategy used above. When the monomer
was coupled to the resin, the N*-Boc protecting group was removed
and the a-amino group was acetylated using Ac,O (170 uL, 5 equiv)
and DIEA (305 uL, 5 equiv) in DMF for 2 h. The Fmoc group was
removed and the peptide cleaved from the resin. The crude peptide
was precipitated with anhydrous diethy! ether, dissolved in HOAc, and
lyophilized. The crude peptide was not purified by preparative HPLC
because the product was obtained in good yield and with excellent
purity. The purity of the sample was verified by analytical HPLC and
MALDI-TOF. H NMR [H»0/D,0 (9:1), 500 MHz]: 2.010 (s, 3H,
CHs); 2.131 (s, 2H, NHy); 2.175 (ddd, Js—4 = 15 Hz, Jg— = 4.2 Hz,
Jp—y = 4.2 Hz; 1H, HB); 2.745 (ddd, Jy—s = 15 Hz, Jp—o = 9.6 Hz,
Jp—, = 6.6 Hz; 1H, HpB"); 3.860 (dd, Js-s = 12 Hz, Js—, = 2.4 Hz;
1H, HJ); 4.044 (dd, Jy-s = 12 Hz, Jy—, = 6 Hz; 1H, HJ"); 4.116
(dddd, J,-p = 6.6 Hz, J,-s = 6 Hz, J,-s = 4.2 Hz, J,-s = 2.4 Hz,
1H, Hy); 4.521 (dd, Jo—p = 9.6 Hz, Ju—p = 4.2 Hz; 1H, Ha); 7.291
(s, 1H, carboxamide); 8.017 (s, 1H, carboxamide); MS calcd for Cr-
HisN3O,, [M + H]t 172.1080; HR-ESI found, [M + H]" 172.1073;
MALDI-TOF found, [M + H]* 17196, [M + Na]* 193.94, and
[M + K]* 209.90.

CH3CH,CO-(yAmp)-NH; (9): This compound was synthesized in
the solid phase using a Boc/Fmoc strategy with 350 umol of MBHA
resin at a substitution level of 0.7 mmol/g. The Boc-Amp(Fmoc)-OH
monomer was first coupled onto the resin by a general Fmoc/tBu
strategy. The coupling of Boc-Amp(Fmoc)-OH (790 mg, 5 equiv) was
carried out with the same protocol used above. When the monomer
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had been coupled to the resin, the Fmoc group was removed and the
acylation of the y-amino group was carried out using CH;CH,COOH
(130 uL, 5 equiv), DIPCDI (270 uL, 5 equiv), and HOBt (236 mg, 5
equiv) in DMF for 2 h. After the coupling was complete, the N*-Boc
protecting group was removed. Peptides were cleaved from the resin
with anhydrous HF in the presence of 10% anisolefor 1 hat 0 °C. The
crude peptide was precipitated with anhydrous diethyl ether, dissolved
in HOAc, and lyophilized. The crude peptide was not purified by
preparative HPL C because the target compound was obtained in good
yield and with excellent purity. The purity of the sample was verified
by analytical HPLC and MALDI-TOF. *H NMR [H.0O/D,0 (9:1), 500
MHz]: 1.075 (t, Jens-crz = 7.8 Hz; 3H, CHa); 2.001 (s, 1H, NH);
2.161 (ddd, Jy s = 14.4 Hz, Jg.« = 7.2 Hz, Jp, = 7.2 Hz; 1H, Hp');
2.236 (9, Jcrz-cnz = 7.8 Hz; 2H, CHy); 2.800 (ddd, Js s = 13.8 Hz,
Jpo = 7.2 Hz, Jp,, = 7.2 Hz; 1H, Hp); 3.405 (dd, Js-» = 12 Hz,
Js—, = 5.4 Hz; 1H, H0); 3.657 (dd, Jy—s = 12 Hz, Jy—, = 7.2 Hz; 1H,
Ho"); 4.480—4.518 (m, 2H, Ho. and Hy); 7.407 (s, 1H, carboxamide);
7.952 (s, 1H, carboxamide); 8.110 (s, 1H, amide); MS calcd for
CgH15N302, [M + H]* 186.1237; HR-ESI found, [M + H]* 186.1232;
MALDI-TOF found, [M + H]* 186.03, [M + Na]* 208.00, and
[M + K]t 223.97.

CH3CH2CO-[yAmp(N*-Ac)]-NH> (10): This compound was syn-
thesized in the solid phase using a Boc/Fmoc strategy. The synthesis
was carried out on 350 umol of MBHA resin at a substitution level of
0.7 mmol/g. The coupling of Boc-Amp(Fmoc)-OH (790 mg, 5 equiv)
was carried using the same protocol described above. The N*-Boc
protecting group was removed, and the acylation of the a.-amino group
was carried out using Ac,O (84 ulL, 5 equiv) and DIEA (155 uL, 5
equiv) in DMF for 2 h. The Fmoc group was removed, and the acylation
of the y-amino group was carried out using CH3CH,COOH (130 uL,
5 equiv), DIPCDI (270 uL, 5 equiv), and HOBt (236 mg, 5 equiv) in
DMF for 2 h. The peptide was cleaved from the resin with anhydrous
HF in the presence of 10% anisole for 1 h at 0 °C. The crude peptide
was precipitated with anhydrous diethyl ether, dissolved in HOAc, and
lyophilized. The crude peptide was not purified by preparative HPLC
because the compound was obtained in good yield and with excellent
purity. The purity of the sample was verified by analytical HPLC
and MALDI-TOF. *H NMR [H,0/D,0 (9:1), 500 MHz]: 1.081 (t,
Jons—chz = 7.8 Hz; 3H, CHa); 1.974—2.019 (m, 1H, HB); 2.116 (s,
3H, methyl No); 2.212—2.238 (q, Jcrz-cHs = 7.8 Hz; 2H, CHy); 2.618
(ddd, Jss = 13.8 Hz, Js.. = 9 Hz, Js, = 6 Hz; 1H, Hp); 3.527 (dd,
Js-y = 1L.1 Hz, Js-, = 5.4 Hz; 1H, HJ); 3.975 (dd, Jy—s = 11.1 Hz,

Jy—y = 6.6 Hz; 1H, HY"); 4.401—4.449 (m, 2H, Ha and Hy); 7.098 (s,
1H, carboxamide); 7.778 (s, 1H, carboxamide); 8.011 (d, Jnn—y =
5 Hz; 1H, amide). These NMR data correspond to the majority
compound; in the NMR spectrum is observed another minority species
corresponding to the cisisomer in the side chain with relative population
3:1. MS calced for CioH17N305, [M + Na]™ 250.1162; HR-ESI found,
[M + Na]* 250.1150; MALDI-TOF found, [M + H]* 227.92,
[M + Na]* 249.94, and [M + K]* 265.86.

Ac-[Dab(N®-Ac)]e-NH, (11): The crude peptide was purified by
preparative HPLC using a linear gradient of MeCN (containing 1% of
TFA) and H,O (containing 1% of TFA). The purity of each fraction
was verified by anaytical HPLC and MALDI-TOF and showed the
peptides to be 95—99% pure. *H NMR [H,O/D,0 (9:1), 500 MHz]:
1.788—1.878 (m, 6H, Hp); 1.971—2.060 (m, 27H; 6Hp, 3H backbone
methyls and 18H side-chain methyls); 3.236—3.325 (m, 12H, Hy);
4.138—4.180 (m, 4H, Ha); 4.196—4.238 (m, 2H, Hay); 7.093 (s, 1H,
carboxamide); 7.695 (s, 1H, carboxamide); 7.966 (t, Jnu—, = 5.5 Hz;
1H, amide Nt); 8.128—8.162 (m, 5H, backbone amides); 8.326—8.374
(m, 6H, side-chain amides); MS calcd for CsgHesN13013, [M + Na]*t
934.4717; HR-ESI found, [M + Na]* 934.4741; MALDI-TOF found,
[M + Na]* 936.34 and [M + K]* 952.30.

Ac-(Dab)s-NH; (12): The crude peptide was purified by preparative
HPLC using alinear gradient of MeCN (containing 1% of TFA) and
H>O (containing 1% of TFA). The purity of each fraction was verified
by analytical HPLC and MALDI-TOF and showed the peptides to be
95—99% pure. *H NMR [H,0/D,0 (9:1), 600 MHz]: 2.002 (s, 3H,
CHjs acetyl); 2.031—2.172 (m, 12H, Hp); 3.290—3.350 (m, 6H, Hy);
3.399—3.485 (m, 6H, Hy); 3.537—3.567 (m, 2H, amines); 3.631—3.658
(m, 2H, amines); 3.757—3.793 (m, 2H, amines); 3.959—4.056 (m, 6H,
Ha); 7.396 (s, 1H, carboxamide); 7.935 (s, 1H, carboxamide); 8.110
(t, J = 5 Hz; 1H, amide Nt); 8.440—8.700 (m, 5H, backbone amides);
MS calcd for C26H53N13O7, [M + H]+ 6604263, HR-ESI found,
[M + H]* 660.4269; MALDI-TOF found, [M + H]* 661.87,
[M + Na]* 683.88, and [M + K]* 699.88.
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Abstract: The synthesis of cis-y-amino-L-proline oligomers functionalized at the proline a-amine with several
groups that mimic the side chains of natural amino acids, including alanine, leucine, and phenylalanine, is
herein described. These y-peptides enter into different cell lines (COS-1 and Hela) via an endocytic
mechanism. The ability of these compounds to be taken up into cells was studied at 37 °C and 4 °C by
plate fluorimetry, flow cytometry, and confocal microscopy. In addition to their capacity for cellular uptake,
these unnatural short length oligomers offer advantages over the well-known penetrating TAT peptide,
such as being less toxic than TAT and protease resistance.

Introduction

In the past few years severa peptides capable of crossing
the cell membrane, namely cell-penetrating peptides (CPPs),!
have been described in the literature.? This capacity suggests
their potential application as new agents for cellular delivery
of biomolecules. CPPs offer several advantages over other
known cellular delivery systems,®# including low toxicity, high
efficiency toward different cell lines, and even inherent thera-
peutic potential. Peptides and proteins are nevertheless limited
by low protease resistance and, sometimes, low membrane
permeability.>® Hence, compounds with greater proteolytic
resistance, such as loligomers,”® as well as biomolecular
mimetics, such as S-peptides® 12 (nonnatural peptides, formed
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+ Combinatoria Chemistry Unit.
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(1) Abbreviations: Amp, cis-4-amino-L-proline or (2S4S)-4-amino-pyrrolidine-
2-carboxylic acid; Boc, tert-butoxycarbonyl; (2S4S)-Boc-Amp(Fmoc)-OH,
(2S49)-Fmoc-4-amino-1-Boc-pyrrolidine-2-carboxylic acid; CF, 5(6)-car-
boxyfluorescein; CPPs, cell-penetrating peptides; DCM, dichloromethane;
DIEA, N,N-diisopropylethylamine; DIC, N,N’-diisopropylcarbodiimide;
DMF, N,N-dimethylformamide; Et3N, triethylamine; Fmoc, 9-fluorenyl-
methoxycarbonyl; HF, fluorhidric acid; HIV, human immunodeficiency
virus;, HOAc, acetic acid; HOBt, 1-hydroxy-1,2,3-benzotriazole;
MALDI-TOF, matrix-assisted laser desorption ionization, time-of-flight;
MBHA, p-methylbenzhydrylamine resin; MeCN, acetonitrile; RP-HPLC,
reversed-phase high performance liquid chromatography; TBME, tert-
butylmethyl ether; TFA, trifluoroacetic acid; TR-DX, Texas Red-Dextran.

(2) (&) Lindgren, M.; Halbrink, M.; Prochiantz, A.; Langel, U. TiPS 2000,
21, 99—103. (b) Lundberg, P., Langel, U. J. Mol. Recognit. 2003, 16, 227—
233.

(3) (a) Chakrabarti, R.; Wylie, D. E.; Schuster S. M. J. Biol. Chem. 1989,

264, 15494—15500. (b) Leamon, C. P.; Low, P. S. Proc. Natl. Acad. ci.

U.SA. 1991, 88, 5572—5576. (c) Davidson, B. L.; Breakefield, X. O. Nat.

Rev. Neurosci. 2004, 4, 353—364.

Cationic lipids have been also described to work quite well as delivery

systems: (a) Connor, J.; Huang, L. J. Cell. Biol. 1985, 101, 582—589.

(b) Foldvari, M.; Mezei, C.; Mezei, M. J. Pharm. ci. 1991, 80, 1020—

1028. (c) Simberg, D.; Weisman, Sarah; Talmon, Y.; Barenholz, Y. Crit.

Rev. Ther. Drug Carrier Syst. 2004, 21, 257—317. (d) Zhang, S.; Xu, Y;

Wang, B.; Qiao, W.; Liu, D.; Li, Z. J. Controlled Release 2004, 100, 165—

180.
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by -amino acids, that can adopt discrete and predictable well-
defined secondary structures), have been evaluated as drug
delivery agents.

Peptides capable of translocating the cell membrane can be
classified into two groups. (i) cationic peptides with at least
six charged amino acids (Lys or Arg) such as HIV-1, TAT
peptide,® penetratin,®* and chimeric transportan,’®> and (ii)
hydrophobic peptides, such as those based on the H-region of
signal-sequence proteins.'6 Bactericidal peptides are unusual in
that they are both charged and contain hydrophobic regions in
their primary or secondary structure.l’~2! As these features are
implicated in both membrane permeabilization and pore-
forming, functions which lead to microbicidal mechanisms, the

(5) (a) Scheld, W. M. Rev. Infect. Dis. Suppl. 1989, 7, 1669—1690. (b) Egleton,
R. D.; Davis, T. P. Peptides 1997, 18, 1431—1439. (c) Waterbeemd, H.
Van de Camenisch, G.; Folkers, G.; Chretien, J. R.; Raevsky, O. A.
J. Drug Targeting 1998, 6, 151—-165. (d) Schwarze, S. R.; Ho, A.; Vocero-
Akbani, A.; Dowdy, S. F. Science 1999, 285, 1569—1572.
(6) Tréhin, R.; Merkle, H. P. Eur. J. Pharm. Biopharm. 2004, 58, 209—223.
(7) Singh, D.; Kiarash, R.; Kawamura, K.; LaCasse, E. C.; Gariépy, J
Biochemistry 1998, 37, 5798—5809.
(8) Brokx, R. D.; Bisland, S. K.; Gariépy, J. J. Controlled Release 2003, 78,
115-123.
(9) Umezawa, N.; Gelman, M. A.; Haigis, M. C.; Raines, R. T.; Gellman, S.
H. J. Am. Chem. Soc. 2002, 124 (3), 368—369.
(10) Rueping, M.; Mahajan, Y.; Sauer, M.; Seebach, D. ChemBioChem 2002,
3, 257—259.
(11 Garua—Eche\/erna, C.; Ruetz, S. Bioorg. Med. Chem. Lett. 2003, 13 (2),
247—251.
(12) Potocky, T. B.; Menon, A. K.; Gellman, S. H. J. Biol. Chem. 2003, 278,
50188—50194.
(13) Schwarze, P. M.; Dowdy, S. F. Trends Pharmacol. Sci. 2000, 21, 45—48.
(14) Derossi, D.; Chassang, ., Prochiantz, A.Trends Cell Biol. 1998, 8, 84—
87.

(15) Pooga, M.; Hallbrink, M.; Zorko, M.; Langel, U. FASEB J. 2000, 12, 67—

(16) Hanger J. Curr. Opin. Immunol. 1997, 9, 189—194.

(17) Boman, H. G. Annu. Rev. Immunol. 1995, 13, 61—92.

(18) Gdlo, R. L.; Huttner, K. M. J. Invest. Dermatol. 1998, 111, 739—743.

(19) Bulet, P.; Hetru, C.; Dimarcq, J. L.; Hoffmann, D. Dev. Comput. Immunol.
1999, 23, 329—344.

(20) Shai, Y. Biochim. Biophys. Acta (Biomembranes) 1999, 1462, 55—70.

(21) Takeshima, K.; Chikushi, A.; Lee, K.-K.; Yonehara, S.; Matsuzaky, K
J. Biol. Chem. 2003, 278, 1310—1315.
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use of bactericidal peptides as delivery agents would appear to
be limited. However, selective modulation of the bactericidal
activity of these compounds has yielded new carriers.?

It has been reported that proline-rich peptides?2* and proline
dendrimers?® can be internalized by eukariotic cells. The most
important advantage of proline-rich peptides in biological
systems is their solubility in water. In this context, our group
has described a nonnatural proline-derived y-peptide, from cis-
y-amino-L-proline, with the ability to adopt secondary structure
in solution.?® Three different y-peptide families were synthe-
sized, N*-acyl-y-peptides (polyamides on the side chains),
N*-alkyl-y-peptides (polyamines on the side chains), and
N*-guanidilated-y-peptides. In the present work, some of these
peptide structures were selected to study their cell uptake
properties (see Figure 1).

The amphipathic character of a compound determines its
potential for internalization?*2” and, in the case of the peptides
at hand, varied with side chain structure. The modulation of
this side chain structure offers a wide range of combinations
that open the possibility of obtaining compounds with different
hydrophobic/hydrophilic character and, consequently, with
different properties as carriers. Hence acyl-peptides are more
hydrophobic while other families are more hydrophilic or
amphipathic. Additionally, the stability imparted by the y-pep-
tide skeleton of these compounds circumvents problems associ-
ated with protease liability, amajor limitation of CPPs.2 Cellular
uptake studies for a new family of y-peptides, utilizing plate
fluorimetry and flow cytometry quantification techniques,
confocal microscopy to determine subcellular localization, and
the MTT assay to establish cytotoxicity are discussed herein.

Results and Discussion

Peptide Synthesis. Various y-peptides based on cis-y-amino-
L-proline (see Figure 1) were synthesized to assay their cellular
uptake properties. These oligomers have a common backbone
and distinct side chains introduced with different linkage types
through the a-amino group of the proline monomer. Based on
the linkage type, three different peptide families were obtained
and evaluated: N*-acyl-y-peptides, N*-alkyl-y-peptides, and
N®-guanidilated-y-peptides. The same Fmoc/Boc combined
solid-phase strategy described in a previous work was used for
the peptide synthesis.?6 Use of these two orthogonal protecting
groups on solid phase for both amino functionalities of the cis-
y-amino-L-proline leads to a flexible strategy enabling the
synthesis of a large number of diversely modified y-peptides.

The -peptide backbone was prepared from protected amino
acid (2549)-Fmoc-4-amino-1-Boc-pyrrolidine-2-carboxylic acid
[(2549-Boc-Amp(Fmoc)-OH] using DIC and HOBt as cou-
pling agents. For N*-acyl-y-peptides, the side chains were

(22) Sadler, K.; Eom, K. D.; Yang, J-L.; Dimitrova, Y.; Tam, J. P. Biochemistry
2002, 41, 14150—14157.

(23) Fernandez-Carneado, J.; Kogan, M. J;; Castel, S.; Pujals, S.; Giralt, E.
Angew. Chem.,, Int. Ed. 2004, 43, 1811—1814.

(24) Fernandez-Carneado, J.; Kogan, M. J;; Pujals, S,; Girdlt, E. Biopolymers
2004, 76, 196—203.

(25) Crespo, L.; Sanclimens, G.; Montaner, B.; Pérez-Tomés, R.; Royo, M.;
Pons, M.; Albericio, F.; Giralt, E. J. Am. Chem. Soc. 2002, 124, 8876—
8883.

(26) Farrera-Sinfreu, J.; Zaccaro, L.; Vidal, D.; Salvatella, X.; Giralt, E.; Pons,
M.; Albericio, F.; Royo, M. J. Am. Chem. Soc. 2004, 126, 6048—6057.

(27) Deshayes, S.; Plénat, T.; Aldrian-Herrada, G.; Divita, G.; LeGrimellec, C.;
Heitz, F. Biochemistry 2004, 43, 7698—7706.

(28) (@) EImquist, A.; Langel, U. Biol. Chem. 2003, 384, 387—393. (b) Lindgren,
M. E.; Hallbrink, M. M.; ElImquist, A.; Langel, U. Biochem. J. 2004, 377,
69—76.
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Figure 1. y-Aminoproline monomer based vy-peptides labeled with
5(6)-carboxyfluorescein.

HzN % NH;

introduced using the corresponding carboxylic acid and the same
coupling reagents described above. N*-Alkyl-y-peptides were
obtained via reductive amination using the corresponding
adehydein 1% HOAc in DMF for 30 min followed by addition
of NaBH3CN dissolved in MeOH. Substitution of DMF with
MeOH as described previously yielded cleaner crude oligomers
in higher yield, as determined by HPLC (70% for peptide 3,
66% for peptide 4, and 67% for peptide 4a). For peptide 5, the
N*-guanidylated-y-peptide, the guanidinium group was intro-
duced using N,N’-di-Boc-N"-trifluoromethanesulfonyl guan-
idine® in the presence of EtsN in DCM for 4 days. All reactions
of the proline secondary amine were monitored by the chloranil
test.

Taking into account that peptide 4 was not totally soluble in
physiological media at high concentrations, peptide 4a, contain-
ing two consecutive short polyethylenglycol chains (8-amino-
3,6- dioxaoctanoic acid, Adoa) at its C-terminal, was synthesized

(29) Feichtinger, K.; Zapf, C.; Sings, H. L.; Goodman, M. J. Org. Chem. 1998,
63, 3804—3805.
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as a more soluble analogue.®® Peptide 4a was obtained by
coupling two molecules of Fmoc-8-amine-3,6-dioxaoctanoic
acid to MBHA resin using DIC/HOBt as coupling reagents,
followed by the synthesis described above for peptide 4.

At the end of the synthesis, after Fmoc removal, the
fluorescent label 5(6)-carboxyfluorescein (CF) was introduced
onto the N-terminal y-amino group using DIC/HOB as coupling
reagents, followed by piperidine washes just before cleavage
of the peptide from the resin. These washes were required in
order to remove overincorporated carboxyfluorescein.3! When
these washings were not carried out, compounds containing two
and three extra units of carboxyfluorescein were observed in
the crude product.

Peptides were ultimately cleaved from the resin by acidolytic
treatment with anhydrous HF. The purity of the CF-y-peptide
crudes, as determined by HPLC, ranged from 65% to 90%.
Compounds were purified to more than 95% homogeneity by
preparative reverse-phase HPLC and characterized by electro-
spray and/or MALDI-TOF mass spectrometry.

Enzymatic Stability. Enzymatic stability was studied for
peptide 4a in trypsin and human serum and checked by HPLC,
which showed total stability of the peptide, even during long
incubation times (see Supporting Information). This result
represents a magjor advantage of peptide 4a over CPPs, which
are labile to both trypsin and human serum and hence greatly
limited for physiological applications. This precludes the use
of trypsin for the removal of cell-surface-bound peptides before
cytometry analysis (see below).

Cellular Uptake of y-Peptides. The general idea that
hydrophilic macromolecules penetrated cells by a classical
endocytotic mechanism is extended.323% These molecules are
segregated into different endosomal compartments by the cell
for their recycling or destruction, afact that can hinder liberation
of cargo in the cytoplasm.3* In contrast, initial reports suggested
that CPPs penetrate cells by an energy-independent route, and
studies on the cellular entry of pAntp, Tat-derived peptides and
VP22 reported that a nonclassical receptor, transporter, or
endocytosis-mediated mechanism seemed to be involved.3>-38
These findings would suggest that the CPPs translocate mem-
branes via an energy-independent mechanism. Nevertheless,
recent reevaluations of the cellular translocation of some CPPs
and cargo-conjugate CPPs suggest that endocytosis is indeed
the primary internalization mechanism.3®40 Thus, the exact
nature of the mechanism of CPP across the cellular membrane
remains unknown, as controversies exist among different studies

(30) While PEG increased peptide solubility notably, the peptide precipitates at
concentrations higher than 500 uM.

(31) Fischer, R.; Mader, O.; Jung, G.; Brock, R. Bioconjugate Chem. 2003, 14,
653—660.

(32) Mhukerjee, S.; Ghosh, R. N.; Maxfield, F. R. Phys. Rev. 1997, 77, 759—
803

(33) Fischer, R.; Kohler, K.; Fotin-Mleczek, M.; Brock, R. J. Biol. Chem. 2004,
279, 12625—12635.

(34) Maiolo, J. R, Ill.; Ottinger, E. A.; Ferrer, M. J. Am. Chem. Soc. 2004,
126, 15376—15377.

(35) Derossi, D.; Joliot, A. H.; Chassaing, G.; Prochiantz, A. J. Biol. Chem.
1994, 269, 10444—10450.

(36) Vives, E.; Brodin, P.; Lebley, B. J. Biol. Chem. 1997, 272, 16010—16017.

(37) Derossi, D.; Cavet, S.; Trembleau, A.; Brunissen, A.; Chassaing, G,;
Prochiantz, A. J. Biol. Chem. 1996, 271, 18188—18193.

(38) Elliott, G.; O'Hare, P. Cell 1997, 88, 223—233.

(39) Drin, G.; Cottin, S,; Blanc, E.; Rees, A. R.; Temsamani, J. J. Biol. Chem.
2003, 278, 31192—31201.

(40) Richard, J. P.; Melikov, K.; Vives, E.; Ramos, C.; Verbeure, B.; Gait, M.
J.; Chernomordik, L. V.; Lebleu, B. J. Biol. Chem. 2003, 278, 585—590.

published in the literature.124142 Despite some common features
of CPPs, particularly their cationic nature, their structura
diversity has fuelled the idea that the mechanisms that allow
them to cross the membrane are not the same for CPPs of
different types.*®

A preliminary evaluation of the cellular uptake of the different
y-peptides was carried out in COS-1 and Hel a cells using plate
fluorimetry. Cells grown on 96-well plates were incubated with
arange of 0.01 to 25 uM of CF-peptide at 37 °C or 4 °C. After
2 h of incubation, CF-peptide containing medium was discarded
and fluorescence was measured as described in the methods
section. As shown in Figure 2A and B, peptide 4a was the most
efficient at crossing the cell membranes of COS-1 and HeLa
cells at 37 °C. The fluorescence levels of cells incubated with
peptide 4a were significant in the case of HelLa cells and were
higher for COS-1 cells. In addition, peptides 1, 2, 3, and 5 were
also taken up by both cell types, but the cells incubated with
these CF-peptides flouresced 6 to 10 times less than those
incubated with peptide 4a. Similar results were obtained when
the uptake experiments were performed for 8 h (see Supporting
Information). To determine if the uptake mechanism of these
peptides was energy-dependent, the same experiments were
carried out at 4 °C (Figure 2C). Under these conditions, only
peptide 4a and, to a lesser degree, peptide 5 were taken up at
asignificant rate by HeLa cells. This result seemed to indicate
that peptides 4a and 5 entered into the cells via an energy-
independent mechanism, although the possibility of the peptide
binding to the plastic surface or to the cell membrane was not
totally excluded. Evidence for these phenomena was observed
in control wells (wells devoid of cells) and has been described
in other studies.** Similar results to those obtained with peptide
4a were previously obtained with peptide 4 (see Supporting
Information). Having completed the aforementioned experi-
ments, flow cytometry was then used to differentiate peptide
uptake from cell surface and/or plastic surface binding.

To get a more precise view of the behavior of the y-peptide
derivatives, new cell uptake experiments in COS-1 cells using
flow cytometry were performed. In our opinion flow cytometry
provides more reliable quantitative data than plate fluorimetry.
The main source of imprecision in plate fluorimetry when
measuring the cell uptake of highly hydrophobic compounds
such as peptide 4a is an artifactual increase in the apparent
uptake caused by nonspecific binding of the ligand to the plastic
surface of the plate.** Although the preliminary flow cytometry
experiments were carried out using the entire set of y-peptides,
focus was ultimately shifted on the two most promising
compounds, 4a and 5, employing the well-known cell-penetrat-
ing peptide TAT 49—57 (CF-RKKRRQRRR-NH>) as a positive
control. Flow cytometry analysis can quantify cellular associa-
tion of CF-tagged peptides excluding any unspecific binding
of the peptides to the plastic surface of the plate. Although the
uptake levels of peptides 4a and 5 were lower than those found
using plate fluorimetry, suggesting that they had been partially
bound to the plate plastic, Figure 3A illustrates that the
compounds were indeed internalized by COS-1 cells. Peptide
4a was taken up very efficiently by COS-1 cells and even

(41) Thorén, E. G.; Persson, D.; Isakson, P.; Goksor, M.; Onfelt, A.; Nordén,
B. Biochem. Biophys. Res. Commun. 2003, 307, 100—107.

(42) Vives, E. J. Mol. Recognit. 2003, 16, 265—271.

(43) Zorko, M.; Langel, U. Adv. Drug Delivery Rev. 2005, 57, 529—545.

(44) Chico, D. E.; Given, R. L.; Miller, B. T. Peptides 2003, 24, 3—9.
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Figure 2. Fluorimetry quantification of the cellular uptake of different peptidestested (A) in COS-1 cellsand (B and C) in HeL a cells. Cells were incubated
with the peptide at a final concentration of 10 uM for 2 h at 37 °C (A and B) and at 4 °C (C). Results were normalized by subtracting the autofluorescence
control value and dividing by the CF-fluorescence value for the same experiment. Error bars represent standard deviation (SD) from the mean value of three

independent experiments of each condition.*, significant p < 0.05.

seemed to be taken up at 4 °C, while peptide 5 was internalized
less, especidly at 4 °C. In comparison with TAT peptide, cells
incubated with peptide 4a flouresced 3.5 times less than those
incubated with TAT.

Flow cytometry does not, however, discriminate between
extracellular membrane-bound and internalized CF-peptide. To
determine if there was any contribution of surface-bound
CF-peptides in the peptide uptake measurements, we performed
additional flow cytometry experiments. The treatment of cells
with trypsin in order to remove cell-surface-bound peptide
before flow cytometry analysis has been reported.*° However,
y-peptides are not trypsin-sensitive as discussed above; hence
enzymatic digestion could not be employed. An aternative
method based on the pH-dependence of 5(6)-carboxyfluorescein
fluorescence emission in receptor-endocytosis studies has been
previously described.®> As shown for COS-1 cells incubated
with CF-peptide 4a (Figure 3B) or with TAT peptide (Figure
3C) for 2 h, flow cytometry analysis revealed that the amount
of fluorescence was very similar at pH 7.4 and pH 6. Only a
small decrease of the fluorescence was observed in both peptide
4a and TAT peptide, indicating that the fluorescence detected
by the cytometer was mainly due to internalized peptides.*®

A cell uptake time-course experiment in COS-1 cells was
also carried out for peptide 4a. The progressive increase uptake
of peptide 4a demonstrated that it was endocytocized by the
cells, as opposed to having attached to the membrane, a process

(45) Chambers, J. D.; Simon, S. |.; Berger, E. M.; Sklar, L. A.; Arfors, K. E.
J. Leukoc. Biol. 1993, 53, 462—4609.

(46) A minor contribution from any unquenched residual carboxyflouresceinated
peptide attached to the membrane at pH 6 could still exist (at pH 6 around
the 80% of the carboxyfluorescein fluorescence is quenched), and as a
consequence, only asmall amount of fluorescence could be due to the cell-
surface-bound peptides. These experiments could not be carried out at a
pH lower than 5—5.5 (where carboxyfluorescein is completely quenched)
because of the rapid cell death observed under our experimental conditions.
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that occurs rapidly and is temperature-independent (see Sup-
porting Information).

Intracellular Distribution of y-Peptides. The intracellular
distribution of CF-peptides was examined by confocal micros-
copy in both fixed and unfixed COS-1 cells recording optical
sections that allowed 3D reconstruction of the cell. The
carboxyflouresceinated peptides were located inside the cells
and were not attached to the membrane. Figure 4 shows the
distribution of each CF-peptide tested in fixed COS-1 cells
costained with the nucleic acid marker Pl. In cells treated with
peptides 1, 2, and 3 at 37 °C, a dight vesicular distribution of
the peptides was observed. No differences with the CF were
observed when cells were incubated with these peptides at
4 °C (data not shown). This vesicular distribution, similar to
the localization of the endocytotic marker used (Figure 5),
together with the results obtained at 37 °C and 4 °C, suggested
that an endocytotic mechanism was involved. However, peptides
5 and TAT were found throughout the cytoplasm and in the
nuclei of the cells with no punctuated pattern observed. Similar
distribution of both peptides was found when cells were
incubated at 4 °C (data not shown). In those cells treated with
peptide 4a, a similar but more intense punctated distribution
was observed, as well as a diffuse distribution throughout the
cytoplasm.

It has recently been reported that cellular distribution of TAT
can vary for live or paraformaldehyde-fixed cells.’?2 Confocal
microscopy pictures of TAT internalized in paraformal dehyde-
fixed cells show distribution in the nucleus and endocytotic
vesicles of the cytoplasm, whereas live-cell pictures suggest that
endocytosis is the predominant uptake mechanism of this
peptide. The difference in cellular distribution can be attributed
to fixation of the cells with paraformaldehyde. Arginine-rich
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Figure 3. (A) Cell uptake quantification of peptides 4a, 5, and TAT with
flow cytometry at 4 and 37 °C (10 uM, 2 h). Although the uptake levels of
4a and 5 peptides were lower than those found by plate fluorimetry, the
results demonstrate that they were indeed taken up by COS-1 cells. (B and
C) Flow cytometry analysis to quantify cellular association of CF-tagged
peptides while avoiding nonspecific plastic surface binding of the peptide.
To quantify plasmatic-membrane-attached peptide ((B) for peptide 4a and
(C) for TAT peptide), fluorescence of CF-peptide-incubated COS-1 cells
(10 uM, 2 h, 37 °C) was measured by flow cytometry before (I, I1) and
after (I, 11") acidic buffer (pH = 6) quench of extracellular fluorescence.
Graphics B and C have the peptide quantification and the corresponding
CF negative control.

peptides such as TAT and (Arg)e arbitrarily redistribute in the
nucleus in some common cell fixation protocols.'?

To determine whether the CF-peptides were actually endo-
cytocized or if they diffused across the cell membrane, time-
course uptake experiments using the fluid-phase endocytotic
marker Texas Red-Dextran (TR-DX) were performed. HelLa
cells were simultaneously incubated with CF-peptides (10 uM,
37 °C) and the endocytotic marker TR-DX. Figure 5 shows
results obtained when cells were incubated with two distinct
peptides (peptides 2 and 4a) for 15 min or 2 h at 37 °C. To
avoid formaldehyde-induced changes in their distribution,
confocal images of live cells were obtained. As shown in the
upper panel of Figure 5, even after 15 min of incubation, peptide
2 amost totally colocalized with TR-DX, indicating a fluid-
phase endocytosis mechanism. In contrast, peptide 4a had aso
colocalized in TR-DX-containing vesicles after 15 min of
incubation, but it was aso distributed in the nuclei and the
cytoplasm. After 2 h of incubation, there were more vesicles

containing both peptide 4a and TR-DX, but they were more
concentrated in the perinuclear area of the cells. Cytoplasmic
and punctuated or vesicular distribution of peptide 4a was also
observed. Similar results were obtained when the same experi-
ments were carried out in COS-1 cells (see Supporting Informa-
tion). Although peptide 4a does not concentrate exclusively in
vesicular structures, it cannot be stated that it translocates across
the cell membrane. An alternative explanation could be that
peptide 4a was taken up by endocytosis and later released from
the vesiclesinto the cytoplasm in amanner similar to that which
has been demonstrated for the human antimicrobial peptide
LL-374 and other cell-penetrating peptides.*®

Cytotoxicity of yp-Peptides. Cell viability assays were
performed to determine the toxicity of the proline derived
y-peptides (Figure 6). The toxicities of each of the peptides to
COS-1 and Hela cells were determined by MTT assays and
estimated to be lower than that of TAT peptide at the same
concentration. The viability of COS-1 cells after their treatment
with y-peptides for 24 h was always higher than 95%, even at
the highest concentration used (25 «M). Only peptide 5 exhibited
dlight cytotoxicity at 25 uM (89—92%) in HelLa cells. The
viability of COS-1 cells after 2 h of incubation with TAT
peptide was reduced even when cells were treated at lower
concentrations (viability at 1 uM was 81 + 2% and at 25 uM
was 70 + 2%). Similar results were observed when cells were
incubated at concentrations up to 500 uM with y-peptides 1, 2,
3, and 4a for 2 and 8 h (data not shown).

Concluding Remarks

These results revea that peptides with the same proline
mimetic skeleton but distinct side chains are taken up into cells
via different mechanisms. Although proline has a hydrophobic
skeleton, proline-rich peptides are surprisingly soluble in water
aswell asabroad range of organic solvents. y-Amino-L-proline
has an extraamino group (in the y position of the proline) which
makes it more hydrophilic than the corresponding natural parent
amino acid. While the different y-peptide constructs share a
common part (the cyclic proline backbone), they vary in the
type and linkage of their side chains, which can be hydrophobic
or hydrophilic. Hence the combination of skeleton, side chain
type, and side chain linkage endows each peptide with a distinct
hydrophobic or hydrophilic character. Peptide 2 is thus clearly
hydrophobic due to the combination of a hydrophobic skeleton
and the noncharged side chain linkage to its backbone. Peptides
1, 3,4, 4a, and 5 can be considered special amphipathic peptides
as a result of their backbone and their charged side chain
linkages. In al cases, the side chain hydrophobicity determines
the cell uptake properties. Hydrophobic peptides are typically
associated with passive diffusion while hydrophilic and amphi-
pathic peptides can move by both endocytosis and passive
diffusion. Examples of the latter phenomena include the
hydrophilic peptide TAT and the amphipathic peptide penetratin,
which are endocytocized by the cell (a mechanism that is
inhibited by peptide incubation at low temperature), while
passive diffusion of these compounds through the lipid bilayer
at a biologically meaningful rate seems unlikely (although an
aternative mechanism cannot be totally excluded). The y-pep-

(47) Sandgren, S.; Wittrup, A.; Cheng, F.; Jonsson, M.; Eklund, E.; Busch, S;;
Belting, M. J. Biol. Chem. 2004, 279, 17951—17956.

(48) Foerg, C.; Ziegler, U.; Fernandez-Carneado, J.; Girdlt, E.; Rennert, R.; Beck-
Sickinger, A. G.; Merkle, H. P. Biochemistry 2005, 44, 72—81.
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Figure 4. Confocal images of COS-1 cells illustrating the internalization of al peptides tested. After 2 h of incubation with peptides (10 uM), cells were

fixed with 3% PF and nuclei were stained with IP. Scale bars, 10 um.

tides synthesized for this work are remarkably amphipathic; they
can enter into the cell following both mechanisms depending
on the contribution of the side chains to hydrophobicity in the
secondary structure. Thus, CF-peptide incubation in both COS-1
and HeLaat 4 °C cells suggest that some of the y-peptides (4a,
and to a lesser degree, 5) can trandocate across the cell
membrane, indicating that the internalization process of 4a and
5 is not completely dependent on the endosomal pathway. A
possible explanation for these resultsis that the y-peptide family

9464 J. AM. CHEM. SOC. = VOL. 127, NO. 26, 2005

is capable of cellular internalization via different mechanisms.
While al of the compounds can be endocytacized by the cell,
peptides 4a and 5 can also transl ocate across the cell membrane
(passive diffusion), suggesting that at least two different
mechanisms are involved in the entry of these peptides.
When peptide 4 was modified with a PEG tail in order to
improve its solubility at physiological pH, the resulting analogue
(peptide 4a) exhibited increased solubility and conserved cellular
uptake.
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Figure 5. Live-cell imaging of CF-peptide uptake. Internalization experiments of CF-peptide (10 uM, 37 °C) in HelLa cells were carried out with the
fluid-phase (endocytotic) marker Texas Red-Dextran (TR-DX). xy confocal sections obtained from the middle part of cells. Scale bars, 10 um. Inserts:

3.2x.

With respect to subcellular localization, confocal microscopy
revealed that all of the peptides congregate in the cytoplasm,
distribute throughout vesicles when incubated at 37 °C (peptides
1, 2, 3, 4a, and 5), or are widespread in the cytoplasm when
they are incubated at 37 °C and 4 °C (peptides 4a and 5). This
punctuated distribution implies that the y-peptide family is
endocytocized at 37 °C. Furthermore, the widespread pattern
found in the cytoplasm at 37 °C for peptides 4a and 5 suggests
that either they translocate across the cell membrane or they
are taken up by endocytosis and thereafter escape from the
vesicles, being released to the cytoplasm. The translocation
observed in the flow cytometry quantifications at 4 °C reinforced
the idea that peptide 4a could translocate across the cell
membrane. In conclusion, two different routes seem to be
involved in the transduction mechanism of peptide 4a, including
endocytosis and another energy-independent mechanism. Nev-
ertheless, the possibility that the y-peptides enter into the cell
via endocytosis and are thereafter released from the vesicles
into the cytoplasm cannot be completely excluded.

Furthermore, peptides 4a and 5 apparently reached the
nucleus, suggesting that they could be used in the delivery of
molecules that act in the nucleus. Even though these peptides

were not taken up in cells to the degree of TAT peptide, they
offer certain advantages. While TAT peptide, as consistent with
literature reports,*® exhibited cytotoxicity even at low concentra-
tions, y-aminoproline oligomers were nontoxic at concentrations
up to 500 xM and only peptide 5 exhibited slight cytotoxicity.
Furthermore, y-peptide oligomers appear to be protease-resistant
as deduced from the results of experiments in the presence and
absence of serum proteases. This fact has been proven by
analyzing the protease stahility of peptide 4a in human serum
by HPLC.

Although various cell-membrane translocating peptidomi-
metics have been reported (e.g., S-peptides), this is the first
communication of ay-peptide family with said capability. The
aforementioned compounds are among the smallest cell-
penetrating peptidomimetics described to date, and their low
toxicity, proteolytic stability and, in general, good aqueous
solubility suggest their potential utility as agents for drug
delivery. y-Amino-L-prolineis avery convenient building block
for the preparation of these cell-penetrating y-peptides. The use

(49) Pooga, M.; Elmquist, A.; Langel, U. In Cell-penetrating peptides, Processes
and applications; Langel, U., Eds.; CRC Press: Boca Raton, Florida, 2002;
Chapter 11, pp 245—261.
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Figure 6. Cytotoxicity of different y-peptides as monitored in (A) HeLa and (B) COS-1 cell lines. Cell death was quantified using the MTT assay after 1

day of incubation using different peptide concentrations.

of two orthogonal protecting groups for both amino function-
alities of the building block leads to a flexible synthetic strategy
for diverse substituted y-peptides, providing the possibility of
incorporating a covalently linked drug in the last step of the
synthesis. With the hope of gaining a better understanding of
the trandocation of peptides across cell membranes, the
synthesis of new analogues employing a wide range of
functional groups isin progress.

Experimental Section

Materials and Methods. Protected amino acids were obtained from
Neosystem (Strasbourg, France), and MBHA resin (0.7 mmol/g) was
supplied by Calbiochem-Novabiochem AG. Diisopropylcarbodiimide
(DIC) was obtained from Fluka Chemika (Buchs, Switzerland) and
HOBt from Luxembourg (Tel Aviv, Isragl). 5(6)-Carboxyfluorescein
(CF) was obtained from Acros (New Jersey, USA). Solvents for peptide
synthesis and RP-HPLC equipment were obtained from Scharlau
(Barcelona, Spain). Trifluoroacetic acid was supplied by KaliChemie
(Bad Wimpfen, Germany). Other chemicals were obtained from Aldrich
(Milwaukee, WI) and were of the highest commercialy available purity.
All commercia reagents and solvents were used as received. HF was
obtained from Air Products and Chemicals, Inc. (Allentown, Canada),
and related equipment was obtained from Peptide I nstitute Inc., Minoh,
Osaka, Japan. Analytical RP-HPLC was performed using Waters
(Milford, MA) chromatography systems with reversed-phase Symmetry
Cis (150 x 4.6 mm?) 5 um columns with UV detection at 220 nm.
Semipreparative RP-HPL C was performed on a Waters (Milford, MA)
chromatography system using Symmetry Cg (3 x 10 cm?, 5 um)
columns. Compounds were detected by UV absorption at 220 nm. Mass
spectra were recorded on a MALDI Voyager DE RP time-of-flight
(TOF) spectrometer (Applied Biosystems, Framingham). DHB was used
as a matrix and was purchased from Aldrich.

General Procedures. Solid-Phase Synthesis. The synthesis of
peptides for this work employed a combined Fmoc/Boc solid phase
strategy on MBHA resin. Peptide syntheses were performed manually
in a polypropylene syringe fitted with a polyethylene porous disk.
Solvents and soluble reagents were removed by suction. Washings
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between deprotection, coupling, and subsequent deprotection steps were
carried out with DMF (5 x 1 min) and DCM (5 x 1 min) using
10 mL of solvent/g of resin for each wash.

Fmoc Group Removal. (i) DMF (5 x 1 min); (ii) piperidine/DMF
(2:8) (1 x 1 min + 2 x 15 min); (iii) DMF (5 x 1 min).

Boc Group Removal. (i) DCM (5 x 1 min); (ii)) TFA/DCM (4:6)
(1 x I min+ 1 x 30 min); (iii) DCM (5 x 1 min); (iv) DIEA/DCM
(5:95) (3 x 3 min); (v) DCM (5 x 1 min).

Solid-Phase y-Peptide Backbone Elongation. All syntheses were
carried out with MBHA resin (1 g) by an Fmoc/Boc combined solid-
phase strategy. Couplings of Boc-Amp(Fmoc)-OH (1.58 g, 5 equiv)
were carried out with DIC (540 uL, 5 equiv) and HOBt (472 mg,
5 equiv) in DMF for 2 h at 25 °C. The resin was washed with DMF
(5 x 1 min) and DCM (5 x 1 min) after each coupling. Couplings
were monitored by the Kaiser test.

In the synthesis of peptide 4a, 2 equiv of Fmoc-8-amine-3,
6-dioxaoctanoic acid were first coupled to the resin using the same
coupling reagents mentioned above. Peptide synthesis then continued
for 4a as described for the other compounds.

Synthesis of Homo N*-Acyl-y-hexapeptides. After the N*-Boc
groups had been removed, acylation of the o-amino groups was carried
out using RCOOH (30 equiv, 5 equiv for each amine), DIC (540 ulL,
30 equiv) and HOBLt (472 mg, 30 equiv) in DMF for 2 h at 25 °C. The
resin was washed with DMF (5 x 1 min) and DCM (5 x 1 min). The
acylation was monitored by the chloranil test.>

Synthesis of Homo N®-Alkyl-y-hexapeptides. After the N*-Boc
groups had been removed, akylation of the a-amino group was
performed by on-resin reductive amination using RCHO (30 equiv,
5 equiv for each amine) in 1% HOAc in DMF for 30 min and then
treating the resin with NaBH3;CN (232 mg, 30 equiv) in MeOH for
2 h. After that, the resin was washed with DMF (5 x 1 min) and DCM
(5 x 1 min). The akylation was monitored by the chloranil test.

Synthesis of Hetero N*-Alkyl-y-hexapeptides. Once the monomer
had been introduced by coupling of the corresponding protected

(50) The y-amino functions of the resin-bound building blocks give a clear
positive Kaiser ninhydrin test; hence the test is useful for controlling the
synthesis of these kinds of peptides. Kaiser, E.; Colescott, R L.; Bossinger,
C. D.; Cook, P. I. Anal. Biochem. 1970, 34, 594—598.

(51) Christensen, T. Acta Chem. Scand. 1979, 33, 760—766.
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monomer, the N*-Boc protecting group was removed and the alkylation
was performed as above. After remova of the N”-Fmoc protecting
group, the reactive sequence was repeated.

Synthesis of N®-Guanidyl-y-hexapeptide. After the N*-Boc groups
had been removed, peptide 5 was guanidilated using N,N’-di-Boc-N"-
trifluoromethanesulfonyl guanidine®? (5 equiv) and EtsN (5 equiv) in
DCM for 4 days at room temperature. After the reaction, the resin was
washed with DCM (5 x 1 min). The guanidilation was monitored by
the chloranil test.

5(6)-Car boxyfluorescein N*-Terminal Labeling. CF was coupled
to the N”-terminal group using DIC/HOBL (5 equiv/5 equiv) for 2 h.
To avoid over incorporation of CF, two 30-min treatments with 20%
piperidine—DMF were carried out before the cleavage of the peptide
from the resin.3!

Acidolytic Cleavage with HF. The peptide resin was washed with
MeOH (3 x 1 min), dried, and treated with HF in the presence of 10%
anisolefor 1 hat 0 °C. Peptides were precipitated with cold anhydrous
MTBE, dissolved in HOAc, and then lyophilized.

CF-(yAmp)s-NH> (1): The crude peptide was purified by preparative
HPLC using a linear gradient (from O to 20% of MeCN in 30 min) of
MeCN (containing 1% of TFA) and HO (containing 1% of TFA). The
purity of each fraction was verified by analytical HPLC and MALDI-
TOF and showed that the peptides were 99% pure. MS calcd for
Cs1HeN13012 [M + H]*: 1048.11. MALDI-TOF found: 1048.38 [M
+ H]*, 1070.45 [M + Na]*, and 1086.37 [M + K]*.

CF-[yAmp(N*-Ac)]e-NH2 (2): The crude peptide was purified by
preparative HPLC using a linear gradient (from 20 to 80% of MeCN
in 30 min) of MeCN (containing 1% of TFA) and H,O (containing
1% of TFA). The purity of each fraction was verified by analytical
HPLC and MALDI-TOF and showed that the peptides were 96% pure.
MS calcd for Ces3H73N 13018 [M + H]+: 1300.33. MALDI-TOF found:
1301.22 [M + H]*, 1322.23 [M + Na]*, and 1338.21 [M + K]*.

CF-[yAmp(N*-Me)]e-NH; (3): The crude peptide was purified by
preparative HPLC using a linear gradient (from 0 to 20% of MeCN in
30 min) of MeCN (containing 1% of TFA) and H,O (containing 1%
of TFA). The purity of each fraction was verified by analytical HPLC
and MALDI-TOF and showed that the peptides were 95% pure. MS
calcd for Cs7H73N12012 [M + H]Jr: 1132.26. MALDI-TOF found:
1131.60 [M + H]* and 1153.63 [M + Na]*.

CF-{yAmp[N®-CH,CH,CH(CH3)2]-yAmp(N®-CH,CH,Ph) }5-
NH; (4): The crude peptide was purified by preparative HPLC using
a linear gradient (from 0 to 50% of MeCN in 30 min) of MeCN
(containing 1% of TFA) and H.O (containing 1% of TFA). The purity
of each fraction was verified by analytical HPLC and MALDI-TOF
and showed that the peptides were 99% pure. MS caled for CooHi15N13012
[M + H]*: 1570.95. MALDI-TOF found: 1570.46 [M + H]* and
1592.91 [M + Na]*.

CF-{yAmp[Ne-CH,CH;CH(CH3),]-yAmp(N®-CH;CH2Ph) }3-PEG-
NH; (4a): The crude peptide was purified by preparative HPLC using
a linear gradient (from 0 to 40% of MeCN in 30 min) of MeCN
(containing 1% of TFA) and H.O (containing 1% of TFA). The purity
of each fraction was verified by analytical HPLC and MALDI-TOF
and showed that the peptides were 99% pure. MS calcd for
Ci12H137N15018 [M + H]*: 1861.26. MALDI-TOF found: 1863.18
[M + H]* and 1885.15 [M + Na]*.

CF-[yAmp(N*-C(NH)(NH2))]e-NH> (5): The crude peptide was
purified by preparative HPLC using a linear gradient (from 0 to 20%
of MeCN in 30 min) of MeCN (containing 1% of TFA) and H,O
(containing 1% of TFA). The purity of each fraction was verified by
analytical HPLC and MALDI-TOF and showed that the peptides
were 99% pure. MS calcd for Cs7H7sN2sO [M + H]*: 1300.35.
MALDI-TOF found: 1302.01 [M + H]* and 1324.36 [M + Na]".

(52) Feichtinger, K.; Zapf, C.; Sings, H. L.; Goodman, M. J. Org. Chem. 1998,
63, 3804—3805.

Cell Culture and Peptide Treatments. HeLa and COS-1 cells
were maintained in DMEM (1000 mg/mL glucose for HeLa and
4500 mg/mL for COS-1) culture medium (Biologica Industries)
containing 10% fetal calf serum (FCS), 2 mM glutamine, 50 u/mL
penicillin, and 0.05 g/mL streptomycin. For al experiments, exponen-
tially growing cells were detached from the culture flasks using a
trypsin—0.25% EDTA solution, and the cell suspension was seeded at
a concentration of 21.4 x 10° cellslcm? onto plastic dishes, glass
coverslips, 8-well Lab-Teck chambered coverglass or 96-well plates
(Nalge Nunc International, Naprville, USA), depending on the experi-
ment. Experiments were carried out 24 h later, at a confluence level of
approximately 60%—70%. The carboxyfluoresceinated compounds were
dissolved in PBS and sterilized with 0.22 um filters (Millex-GV, PVDF,
Durapore, Millipore). The peptides and 5(6)-carboxyfluorescein stock
solutions were diluted with the cell culture medium. Nonadherent cells
were washed away and attached cells were incubated with the peptides
in DMEM at 37 °C in CO, atmosphere or in 25 mM Hepes Buffered
DMEM at 4° C.

Enzymatic Stability. Enzymatic degradation using trypsin was
carried out by incubation at 37 °C of peptide 4a with the enzyme in
100 mM Tris-HCI at pH 8. The trypsin—peptide ratio was 1:100, using
3.43 uL of a solution of trypsin from bovine pancreas E.C. 3.4.21.4
(Roche, Basel) in glycerol —H,0 (1:1) (6.25 mg/mL). Aliquots (50 ulL)
were periodically taken at 2 h to 120 h, 150 uL of 1 N HCI were added,
and the resulting solution cooled with ice. Degradation was monitored
by HPLC.

Enzymatic degradation using human serum (Aldrich, Milwaukee)
was carried out by incubation at 37 °C of peptide 4a with the serum
(diluted 9:1 in HBSS buffer). The ratio peptide—serum was 9, and
peptide was used at a final concentration of 125 uM (added to the
serum dissolved). Aliquots (50 uL) were periodically taken at 2 h to
120 h, poured into 200 L of MeOH to precipitate the proteins, and
cooled on ice. After 30 min, the sample was centrifuged and the
supernatant was analyzed by HPLC.

Uptake Measurements by Plate Fluorimetry and Flow Cyto-
metry. COS-1 and Hel a cells were seeded onto 96-microwell plates
at aconcentration of 21.4 x 10° cells/em? for 24 h. The culture medium
was discarded and replaced by new medium containing different
CF-peptides concentrations (0.01 M, 0.05 uM, 0.1 uM, 1 uM, 5 uM,
10 uM, and 25 uM), using TAT peptide as a positive control and CF
as a negative control. Cells were then incubated for 2 or 8 h at 4 °C
and 37 °C. After incubation, cells were washed three times with PBS
containing 1.1 mM CaCl, and 1.3 mM MgCl,, then lysed by adding
200 uL of lysis buffer (0.1% Triton X-100 in 50 mM Tris, pH 8.5) to
each well. Internalized peptides were quantified by measuring the
fluorescence intensity of the supernatant using a FL600 microplate
fluorescence reader (Bio-Tek). Fluorescence was measured at Aexcitation
= 485/20 nm and Aemisson = 530/25 nm. Triplicates of each measurement
were performed, and the fluorescence emitted from the blanks was
subtracted.

To analyze the internalization of CF-peptides by flow cytometry,
COS-1 and Hel a cells were seeded onto 35-mm plates at a concentra-
tion of 21.4 x 10° cellslem?. After 24 h, cells were incubated with
CF-peptides as previously described for fluorimetry assays. After
various incubation times, cells were washed 3 times with PBS, detached
with tripsine—EDTA 0.25%, centrifuged at 800 x g, and washed again.
Findly, they were resuspended in PBS containing 0.1 mM of propidium
iodide (PI). To remove fluorescence of CF or CF-peptides bound to
the plasma membrane, the pH of the PBS/PI solution was brought down
to 6 by the addition of 1 N HCI just before measuring fluorescence. At
pH = 6, extracellular fluorescence of CF is quenched without altering
cell mechanisms.*

Fluorescence anaysis was performed with an Epics XL flow
cytometer (Coulter). Cells stained with PI were excluded from further
analysis. Triplicates of each sample were performed for each condition,
and results from independent experiments were normalized by subtrac-

J. AM. CHEM. SOC. = VOL. 127, NO. 26, 2005 9467



ARTICLES

Farrera-Sinfreu et al.

tion of the autofluorescence control value from each value and dividing
by the fluorescence value obtained from the CF control under the same
experimental conditions

MTT Cytotoxicity Assay.>® The viability of COS-1 and HeL acells
in the presence of the peptides was tested using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. To avoid
saturation in cell growth after 24 h of peptide incubation, 7 x 102 cells/
well were seeded on a 96-well plate (Nange Nunc) for each assay.
After 24 h, the culture medium was discarded and replaced by a new
medium containing different CF-peptide concentrations. Cells were
incubated for 2 h, 8 h, and 24 h at 37 °C under 5% CO, atmosphere,
and MTT (0.5 mg/mL) was added 2 h before the end of incubation.
After 2 h of incubation with MTT, the medium was discarded by
aspiration and 2-propanol was added to dissolve formazan, adark blue
colored crystal observed in the wells. Absorbance was measured at
570 nm in a spectrophotometric EIX800 Universal microplate reader
(Bio-Tek), 30 min after the addition of 2-propanol. Cell viability is
expressed as a percent ratio of cells treated with peptide to untreated
cells, which were used as a control.

Confocal Laser Scanning Microscopy. COS-1 and HeLa cellswere
seeded onto glass coverdips at 21.4 x 10° cells’cm? and, after 24 h,
were incubated with CF-peptides as described above. For endocytosis
experiments, Texas Red-Dextran (TR-DX, 3 mg/mL, MW = 10.000,
Molecular Probes) was incubated together with CF-peptide. After

(53) (a) MTT-cell proliferation assay, Cell Biology: A Laboratory Handbook,
2nd ed.; Academic Press, 1998; Vol. 1. (b) Mechanism of cellular
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduc-
tion: Liu, Y.; Peterson, D. A.; Kimura, H.; Schubert, D. J. Neurochem.
1997, 69, 581—593.
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CF-peptide incubation, cells were washed 3 times with PBS and fixed
in 3% para-formal dehyde—2% sucrose in 0.1 M phosphate buffer (PB)
for 15 min, washed 3 timesin PBS, and mounted in Mowiol with 2.5%
DABCO. PI (1 ug/mL) staining was performed at room temperature
for 15 min in the presence of RNAsain PBS (1 mg/mL). As afixation
control, similar experiments were performed in cells plated onto glass
bottom Lab-Tek chambers for live-cell imaging. After 2 h of incubation,
cells were washed for 3 times with PBS containing 1.1 mM CaCls,
1.3 mM MgCl,, and 25 mM Hepes. Images were subsequently acquired
within the next 30 min.

Confocal laser scanning microscopy was performed with an Olympus
Fluoview 500 confocal microscope using a 60x/1.4 NA plan-apochro-
matic objective. The carboxyfluorescein fluorescence was excited with
the 488-nm line of an argon laser, and its emission was detected in a
range of 515—530 nm. The microscope settings were maintained
identical for each peptide and dose. Pl and TR-DX were excited at
543 nm and detected with a 560-nm long pass filter. To avoid crosstalk,
the two-fluorescence scanning was performed in a sequential mode.
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Figure 1. Fluorimetry quantification of the cellular uptake of different peptides tested
(A) in HeLa cells and (B) in COS-1 cells at 37°C. Cells were incubated with the peptide
at a final concentration of 10 uM for 8 h. Results were normalized by substracting the
autofluorescence control value and dividing by the CF- fluorescence value for the same
experiment. Error bars represent standard deviation (SD) from the mean value of three

independent experiments of each condition.
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CF-PEPTIDE IP COMBINED

Figure 2. Confocal images of COS-1 cells illustrating the internalization of peptides (A)
4 and (B) 4a. After 2h of incubation with peptides (10 uM), cells were fixed with 3%

PF and nuclei were stained with IP. Scale bars, 10 pm.

Peptide 1 1 | peptide 4 g
| Peptide 2 : | Peptide 4a g
.. Peptide 3 1 .| Peptide 5

Figure 3. Chromatographic profiles of all the y-peptides.
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(A)

(B) Trypsin (C) Human serum
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24h
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Figure 4. (A) Chromatographic profile of peptide 4a using a linear gradient (from 0 to
100 % of MeCN in 15 min) of MeCN (containing 1% of TFA) and H,O (containing 1%
of TFA). (B) and (C) chromatographic profiles of peptide 4a after incubation with
trypsin and serum at different times. Analysis were carried out using a linear gradient
(from 0 to 100 % of MeCN in 15 min) of MeCN (containing 1% of TFA) and H,O
(containing 1% of TFA) in a X-Terra 4.6 x 150 mm column.
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CF - PEPTIDE TR - DX COMBINED

Peptide 2

Peptide 4a

Figure 5. Live-cell imaging of CF-peptide uptake. Internalization experiments of CF-
peptide (10 pM, 37°C) in COS-1 cells were carried out with the fluid-phase
(endocytotic) marker Texas Red-Dextran (TR-DX). xy confocal sections obtained from
the middle part of cells Scale bars, 10 um.
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Figure 6. FACS kinetics of cell uptake of peptide 4a at 37 °C and 4 °C. COS-1 cells
were incubated in the presence of CF-peptide 4a (10 uM) for different periods of time.
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2.3.3. Conpigacidalel péptid 4a a un PNA

El fet que aquests y—peptids tinguessin la capacitat de travessar la membrana cel-lular
no deixava de ser res més que una propietat i la possible aplicacié final com a
transportador de farmacs quedava una mica en suspens. Per tal d’esbrinar si aquests
compostos eren capagos de transportar un farmac fins a D’interior de les cel-lules, el
peptid 4a, el qual era el que havia demostrat tenir una capacitat de penetracid6 més
elevada, es va conjugar a un PNA. Tant la conjugacio del peptid al PNA com els
experiments cel-lulars es varen fer en el grup del Dr. Peter E. Nielsen, del Department

of Medical Biochemistry and Genetics, The Panum Institute, University of Copenhagen

(Dinamarca).
25000
|
20000 0 uM PNA
H 0.2 uM PNA
2 15000 00.6 uM PNA
(14 ]
10000 2 uM PNA
H 6 uM PNA
5000
0
A‘ A‘
| +CQ || +CQ |
(Arg),- PNA (4a)- PNA

Figura 1. Estudi d’internalitzacié del conjugat 4a-PNA en cél-lules HeLa pLuc705. C¢l-lules HeLa
pLuc705 foren incubades amb una solucid del PNA (en medi OPTI-MEM sense serum) durant 4 h i
després foren incubades durant 24 hores més en medi amb un 10% de serum. En els experiments amb
cloroquina, es va afegir cloroquina (CQ) 120 mM al medi OPTI-MEM. L’activitat luciferassa es va

mesurar amb el reactiu Bright-Glo (Promega).

Per tal de poder fer la conjugacio, el peptid 4a es va sintetitzar amb una cisteina en
I’extrem N-terminal a través de la qual es va conjugar en soluci6 al PNA a través del seu

grup amino terminal utilitzant la quimica del maleimido. L’entrada en c¢l-lules HeLa es
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va quantificar mitjancant I’activitat antisentit del conjugat 4a-PNA amb un assaig de
luciferassa en cel-lules Hela, utilitzant com a control positiu una poliarginina (Arg;-
PNA). L’activitat del conjugat 4a-PNA va mostrar ser més elevada que no pas el control
positiu amb la poliarginina (figura 1). Tot i aix0, al afegir cloroquina a la mostra,
I’activitat del nostre conjugat no va augmentar d’una manera significativa. Aixo
semblava indicar que la major part del conjugat no havia entrat via endocitosi, el que

implicaria la coexisténcia d’almenys dos mecanismes de translocacio.

2.3.4. Propietats antimicrobianes dels y—peptids

Una de les propietats que s’han descrit a la literatura per foldamers de caracter
peptidic és 1’antimicrobiana. Aquesta s’ha descrit per diferents p—peptids, alguns dels
quals han mostrat no tenir propietats hemolitiques. El fet d’afectar la membrana
bacteriana deixant intactes les membranes de cél-lules eucariotes els converteix en bons

candidats a antibiotics.

Y W P e S T PRIo

i e S I O P JNHZ?ORR 2
ooy,

Y Y T VLV
R TE R T B O AP O AP O S

Figura 2. Estructures dels y—péptids derivats de la cis—y-aminoprolina utilitzats en els assaigs

antimicrobians.

Aixi, les propietats microbicides dels y—peptids derivats de 1’aminoprolina també
estan sent explorades en Leishmania (figura 2), protozou parasit huma causant de la
leishmaniasis. El protozou parasit huma Leishmania té dos formes principals, el
promastigot, forma extracel-lular tipica de I’insecte, i I’amastigot, aillat de macrofags

infectats de vertebrats, la forma responsable de la patologia humana. Aquests estudis
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estan essent duts a terme al laboratori del Dr. Luis Rivas del “Departamento de
Estructura y Funcién de Proteinas” al “Centro de Investigaciones Bioldgicas del CSIC”

de Madrid.

Promastigotes, proliferacion a las 72h —O- g-Péptido1

—m— g-Péptido3
—e— g-Péptido5
140,00 —0— g-Péptido9
—A— g-Péptido11

120,00

100,00

80,00 -

% proliferacion

60,00 -

40,00

20,00 -

0,00 \ \
0 10 20 30 40 50 60

uM péptid

Figura 3. Efecte dels diferents y—péptids en la proliferacié de promastigots de Leishmania a les 72h.

Els primers experiments es van centrar en ’assaig de la proliferacié de promastigots
de Leishmania en preséncia dels diferents y—peptids (figura 3). Aquests resultats varen
mostrar que Unicament el peptid 5 inhibia totalment la proliferacié amb un MIC de 30
UM, mostrant aixi activitat leishmanicida. La resta d’experiments s’han centrat en
aquest peptid, I'inic que va donar activitat. Comparant 1’inhibicié del peptid S en la
proliferacié en promastigots i amastigots de Leishmania, es va veure que en amastigots
I’inhibicid no era tant efectiva i que presentava un MIT de 60 uM al cap de 48 hores.
Estudis de viabilitat mitjangant un assaig d’MTT a temps curts van mostrar que al cap
de 4 hores d’incubaci6 i a una concentracid 30 uM els promastigots mostraven un 0%

de supervivencia, el que demostraria que el procés d’inhibicié de la proliferacido també
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¢s complert a 4 hores. En amastigots, la concentracio que causa un 0% de supervivencia

al cap de 4 hores fou de 40 pM.

A més a més d’aquests assaigs de viabilitat i d’inhibicié de la proliferacio, s’han dut a
terme experiments de despolaritzacié de la membrana. L’Gnic y—peptid capa¢ de causar
una despolaritzacié de la membrana fou el 5, sense afectar a la permeabilitat d’aquesta
perd causant mort cel-lular. Aixo significaria que el peptid atravessa la membrana sense
formar porus 1 afecta interiorment altres estructures vitals, com podrien ser les
mitocondries. Aquests estudis estan essent actualment acabats, el que fa que no sigui

posible donar-ne els resultats finals.
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2.4. DISCUSSIO

2.4.1. Foldamers y—peptidics derivats de la cis—y—amino-L-prolina:

sintesis i estudis estructurals (1)

En aquest capitol s’ha descrit la sintesi en fase solida d’una familia de y—peptids
derivats de la cis—y—amino-L—prolina, aixi com les seves propietats estructurals. La
sintesi d’aquests peéptids es va dur a terme sobre la resina MBHA, utilitzant com a
aminoacid la cis—y—amino-L—prolina i utilitzant una estratégia de sintesi combinada
Fmoc/Boc. El grup Fmoc fou utilitzat com a protector del grup y—amino 1 el grup Boc
com a protector temporal dels grups a—amino de la prolina, posicions que es van
funcionalitzar amb diferents motius estructurals donant el qué nosaltres anomenavem

cadenes laterals dels y—peptids.

Aixi, els y—péptids es van sintetitzar seguint I’esquema descrit en la figura 1. Seguint
I’estratégia 1, es varen sintetitzar homo-oligomers, és a dir, y—péptids amb totes les
cadenes laterals identiques. En aquest cas, es sintetitzava primer 1’esquelet peptidic
utilitzant quimica Fmoc per al creixement de I’esquelet peptidic i al final s’eliminaven
els grups Boc dels grups o—amino i s’introduien els diferents motius. Aquestes
posicions es varen acilar utilitzant diferents acids carboxilics amb DIPCDI/HOBt com a
agents acoblants i alquilar utilitzant diferents aldehids i NaBH3;CN com a agent

reductor.

1. Farrera-Sinfreu, J.; Zaccaro, L.; Vidal, D.; Salvatella, X.; Giralt, E.; Pons, M.;
Albericio, F., and Royo, M. A new class of foldamers based on the cis-y-amino-L-

proline. J. Am. Chem. Soc. 2004, 126, 6048-6057.
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Figura 1. Sintesis de N”-alquil-y-hexapéptids i de N*-acil-y-hexapéptids (sintesis d’homooligomers i

d’oligomers amb diferents cadenes laterals en els dos casos).

Seguint I’estratégia 2 es varen sintetitzar hetero-oligomers, on les cadenes laterals de
cada residu eren diferents. Per fer-ho, després de 1’acoblament de cada residu es
funcionalitzava la posicid a de la prolina, utilitzant la mateixa estratégia descrita abans.
Tot 1 que aquesta sintesi semblava molt llarga, la possibilitat de sintetitzar els derivats
de prolina en solucid i introduir-los en fase solida un cop ja funcionalitzats en les
posicions a es va descartar, ja que per futures sintesis de llibreries era més versatil fer-
ho en fase solida, permetent aixi la introducci6 d’un gran nombre de diversitat sense

necessitat de fer quimica en solucio per a cada tipus de monomer.

Les preferencies estructurals d’aquests y—peptids foren estudiades mitjancant
tecniques de dicroisme circular i1 ressonancia magnetica nuclear. En peptids 1 proteines
el dicroisme circular s’utilitza per estudiar les estructures secundaries preferents. Els
patrons de dicroisme circular de les estructures secundaries més importants de
o—peptids 1 proteines naturals son ben coneguts, el que fa que un cop obtingut I’espectre
dicroic d’una mostra es pugui tenir una idea de I’estructura o estructures secundaries

presents en la mostra. Malauradament, per B— 1 y—peptids aquests patrons no estan ben
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establerts ja que el nombre de mostres estudiades €s limitat. Aixi, aquesta técnica dona
una idea de si hi ha estructuracio, perd no permet extrapolar-ne una estructura concreta.
Es per aixo que per a ’estudi d’aquestes molécules el dicroisme circular s’empra com a
primera aproximacié per a saber si hi ha estructuracid, i aquests estudis vénen

acompanyats d’estudis de Raig X o d’RMN i modelat per tal d’elucidar-ne I’estructura.

Els estudis estructurals per dicroisme circular d’aquests y—peptids varen donar com a
resultat dos comportaments ben diferenciats segons la familia estudiada. Aixi, mentre
els péptids que tenien alquilats els grups a—amino de la prolina donaven basicament un
maxim al voltant de 195 nm tant en H,O, en MeOH o en TFE, els peptids acilats en les
posicions o donaven dos minims al voltant de 220 nm i de 205 nm i un maxim al voltant
de 195 nm en H,O i TFE (en MeOH els dos minims es convertien en un d’nic al

voltant de 207 nm).

Per tal de fer els estudis per RMN ens varem centrar amb el y—péptid 2. El fort
solapament observat en I’espectre de 'H no va permetre fer 1’assignacio6 seqiiencial. Tot
i aix0, a primera vista ’espectre de 'H en H,O d’aquest péptid va mostrar en la zona de
les carboxamides diferents conformacions en equilibri, degudes a equilibris cis-trans de
les amides de les cadenes laterals, essent la conformaciéo més estable aquella en que tots
els enllagos amida de les cadenes laterals es troben en disposicié trans. Aixo es va poder
confirmar amb I’espectre de 'H de dos mondmers d’aminoprolina, ’un acetilat en la
posicio o 1 laltre amb el grup a—amino lliure. El monomer acetilat va donar com a
resultat dues conformacions en equilibri amb una relacid 1:3, essent la trans la més
estable, mentre que el monomer amb el grup a—amino lliure només va mostrar una

unica conformacio.

Els coeficients de temperatura calculats per als enllagos amida de I’esquelet peptidic
van donar un valor nic de -6 ppb/K, el que indicaria abseéncia de ponts d’hidrogen i per
tant estaria a favor d’una estructura flexible. Tot 1 aix0, el fet que els experiments fossin
duts a terme en H,O no exclou completament que existeixin ponts d’hidrogen
intramoleculars ja que I’H,O té molta tendéncia a formar-ne 1 per tant no ¢és el millor
solvent per tal de fer aquest tipus d’experiments. El que si que esta a favor d’algun tipus
d’estructuracio son les constants d’acoblament 3JNH_V, que van resultar ser de 7.5 Hz en
comptes de les esperades per una amida amb lliure rotacid que haurien de ser de 6.5 Hz.
A més a més, la preséncia de NOEs a llarga distancia semblava recolzar aquesta

hipotesi, insinuant la preséncia d’alguna conformacid preferida.
9
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Figura 2. Model estructural obtingut per als y-péptids deduit a partir de les dades d’RMN.

Entre els NOEs observats, cal destacar-ne alguns entre protons localitzats en cares
oposades de I’anell de prolina, els quals foren interpretats com a evidencia de NOEs
interresidu. Entre aquests, destaquen els NOEs entre els protons y—f’, els a—f’ 1 els y-3’.
Aquests NOEs no es poden explicar com a interaccions entre residus consecutius, perod
si que sOn coherents amb interaccions entre els residus 7 1 i+2. Tenint en compte aixo,
I’estructura proposada capa¢ d’interpretar les dades d’RMN es pot considerar un gir
estabilitzat per un pont d’hidrogen format per 9 atoms o un llag Cy (Co-hydrogen-
bonded structure o Co-ribbon). L’extensio d’aquest tipus de girs al llarg de tot el peptid
1 en una situacié idealitzada donaria una série de girs concatenats (figura 2), on els
anells de prolina queden en un mateix pla, el qual és perpendicular al pla que ocupen els

enllagos amida.

Aquest tipus de gir trobat per y—péptids es pot considerar analeg al gir y trobat en
o—peptids (2), en el qual el pont d’hidrogen que estabilitza 1’estructura esta format per 7

atoms entre els residus 3—1 (NH(i+2)+++C=0(i)). Per a—peptids, repeticions de girs y

2. (a) Nemethy, G., and Printz, M.P. The y turn, a possible folded conformation of the
polypeptide chain. Comparison with the B turn. Macromolecules 1972, 5, 755-758.
(b) Matthews, B. W. The y turn. Evidence for a new folded conformation in

proteins. Macromolecules 1972, 5, 818-819.
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s’havien descrit donant lloc a I’hélix 2.27; (3) 1 recentment s’ha descrit I’estructura
cristal-lina de dos girs y consecutius (4). Aixi, el gir trobat en els y—péptids es defineix
de la mateixa forma que els girs y, passant perd de ser un llag C; a ser un llag Co.
Aquesta estructura estabilitzada per un pont d’hidrogen formant un cicle de 9 baules
havia estat préviament proposada per altres y—péptids lineals (5) i més tard també per
y—peptids derivats de la gabapentina (6). Aixi doncs, tot i que sembla forca factible
I’obtencio de llagos Co concatenats trobats en oligomers d’aminoprolina, alguns dels
NOEs trobats experimentalment no es donen en aquesta estructura idealitzada, el que es

pot interpretar com a flexibilitat conformacional en algun punt de la seqiiéncia.

2.4.2. Capacitat dels y—peptids de travessar la membrana cel-lular (7)

En aquest capitol de la tesi es varen tornar a sintetitzar els y—peptids descrits en
I’apartat anterior perd marcant-los amb una sonda fluorescent a I’extrem N-terminal.
L’estrategia de sintesi fou exactament la mateixa que la descrita anteriorment, canviant

I’altim pas just abans de fer I’escissi6 del péptid de la resina (I’acetilacio) per la

3. Donohue, J. Hydrogen-bonded helical configurations of the polypeptide chain. Proc.
Nat. Acad. Sci. USA 1953, 39, 470-478.

4. Jimenez, A.l.; Ballano, G., and Cativiela, C. First observation of two consecutive y
turns in a crystalline linear dipeptide. Angew. Chem. Int. Ed. 2005, 44, 396-399.

5. (a) Seebach, D.; Brenner, M.; Rueping, M., and Jaun, B. yz—, y3—, and y2’3 4_amino
acids, coupling to y—hexapeptides: CD spectra, NMR solution and X-ray crystal
structures of y—peptides. Chem. Eur. J. 2002, 8, 573-584.

(b) Baldauf, C.; Guenther, R., and Hofmann, H.-J. Helix formation and folding in
y—peptides and their vinylogues. Helv. Chim. Acta 2003, 86, 2573-2588.

6. Vasudev, P.G.; Shamala, N.; Ananda, K., and Balaram, P. Cy helices and ribbons in
y—peptides: crystal structures of gabapentin oligomers. Angew. Chem. Int. Ed. 2005,
44,4972-4975.

7. Farrera-Sinfreu, J.; Giralt, E.; Castel, S.; Albericio, F., and Royo, M. Cell
penetrating cis-y-amino-L-proline-derived peptides. J. Am. Chem. Soc. 2005, 127,
9459-9468.
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introducci6 de 5(6)-carboxifluoresceina, la qual fou acoblada utilitzant DIPCDI/HOBt
com agents acoblants. En aquesta part del treball varem estudiar 1’estabilitat enzimatica
dels y—péptids en front la tripsina i serum huma. La capacitat de penetraci6 en cél-lules
d’aquests compostos fou provada utilitzant dues linies cel-lulars diferents, COS-1 i
HeLa, mitjangant técniques de fluorimetria de plaques i citometria de flux. La toxicitat
d’aquests compostos també fou testada utilitzant 1’assaig de MTT. Finalment, els
peptids foren visualitzats al microscopi confocal utilitzant tant cél-lules fixades com

cél-lules vives.

L’estabilitat dels y—péptids en front a proteasses fou estudiada utilitzant el péptid 4a
com a model. Per fer-ho, aquest compost fou incubat en tripsina i en sérum huma i es va
anar seguint 1’evolucid6 de la degradaci6 extraient aliquotes al llarg del temps 1
analitzant-les per HPLC. Els resultats semblaven forca concloents: els y—péptids
semblaven totalment estables en front a les proteasses testades, el que els feien bons
candidats per al seu Us en sistemes vius. A més a més dels estudis de degradacio
enzimatica, també es van fer estudis de toxicitat utilitzant 1’assaig de MTT, els quals
mostraven que aquests compostos no tenien una toxicitat significativa en les dues linies

cel-lulars testades.

En un primer moment, I’entrada dels péptids a I’interior de c¢l-lules eucariotes fou
quantificada mitjangant fluorimetria de plaques. Per fer-ho, les cel-lules foren
sembrades en plaques de 96 pous i els peptids hi foren incubats durant diferents temps i
a diferents concentracions. Un cop passat el temps d’incubaci6, el medi dels diferents
pous fou eliminat, les cél-lules rentades tres cops amb tamp6 PBS i finalment lisades per
tal d’alliberar el peptid internalitzat al medi i poder-lo aixi quantificar. Aquestes
quantificacions pero, donaren errors grans, deguts basicament a que els péptids, forga
hidrofobics, quedaven enganxats al plastic de la placa i no s’eliminaven en els rentats.
Aquest peptid residual que quedava enganxat a la placa donava com a resultat una
lectura forca esbiaixada de la realitat. Aixo i el fet que aquesta técnica tampoc ens
permetés diferenciar entre el peéptid que realment havia estat internalitzat i el que
quedava retingut a la membrana cel-lular, ens van portar a utilitzar la citometria de flux,

la qual dona resultats forca més fiables.

Tot 1 que des del nostre punt de vista els resultats son més fiables utilitzant la
citometria de flux que no pas amb la fluorimetria de plaques, aquesta técnica no la

varem tenir en compte com a primera opcid perque €s forca més tediosa d’utilitzar, ja
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que els protocols utilitzats son forca més llargs i per tant el nombre de punts a
quantificar en un dia és forca més limitat. A més a més, per treballar amb citometria de
flux es necessita una quantitat de cel-lules important per tal de poder fer la lectura, amb
la qual cosa també¢ es requereix més mostra en cada assaig. Aixi, aquests experiments es
varen dur a terme en plaques de 3.5 mm de diametre, sobre les quals s’hi varen sembrar
les cel'lules 1 incubar els peptids a diferents concentracions durant diferents periodes de

temps. Com a control positiu es va utilitzar el Tat(49-57).

A T’hora de fer quantificacions per citometria de flux, es pot distingir entre el senyal
del peptid marcat que ha estat internalitzat i1 el que ha quedat enganxat a la membrana
cel-lular. Per tal de discernir entre ambdues situacions, en el cas de treballar amb péptids
d’origen natural, abans de fer la quantificaci6 s’acostuma a fer un tractament amb
tripsina per tal d’alliberar-lo de la membrana. Com hem esmentat abans, els y—péptids
no soén sensibles a la tripsina i per tant aquest protocol no es va poder utilitzar. Com a
alternativa, varem tractar les cél-lules amb una solucié d’HCI fins a tenir un pH al
voltant de 6, pH al qual la carboxifluoresceina no és fluorescent i les c¢l-lules romanen
intactes, fet que permet quantificar exclusivament el marcatge de l’interior cel-lular

discriminant aixi el de la superficie.

Aixi, varem comprovar que els diferents y—péptids no es comportaven de la mateixa
manera, el que indicava que la capacitat de travessar la membrana cel-lular depenia en
bona part de les modificacions estructurals introduides a través de les cadenes laterals
en la posici6 o de la prolina. Els resultats d’aquestes quantificacions també varen
mostrar que 1’entrada dels nostres y—péptids no era tant efectiva com la del Tat, perd que
com a primera aproximacio era forga valida. El péptid 4a fou el que mostra una

capacitat d’internalitzaci6 més elevada.

Des d’un punt de vista aplicat, aquests estudis preliminars sobre el comportament
d’aquests sistemes mostren que els y—péeptids derivats de prolina poden ser uns bons
candidats a transportadors de farmacs. Tot i que I’entrada en cel-lules d’aquests
compostos sembla ser menor que la del Tat, aquests peptidomimetics poden arribar a
tenir algun avantatge. Aixi doncs, péptids naturals amb la capacitat de travessar la
membrana cel-lular tenen toxicitats elevades, a més a més de ser metabolitzats
rapidament per 1’acci6 de les proteasses. Aquesta rapida degradacid fa que per tal
d’obtenir una resposta bona, s’hagi d’augmentar la dosis, augmentant aixi la toxicitat. El

fet que els y—peptids mostrin una toxicitat baixa o nul-la i una elevada estabilitat en front
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a les proteasses, fa pensar en el seu us com a transportadors de farmacs. Encara que
I’eficacia de penetracid que mostren els nostres peptidomimetics no es troba al nivell
dels péptids descrits a la literatura, el fet de no degradar-se pot fer que la dosis efectiva
a administrar per tal d’obtenir una resposta sigui inferior a la d’un compost que es
degradi. Sembla ser que aquestes dues propietats, estabilitat enzimatica i baixa toxicitat,
poden arribar a jugar un paper clau en I’éxit d’aquests compostos a 1’hora de ser
utilitzats en organismes vius. La descripcido d’aquests compostos obre el cami a la
sintesi de nous analegs amb millors propietats penetradores 1 millors solubilitats, que ara

per ara sembla ser el problema més gran a superar.

2.4.3. Aplicacions dels y-—péptids: transportadors de farmacs i

activitat antimicrobiana

Sembla doncs que la funci6 final d’aquests sistemes, el transport actiu de farmacs, pot
arribar a ser una realitat, ja que el peptid 4a és capag de portar a traves de la membrana
cel-lular una molécula que per si sola no és capag de travessar-la. Amb aquests resultats,
i tot 1 que I’entrada del conjugat 4a-PNA no sembla ser comparable a I’esperat per Argy
o pel peptid transportan, peptids que s’han mostrat més eficacos que Args, sembla ser
que aquests y—peptids poden ser un bon punt de partida per al desenvolupament de nous
analegs amb unes millors capacitats. A més a més, 1’existéncia d’un segon mecanisme
d’entrada que permet tenir directament el conjugat al citoplasma, sense haver de fer
tractaments addicionals per tal d’alliberar-lo dels endosomes, podria ser un gran
avantatge ja que n’evitaria la destruccid en els endosomes, augmentant-ne aixi
I’activitat. Aquests experiments estan actualment essent acabats al laboratori del Prof.

Peter Nielsen.

L’activitat microbicida dels y—péptids sintetitzats en aquest treball es va provar amb
Leishmania. L’aparici6 de resisténcies contra els farmacs actuals ha fet créixer la
necessitat de trobar nous farmacs per aquesta malaltia infecciosa. Assaigs preliminars
de D’activitat leishmanicida dels y—péptids han mostrat que unicament el peptid 5
inhibeix totalment la proliferaci6 de promastigots de Leishmania amb un MIC de 30
uM. L’ tnic y—peptid capag de causar una despolaritzacié de la membrana també fou el

5, el qual no va afectar a la permeabilitat d’aquesta pero si que causa mort cel-lular.
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Aix0 significa que el péptid travessa la membrana sense formar porus i afecta
interiorment altres estructures vitals, com podrien ser les mitocondries. Aquests
resultats obren la possibilitat de trobar analegs d’aquests y—péptids més actius contra la

leishmaniasis.
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2.5. CONCLUSIONS

120

S’ha dissenyat i optimitzat la sintesi en fase solida d’una nova familia de
y—peéptids derivats de la cis-y-amino-L-prolina. Aquest procés permet la
derivatitzaci6 en fase solida d’aquest tipus de compostos, fent possible la sintesi

d’un ampli rang d’estructures utilitzant la quimica combinatoria.

L’estudi estructural d’aquest tipus d’oligomers per técniques de dicroisme circular
1 ressonancia magnética nuclear ha donat com a resultat que aquests oligomers
poden adoptar llagos Cy, donant en una estructura regular una série de girs

concatenats d’aquest tipus, estructura que també es pot descriure com a helix 9.

Els y—péptids derivats de la cis—y—amino-L—prolina tenen la capacitat de travessar
la membrana cellular de cel-lules eucariotes. L’eficacia penetradora de cada
y—peptid depeén de la naturalesa de les cadenes laterals introduides en les posicions
a de la prolina. Aixi, mentre per la familia N”-acil el mecanisme principal de
translocacié sembla ser I’endocitosi, per la familia N“-alquil hi semblen coexistir

dos mecanismes de translocacio diferents.

El y—peptid 4a pot transportar fins a I’interior de cél-lules eucariotes molécules
amb una baixa permeabilitat a la membrana cel-lular, el que, juntament amb la
seva baixa toxicitat i elevada estabilitat en front a proteasses, el converteix en un

bon candidat per ser utilitzat en aplicacions in vivo.

El y—peptid 4a té propietats moderades anti-leishmanicides, el que obre la

possibilitat de trobar nous analegs més actius.
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Capitol 3. Sulfamats. Inhibidors de les aminoacil-tRNA sintetasses

3.1. INTRODUCCIO

L’esperanga de vida s’ha practicament doblat al llarg dels ultims 70 anys. Sén molts
els factors que han intervingut en aquesta disminucié de la mortalitat, pero un dels més
importants ha estat el desenvolupament d’antibiotics, que comenga Alexander Fleming
al 1928 amb el descobriment de la penicil-lina. La penicil-lina bloqueja una etapa
essencial de la transpeptidacié durant la biosintesi de la paret cel-lular en
microorganismes com el S. aureus formant un intermedi penicinil-lic. Tot 1 I’efectivitat
mostrada en un primer moment per aquest antibiotic, al llarg dels anys els
microorganismes han desenvolupat diferents mecanismes de resisténcia, com son
I’hidrolisi de I’anell B—lactamic mitjangant 1’accié de les p-lactamasses, ’alteracié de
I’unié de la penicil-lina a les proteines, la disminucié de I’entrada a la cel-lula o
I’activacio de 1’eliminaci6 del farmac (1). Les resistencies desenvolupades contra la
penicil-lina s’han anat repetint després del desenvolupament de cada nou antibiotic, com
les quinolones, la meticilina o la vancomicina (figura 1). Aquest ultim és el farmac
escollit per al tractament d’infeccions letals derivades de I’S. Aureus (2), tot i que tenint
en compte la lligd apressa amb la penicil-lina, sembla que I’aparicié massiva

d’organismes resistents a la vancomicina €s només cosa de temps.
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Figura 1. Evolucid de I’efectivitat d’alguns antibidtics al llarg del segle passat.
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L’aparicié de resisténcies ha motivat la necessitat de desenvolupar nous antibiotics
per tal de poder lluitar contra els microorganismes. Per aconseguir-ho, la tendéncia
actual ha estat buscar noves dianes terapeutiques, la majoria involucrades en processos
essencials per al creixement de la cel-lula. Aquestes es poden dividir en dos grups,
segons si la diana en qiiestio és unica del microorganisme i no té homoleg en c¢l-lules
eucariotes o si per al contrari si que en té. La penicil-lina i la vancomicina sén exemples
que actuen en dianes del primer grup, ja que els dos inhibeixen una etapa de la
biosintesi de la paret bacteriana, que no es troba en les c¢l-lules dels mamifers. La
utilitzacio d’aquests farmacs fa que la probabilitat d’interferir en alguna etapa
bioquimica de les cel-lules de mamifers sigui menor, disminuint-ne aixi la toxicitat

(figura 2).
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Figura 2. Principals tipus d’antibiotics que actuen Unicament contra algun procés unic en ce¢l-lules

procariotes, com la biosintesi de la paret bacteriana.

La resta d’antibiotics actuen sobre funcions essencials que tant es troben en les
cel-lules del patogen com en les de I’hoste. Per tant, per tal d’evitar toxicitats, han de
diferenciar entre la diana del patogen i la humana. El nombre de dianes en aquest cas €s
forga més gran, ja que la majoria de funcions essencials s’han conservat al llarg de
I’evolucid. Algunes d’aquestes dianes terapeutiques pertanyen al sistema de traduccid,
sobre les quals hi actuen alguns antimicrobians com els aminoglicosids, les macrolides

o les tetraciclines (figura 3). Entre les dianes d’aquests antibiotics hi ha les subunitats
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ribosomals 30S 1 50S, en les quals es busca inhibir la biosintesi de proteines en els
patogens sense inhibir la biosintesi en I’hoste. Aquests antibiotics es solen utilitzar
contra microorganismes que sOn resistents o insensibles a les principals families
d’antibiotics com les penicil-lines, meticilines, etc.. Tot i aix0, aquests compostos
presenten algun problema, com la baixa disponibilitat per via oral o toxicitats elevades

en humans, a més de les resisténcies que han aparegut per a molts d’ells (3).
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Figura 3. Principals antibidtics que actuen en alguna etapa de la biosintesi de proteines.
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Entre les dianes del sistema de traduccio sobre les que actuen alguns antibiotics s’hi
troben els ribosomes, algunes proteines especifiques d’aquests o els RNAs ribosomals, a
més de factors d’iniciacié de cadena, d’elongacio, de translocacié o de terminaci6. Una
de les dianes terapeutiques sobre les que en els ultims anys s’ha mostrat molt interés son
les aminoacil tRNA sintetasses (aaRS), enzims essencials en tots els organismes vius.
Les aaRS catalitzen la transferencia d’aminoacids als seus corresponents tRNAs
formant el complex aminoacil-tRNA, que forma part del procés de sintesi de proteines.
La reacci6 d’aminoacilacio procedeix en dues etapes (figura 4). En la primera etapa es
condensa 1’aminoacid a una molecula d’ATP formant-se aixi el complex aminoacil
adenilat i una molecula de pirofosfat. En la segona etapa, gracies a la catalisi de la
tRNA sintetassa, es transfereix 1’aminoacid al tRNA. Aquest procés és essencial en tots
els patogens cel-lulars, el que converteix aquests enzims en dianes terapeutiques forga

interessants en la cerca de nous compostos antiinfecciosos.
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Figura 4. Reaccio d’aminoacilaci6.
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En general, en cel-lules procariotes hi ha una sintetassa per a cada aminoacid (4), 1
es troben dividides en dos grups de 10 enzims segons I’estructura del seu centre actiu.
Aixi, les sintetasses de classe I son normalment enzims monomerics 1 uneixen 1’acid
carboxilic de I’aminoacid a transferir a través de I’hidroxil 2’ del seu corresponent
tRNA. Els enzims de classe II son normalment dimers o tetramers, 1 enganxen
I’aminoacid a I’hidroxil 3’ terminal del seu corresponent tRNA, excepte la tRNA

sintetassa PheRS que utilitza I’hidroxil 2’ (figura 4). En la figura 5 es mostren les

estructures de Raig X de dues sintetasses.

Figura 5. Estructura determinada per Raig X (A) d’una sintetassa de classe I, I’arginil-tRNA
sintetassa complexada amb el tRNA-Arg (5) i (B) d’una sintetassa de classe II, la lisil-tRNA sintetassa

formant un complex amb la lisina (6).

S’ha demostrat que algunes drogues poden inhibir la sintetassa del patogen sense
afectar I’homologa humana. L’inhibici6 d’aquests enzims en el patogen porta a una
parada eventual de la sintesi de proteines i del creixement cel-lular, convertint-les en
unes dianes for¢a prometedores. L’acid pseudomonic (mupirocina) (figura 3) és un
producte natural sintetitzat per Pseudomonic fluorescence (7) que actua directament en
la traduccio, inhibint la isoleucil-tRNA sintetassa de patogens Gram positius, com S.

aureus, S. epidermidis 1 S. saprophyticus, 1 contra microorganismes Gram negatius com
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Haemophilus influenzae, Neisseria gonorrhoeae o Neisseria maningitidis. Es actiu
contra alguna soca d’S. aureus aillada en hospitals resistent a la penicil-lina, a la
meticil-lina 1 altres antibiotics (8). La virtut d’aquest farmac és que és uns 8000 cops
més actiu contra la isoleucil-tRNA sintetassa del patogen que no pas contra la humana
(9), tot 1 que la seva nul-la biodisponibilitat sisttmica en limita 1’us a aplicacions
externes com infeccions de la pell (10). A més a més de la mupirocina, s’han descrit
altres productes naturals inhibidors de diverses sintetasses com ara la borrelidina (Thr)
(11,12), la furanomicina (Ile) (13), la granaticina (Leu) (14), la indolmicina (Trp) (15),
I’ocratoxina A (Phe) (16) o la cispentacina (Pro) (17) (figura 6A).

El fet de poder inhibir de forma especie-especifica les sintetasses ha fet pensar en el
desenvolupament de nous farmacs que tinguin com a diana alguna de les tRNA
sintetasses del patogen. Aixo pot ser realment factible ja que aquests enzims tenen
caracteristiques que permeten el seu estudi, com és una alta solubilitat, una estabilitat
relativament elevada, son facils d’expressar, facils de purificar i es poden obtenir en
quantitats raonables. A més a més, es coneix l’estructura de Raig X de moltes
sintetasses soles o complexades (18), aixi com el seu mecanisme d’acci6 en la reaccid
d’aminoacilacié. Amb aquesta informacio, el disseny racional d’inhibidors d’aquests
enzims sembla una realitat, obrint la possibilitat de trobar inhibidors menys complexes
que els productes naturals, i per tant més assequibles sintéticament. Si bé aquests
aspectes son forca esperangadors de cara a trobar nous antibiotics dirigits a aquestes
dianes, s’ha d’anar amb compte ja que una insuficient selectivitat per la sintetassa del

patogen respecte a la humana pot causar toxicitats elevades.

Amb la idea de millorar I’estabilitat in vivo de la mupirocina, se n’ha descrit forga
analegs (figura 6B) (19,20). Molts han donat bons resultats en assaigs in vitro, amb
constants d’inhibici6 del mateix ordre que la mupirocina, tot i que no n’han millorat els
resultats in vivo. Glaxo Smith Kline (GSK) ha descrit en diferents patents
(21,22,23,24,25,26) noves families d’inhibidors basats en 1’acid pseudomonic que
contenen sulfamats selectius de la isoleucil-tRNA sintetassa, tant de bacteries gram-
positiu com gram-negatiu. Aquests sulfamats poden ser utilitzats en el tractament
d’infeccions bacterianes, incloses algunes resistents a altres antibiotics com la

meticilina, les macrolides o fins i tot a la mupirocina.
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Figura 6. Exemples representatius d’inhibidors d’alguna tRNA sintetassa, (A) productes d’origen

natural, (B) derivats de 1’acid pseudomonic i (C) basats en el complex aminoacil adenilat.
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Una altra estratégia utilitzada en la cerca d’inhibidors de les sintetasses ha estat
inspirar el seu disseny en el complex aminoacil adenilat (figura 6C) (27,28,29,30). Les
modificacions en aquest tipus de mimetics s’han centrat basicament en canviar I’enllag
fosfat del complex aminoacil adenilat per altres unions no hidrolitzables, com ara fer
I’uni6 entre la ribosa i I’aminoacid mitjancant un enllag sulfamat o sulfamida o bé
canviar el grup carbonil de I’aminoacid unit al fosfat per un metile. En altres dissenys
s’ha canviat 1’anell d’adenina per altres bases (purina, citosina, uridina o
dihidrocitosina), no donant massa bons resultats i demostrant aixi la importancia de
I’adenina a I’hora d’unir-se a ’enzim (31). Alguns mimetics inspirats en el complex
aminoacil adenilat presenten inhibicid especie-epecifica 1 activitat antimicrobiana, el
que obre la possibilitat de desenvolupar farmacs que inhibeixin la sintetassa del patogen
sense afectar-ne ’homologa humana. Tot 1 aix0, aquests compostos solen mostrar una
activitat cel-lular limitada, degut a la pobre penetracio a través de la membrana cel-lular,
1 per tant sembla que encara s’esta lluny de trobar candidats que arribin a fases cliniques
(25). Tenint en compte 1’homologia del centre actiu de les diferents sintetasses, €s facil
pensar en la possibilitat de desenvolupar inhibidors capagos d’actuar sobre diverses
sintetasses a la vegada, el que amb molta probabilitat faria retardar 1’aparicié de

resisténcies ja que es requeririen mutacions a multiples dianes (79).
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Figura 7. Exemples representatius de nous inhibidors de tRNA sintetasses obtinguts utilitzant

técniques de HTS.
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A més a més d’aquestes estrategies, també s’han utilitzat técniques de high-
throughput screening (HTS) per tal de cercar nous agents antiinfectius basats en
estructures de novo capagos d’inhibir les sintetasses (32,33,34) (figura 7). A pesar dels
resultats prometedors obtinguts en el disseny de nous inhibidors de les tRNA
sintetasses, encara queda millorar-ne la selectivitat abans no s’arribi a farmacs com la
mupirocina, que té una selectivitat excellent per la isoleucil-tRNA sintetassa de
cel-lules procariotes. Tot i que s’han dissenyat bons candidats mitjangant models
moleculars automatitzats utilitzant les diferéncies entre les sintetasses dels patogens i les
humanes, s’ha vist que les bones inhibicions obtingudes in vifro no s’han acabat
corresponent in vivo. Aix0 s’atribueix a ’alta polaritat dels inhibidors, els quals son
incapacos de travessar la paret bacteriana. Aixi, en el disseny racional d’inhibidors de
les sintetasses s’ha de tenir en compte aspectes com aquest, tot i que el baix nombre de
mimetics del complex aminoacil adenilat no permet fer encara prediccions de
permeabilitat o altres propietats farmacologiques. Donat que ja s’han descrit algunes
resisténcies per a la mupirocina (35,36,37), el descobriment de nous inhibidors és una

necessitat cada cop més gran.
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3.2. OBJECTIUS

En aquest capitol de la tesis ens varem plantejar la sintesi en fase solida d’una llibreria

d’inhibidors de la lisil-tRNA sintetasa (LysRS) de Plasmodium falciparium. Per aixo

tinguérem que posar a punt un metode de sulfamoilacié en fase solida, reaccidé que no

havia estat descrita abans utilitzant aquesta metodologia sintética. Aixi, en aquest

capitol ens varem plantejar dos objectius:

1.

El primer objectiu fou el desenvolupament d’una sintesi eficient de sulfamats en
fase solida. En aquest capitol, varem provar diferents metodes de sulfamoilacio
en fase solida, metodes que havien estat préviament descrits en solucid. Un cop
optimitzat el protocol de sulfamoilacié treballant amb hidroxiprolina, varem

sulfamoilar diferents alcohols per demostrar la versatilitat del metode.

La resistencia que han presentat al llarg dels anys els microorganismes
desenvolupant sistemes de resisténcia als antibiotics convencionals fa que el
desenvolupament de nous farmacs sigui del tot imprescindible. Aixi, 1’altim
objectiu d’aquesta tesi fou la sintesi d’una llibreria de compostos amb la finalitat
de cercar inhibidors de la lisil-tRNA sintetassa (LysRS) del Plasmodium
Falcipaium, parasit causant de la malaria. La sintesi es féu un cop més en fase

solida utilitzant plataformes trifuncionals derivades de prolina.
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A straightforward solid-phase synthesis of sulfamate peptidomimetics is described. Several structurally different
hydroxy acids, with their corresponding alcohols protected, were coupled to the Rink Amide MBHA resin. After
deprotection, sulfamoylation occurred with sulfamoyl chloride in dimethylacetamide. Acylation with Boc-Phe-OH, as
model amino acid, and standard solid-phase coupling reagents then rendered the sulfamate moiety. Further
manipulation of these compounds, followed by acidolytic cleavage using TFA, led to the final sulfamate

peptidomimetics.

Synthetic sulfamide- and sulfamate-based compounds
play crucial roles in a broad range of biological processes.
For example, a number of sulfamide analogues show
therapeutic application as inhibitors of the HIV-
protease,”” such as carbonic anhydrase inhibitors,’ or as

" Institute for Research in Biomedicine.

§ Combinatorial Chemistry Unit.

i Department of Organic Chemistry.
(1) Abbreviations: Alloc, allyloxycarbonyl; Boc, tert-butoxycarbonyl;
DCM, dichloromethane; DHP, 3,4-dihydro-2H-pyrane; DIEA, N,N-
diisopropylethylamine; DIPCDI, N,N’-diisopropylcarbodiimide; DMA,
N,N-dimethylacetamide; DMAP, N,N-4-dimethylaminopyridine; DME,
ethylene glycol dimethyl ether; DMF, N,N-dimethylformamide; Fmoc,
9-fluorenylmethoxycarbonyl; HATU, N-{(dimethylamino)-1H-1,2,3 -
triazolo-[4,5-b]pyridin-1-yl-methylene } -N-methylmethanaminiumhexa-
fluorophosphate N-oxide; HFA, hexafluoroacetone; HIV, human
immunodeficiency virus; HOBt, 1-hydroxy-1,2,3-benzotriazole; MBHA,
p-methylbenzhydrylamine; MeOH, methanol; p-TsOH, p-toluensulfonic
acid; RP-HPLC, reversed-phase high  performance liquid
chromatography; SPPS, solid-phase peptide synthesis; TFA,

potent and selective Ps-adrenergic receptor agonists.’
Furthermore, sulfamate derivatives show therapeutic
properties as steroid sulfatase inhibitors,” or as
aminoacyl-tRNA synthetases inhibitors.®

trifluoroacetic acid; THF, tetrahydrofuran; THP, tetrahydropyran; amino
acid symbols denote L configuration.
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Sulfamoyl chloride is a common reagent for the
preparation of sulfamides and sulfamates in solution, and
has been used for the preparation of sulfamides and
sulfahydantoins on resin.” Although sulfamoylation has
become a powerful strategy for the construction of many
sulfamate and sulfamide analogues, to the best of our
knowledge no solid-phase sulfamate synthesis has been
described.®

Scheme 1. Synthesis of dipeptide analogues using Fmoc-
trans-Hyp(THP)-OH.
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Herein, several solid-phase sulfamoylation protocols
were evaluated, working first with frans-hydroxyproline
as alcohol source. This scaffold was chosen because it
was stable under the sulfamoylation conditions and did
not produce secondary reactions such as dehydratation.
Furthermore, the scaffold allowed us to check sulfamate
stability in response to other reactions such as Fmoc and
Alloc deprotection or acylation. A convenient protection
system of the hydroxyl group was required to avoid on-
resin polymerisations. Tetrahydropyrane (THP) was a
useful protecting group, orthogonal to Alloc and Fmoc

A. M.; Purohit, A.; Mahon, M. F.; Reed, M. J.; Potter, B. V. L. J. Med.
Chem. 1999, 42, 3188. (e) Nussbaumer, P.; Lehr, P.; Billich, A. J. Med.
Chem. 2002, 45, 4310. (f) Schreiner, E. P.; Wolff, B.; Winiski, A. P.;
Billich, A. Bioorg. Med. Chem. Lett. 2003, 13, 4313. (g) Hejaz, H. A.
M.; Woo, L. W. L.; Purohit, A.; Reed, M. J.; Potter, B. V. L. Bioorg.
Med. Chem. 2004, 12, 2759.
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chemistry and even compatible with Boc chemistry.’
Fmoc-Hyp(THP)-OH was coupled to the Rink Amide
resin (see Scheme 1) using common coupling reagents in
solid-phase peptide synthesis (SPPS), such as N,N-
diisopropylcarbodiimide (DIPCDI)/1-hydroxybenzo-
triazole (HOBt). THP was then removed by treatment of
the resin with p-TsOH (5 mg/mL) in DCM-MeOH
(19:1), yielding the free alcohol in a quantitative yield.
The sulfamoylation method was then optimised by
working on the Fmoc-Hyp-Rink Amide resin.

Sulfamoylation Optimisation

Several sulfamoylation protocols were tested using
sulfamoyl chloride (10 eq) as a reagent. Given that
sulfamoylation methods of aliphatic alcohols in solution
require a strong base such as NaH (5 eq), the use of this
base was assayed in solid-phase using ethylene glycol
dimethyl ether (DME) as a solvent.'”'" However, this
method did not work properly when adapted to solid-
phase. Although the desired product was detected by
HPLC when a few mg (50 mg) of the resin was used, we
did not attempt to optimise the strategy because this base
was difficult to remove from the resin, even when MeOH
and H,O washings were performed. This problem was
aggravated when the reaction was scaled up to 1 g or
more. Similar problems were obtained when we used
K,CO; (3 eq), alone or in the presence of 18-crown-6 (3
eq) in DCM. The use of weak bases such as NEt; (3 eq)
or DIEA (10 eq) in DMF or DCM was abandoned
because sulfamoylation didn’t work, obtaining the
starting material. This phenomena may arise from the
destruction of sulfamoyl chloride in the presence of a
base, as reported by Sigfrid et al.."?

The use of other solvents which achieve good swelling
of the resin, such as DCM, DMF, or THF without base,
did not yield the sulfamoylated compound, even after
heating the resin at 50 °C or using ultrasounds (data not
shown). In these cases, in addition to the destruction of
sulfamoyl chloride, premature cleavage of compounds
from the resin was also detected."

Bases, in addition to destroying sulfamoyl chloride,
can produce over sulfamoylation. Sulfamoyl chloride can
also react with solvents such as DMF through its formyl
proton, with its consequent destruction. Okada et al.'
described a method that circumvents all these problems,

(9) (a) Kuisle, O.; Quinoa, E.; Riguera, R. J. Comb. Chem. 1999, 64,
8063. (b) Vergnon, A. L.; Pottorf, R. S.; Player, M. R. J. Comb. Chem.
2004, 6,91.

(10) Sulfamoyl chloride was obtained by reaction between
chlorosulfonyl isocyanate (1 eq) and formic acid (1 eq) at 5 °C, followed
by stirring at room temperature until gas evolution ceased and used
immediately.

(11) Graf, R. Chem. Ber. 1959, 92, 509.

(12) Sigfrid, S.; Ina, T.; Margarit, R.; Bernd, U.; Harry, H.; Walter, E.
Steroids 1996, 61, 710.

(13) Sulfamoylation in DCM in absence of base gave the total
premature compound cleavage from the resin. Even when 5 eq of DIEA
or Et;N were used as a base, the prematurely cleaved compound was
detected in the washes collected.

(14) Okada, M.; Iwashita, S.; Koizumi, N. Tetrahedron Lett. 2000,
41,7047.



using sulfamoyl chloride in DMA in the absence of base.
Unlike DMF, DMA cannot react with sulfamoyl chloride
and works as a moderate base, thereby avoiding the use
of additional bases, and consequently, preventing both the
decomposition of sulfamoyl chloride and the over
sulfamoylation of the sulfamoyl group. Given that the
main problem encountered in solid-phase sulfamoylations
is the use of bases, the method not involving these bases
was considered a good alternative and was therefore
tested.

Fmoc-Hyp-Rink Amide resin was treated with
sulfamoyl chloride (10 eq) in DMA for 3 h and gave the
expected final sulfamoylated product in quantitative
HPLC purity.”” To test whether the Alloc protecting
group is compatible with sulfamate synthesis, the same
experiment was performed using Alloc-L-Hyp-Rink
Amide resin. This experiment also gave the same result
(095% by HPLC),. Furthermore, the beauty of this
method is that it may also prevent epimerisation of the o-
carbon of the proline, which easily racemises in strong
basic conditions, such as when using NaH.

Optimisation of Sulfamate Elongation

Sulfamate elongation (Scheme 1, step iv) was then
performed by the acylation of the sulfamoyl group with
Boc-L-Phe-OH (5 eq) as amino acid model, using several
coupling methods (see Table 1). HATU (5 eq) and DIEA
(10 eq) for 2 h gave the best results as coupling method
since the alternative one, which involves DIPCDI/DMAP,
favoured racemization of the incoming protected amino
acid. Deprotection of the N* of hydroxyproline with
piperidine, followed by the coupling of 4-hydroxy-3-
methoxybenzoic acid (5 eq) with DIPCDI (5 eq) and
HOBt (5 eq) and the final acydolytic cleavage with TFA-
H,0 (95:5) gave the expected product 3 with more than
95% purity, as shown by HPLC.

Table 1. Coupling of Boc-L-Phe-OH to the v-
sulfamoyl-Fmoc- proline Rink Amide resin.

Conditions Solvent  Time (h) % HPLC
DIPCDI (5 eq), HOBt (5 eq) DMF 2h -
DIPCDI (5 eq), DMAP (0.5 eq) DCM 16h 50
DIPCDI (5 eq), DMAP (1 eq) DCM 2h 60
DIPCDI (5 eq), DMAP (5 eq) DCM 2h »95
HATU (5 eq), DIEA (10 eq) DMF 2h »95

Testing the sulfamoylation protocol in several
alcohols

The same experiment was performed using Alloc-L-
Hyp-Rink Amide resin. Sulfamoylation in DMA,
followed by the Boc-Phe-OH coupling, removal of the

(15) General procedure for on-resin sulfamoylation in DMA: the resin
(50 mg, 0.035 mmol) was pre-swollen in DMA (1.5 mL) for 30 min. A
solution of sulfamoyl chloride (10 eq) in DMA was then added at 0 °C
and the resin was stirred at room temperature for 3 h. The resin was then
filtered, washed with DMA, DMF, and CH,Cl,. The resin was finally
treated once with 5% DIEA in DMF to remove possible traces of acid
and then washed with DMF and CH,Cl,.

Alloc group with Pd(PPhs), (0.1 eq) in PhSiH; (24 eq)
followed by the coupling of 4-hydroxy-3-
methoxybenzoic acid (5 eq) with DIPCDI (5 eq) and
HOBt (5 eq) and the final acydolytic cleavage with TFA-
H,O (95:5) rendered the expected product 3, thereby
demonstrating the versatility of Alloc chemistry in
sulfamate synthesis.

Once sulfamoylation was demonstrated when working
with Hyp, several kinds of alcohol were assayed. o-
Hydroxy acids (6) and (7) were also sulfamoylated, in
this case working with an hexafluoroacetone (HFA)
protecting/activating scheme (see Figure 1).'° These
compounds are easily accessible from their natural amino
acid counterparts. Also the p-hydroxy acids 2,2-
dimethyl-3-hydroxy-propionic  acid (8) and 3-
hydroxybutyric acid (9) were tested (Figure 1). Finally,
sulfamoylation was also carried out with phenols (10) and
(11) (see Figure 1).

Figure 1. The building blocks used in this study and

the products obtained.
THPQ, o o}
OH ©/\\/ﬂ\
N [6] O
‘ o} 7L CF,
F;C
7

4, Fmoc-Hyp(THP)-OH FiC
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COOH
COOH
it
/jx%L HO OH OMe ol
OH OH
9 10 1
QV
H N
CONH, 2 \*/M\ ~_-CONH,

=Y 2 QL
CONH, HZN\AN/S\O CONH,
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.

HN\/lL \\// 7

CONH, CH,CONH,

\\ // OMe
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o-Sulfamate  peptidomimetics were obtained by
coupling of HFA-a-hydroxy acids derived from Ile (6)
and Phe (7) to the resin in THF for 3h. Sulfamoylation
was performed using the optimised protocol in DMA.
Further functionalization with phenylalanine (Boc-Phe-
OH) and cleavage with TFA-H,O (95:5) gave the

(16) Albericio, F; Burger, K.; Ruiz-Rodriguez, J.; Spengler, J.
Organic Letters 2005, 7, 597.



expected products with over 95% purity in both cases, as
shown by HPLC.

B-Sulfamate peptidomimetics were obtained starting
from hydroxy acids 8 and 9, following the same protocol
stated above, but using DIPCDI (5 eq) and HOBt (5 eq)
as coupling method to incorporate B-hydroxy acids to the
resin."”

The viability of the sulfamoylation protocol was also
tested using two commercially available phenols (10 and
11), which, after being coupled to the resin using
DIPCDI/HOBt, were sulfamoylated and acylated with
Boc-Phe-OH to give the expected products with more
than 95% purity, as shown by HPLC.

Scheme 2. Solid-phase synthesis of sulfamate
peptidomimetics comprising o-hydroxy acids as

monomer units.
[e]
i) O/\O:/io
HN-QD Fe
2 HO

Rink Amide Resin

H
HO gN
(e}

Table 3. Conditions tested in the coupling of HFA-
protected hydroxy acids (5 eq) to the a-sulfamoyl Rink
Amide resin.

i) NH,S0,Cl in DMA 3h ta

(@)

(o)

® 0=

iv) TFA o
< H
-0 NH, HO N-S—0
I
o] o o]

Solvent Base Time (h) % HPLC
DMSO - 7 -
DMSO DMAP (1 eq) 3 5
DMSO DIEA (5 eq) 7 10

DMA - 7 -
DMA DMAP (1 eq) 3 2
DMA DIEA (5 eq) 7 10
THF - 7 -
THF DMAP (1 eq) 3 15
THF DIEA (5 eq) 7 40
THF DIEA (5 eq) 24 60

Detection was by HPLC-MS of product 12 at 220 nm.

Working with the HFA-hydroxy acids 6 and 7,
sulfamate peptidomimetic oligomers were also obtained

(17) When serine and threonine were used as B-hydroxy amino acids,
final products could not be isolated after sulfamoylation because
B—elimination occurred.

as described in Scheme 2, by repeating the sequence of
the o-hydroxy acid protected/activated with HFA
coupling followed by the sulfamoylation. Couplings of
the HFA-hydroxy acids to the sulfamate moiety with THF
proceeded with low yields after long reaction times
because of the low reactivity of the sulfamoyl group.
Thus, this group requires activation with a base, although
the use of bases appears to destroy HFA-hydroxy acids.
A range of solvents and bases were assayed. The best
conditions for this elongation were obtained when DIEA
in the THF was used (see Table 3). Compound 18 was
prepared with 60% purity, as shown by HPLC, and was
then characterised. The low conversion can be attributed
to the destruction of HFA-hydroxy acid in the presence of
bases, which jeopardizes the coupling.

In conclusion, here we developed a high-yield solid-
phase synthesis of sulfamate derivatives. Alcohol-
containing building blocks were incorporated on a Rink
Amide through THP or HFA protection. The resin was
stable to the conditions applied to remove THP.
Sulfamoylation was performed effectively with sulfamoyl
chloride in DMA. The presence of side-chain protected
amino functions opens the possibility of adding more
diversity. Our approach, which is compatible with
Fmoc/Boc/Alloc protection, provides a useful and
efficient tool for the preparation of new sulfamate
peptidomimetics
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Solid-Phase Synthesis of Sulfamate Peptidomimetics

Josep Farrera-Sinfreu, Fernando Albericio, and Miriam Royo

Supporting Information

Experimental section

General Procedures. Solid—Phase Synthesis. Manual SPS was carried out in
polypropylene syringes (disposable reaction vessels) equipped with a porous
polypropylene disk at the bottom. Syringes of variable volume were used depending on
the initial dried resin quantity. Typically, resin was added to the syringe, and then the
solvent used in the following reaction was added to create a slurry. The resin was
washed with the solvent (3 mL of solvent per 1 mL of swollen resin). The mixture was
stirred using a Teflon rod for a given time, and after finishing the treatment, the solvent
was removed by suction. When about to carry out a reaction, the bottom part of the
syringe was capped using a septum, and then the solvents and reagents were added.
After manual stirring using a Teflon rod for 3 minutes, the mixture was allowed to react
for a given time with a shaker agitation. Washings between deprotection, coupling and
subsequent deprotection steps were carried out with DMF (5 x 1 min) and DCM (5 x 1
min) using 10 mL solvent/g resin each time.

Fmoc group removal. (i) DMF (5 % 1 min); (ii) piperidine/DMF (2:8) (1 x 1 min + 2
X 15 min); (iii) DMF (5 % 1 min).

Alloc group removal. Removal of the Alloc group was achieved with Pd(PPhs)4 (0.1

eq) in the presence of PhSiH3 (24 eq) in CH,Cl, under Ar (2 x 20 min, 25°C).
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THP group removal. Removal of the THP group was achieved with a solution of p-
TsOH (5 mg/mL) in DCM-MeOH (97:3) (2 % 1 h), preceded by a 3 min washings with
the same solution.

Solid-phase hydroxy acids coupling. Syntheses were carried out Rink Amide
MBHA resin. Couplings of different hydroxy acids (5 eq) were carried out with
DIPCDI (5 eq) and HOBt (5 eq) in DMF for 2 h at 25 °C. After the coupling, the resin
was washed with DMF (5 x 1 min) and DCM (5 x 1 min). Couplings were monitored
by the Kaiser test.

Solid-phase HFA-protected hydroxy acid coupling. Rink Amide MBHA resin was
pre-swollen in THF. The HFA-hydroxy acid (5 eq) was then added and the resin was
shaken for 3 h. After that, resin was washed with THF (5 x 1 min), DMF (5 X 1 min)
and DCM (5 % 1 min). Couplings were monitored by the Kaiser test.

General procedure for on-resin sulfamoylations. (a) NaH in DME: the resin (50
mg, 0.035 mmol) was pre-swollen in DME (1.5 mL). A suspension of NaH (14 mg, 10
eq) in DME was then added and the resin was stirred for 2 hours at 50 °C. A solution of
sulfamoyl chloride (10 eq) in DME was then added and the resin was stirred at room
temperature for 15 hours. The resin was then treated with MeOH in order to remove the
excess of hydride and washed with CH,Cl,, MeOH and DMF. (b) In DMA: the resin
(50 mg, 0.035 mmol) was pre-swollen in DMA (1.5 mL) for 30 minutes. A solution of
sulfamoyl chloride (10 eq) in DMA was then added at 0 °C and the resin was stirred at
room temperature for 3 hours. The resin was then filtered, washed with DMA, DMF,
and CH,Cl,. The resin was then washed once with 5% DIEA in DMF to remove

possible acid traces and finally with DMF and DCM.
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Acidolytic cleavage with TFA. Resins were cleaved with TFA/H,0 (95:5) for 2 h at
25°C. TFA was then evaporate, compounds were dissolved in H;O-MeCN and then

lyophilised.

THPQ,

@/OH
N

| (0]
Fmoc

Fmoc-trans-L-Hyp(THP)-OH (4): 3,4-Dihydro-2H-pyrane (1.58 mL, 16.9 mmol)
was added dropwise to a stirred solution of (25,4R)-4-hydroxy-1-Fmoc-
pyrrolidine-2-carboxylic acid (4 g, 11.3 mmol) and PPTS (0.29 g, 1.13 mmol) in
CH,Cl; (50 mL) at 0°C. After 5 min, the ice bath was removed and the mixture was
stirred overnight at r. t.. The solution was extracted with H,O (2 x 100 mL), dried with
anhydrous MgSQ,, filtered, and concentrated under reducer pressure. Acid 2 (4.7 g,
95%) was obtained as a white solid and was used without purification. NMR data agree

the one described at literature.

0
o)
HoN N-4-0,
HY ™
OWNHZ
N
o)
MeO:C(&O
HO

N-(2-Amino-3-phenyl-propionyl) (S5-carbamoyl-1-(4-hydroxy-3-methoxy-

benzoyl)-pyrrolidin-3-yl) sulfamate (3): 'H NMR [CDCls, 400 MHz]: 2.19-2.27 (m,
1H, CHy); 2.62 (dd, 1H, CH,, J = 14.0 Hz, J = 7.8 Hz); 2.86 (dd, 1H, CH,, J = 14.4 Hz,
J=28.8 Hz); 3.22 (dd, 1H, CH,, J=14.4 Hz, J=4.4 Hz); 3.71 (dd, 1H, CH,, J=9.0 Hz,

J = 4.4 Hz); 3.82 (s, 3H, CHs); 3.90 (bb, 1H, CH,); 4.000-4.120 (m, 1H, CH); 4.71 (t,
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IH, CH, J = 8.4 Hz); 5.05 (bb, 1H, CH); 6.80 (d, 1H, CH, J = 8.0 Hz); 7.06 (dd, 1H,
CH, J=8.0 Hz, J = 1.6 Hz); 7.12 (d, 1H, CH, J = 1.6 Hz); 7.17-7.29 (m, 5H, 5 x CH).
3C NMR [CDCls, 100 MHz]: 31.1 (CHy); 35.8 (CH,); 37.7 (CHy); 56.2 (CHy); 57.1
(CH); 57.4 (CH); 59.1 (CH); 111.8 (CH); 114.8 (CH); 122.0 (CH); 127.9 (CH); 129.4

(CH); 129.7 (CH).

\\//
HoN
\/’k \qONHZ

N-(2-Amino-3-phenyl-propionyl) (1-carbamoyl-2-methyl-butyl) sulfamate (12).

'H NMR [CD;0D, 400 MHz]: 0.94 (t, 3H, CH3, J = 7.2 Hz); 1.07 (d, 3H, CH;, J = 6.8
Hz); 1.22-1.31 (m, 1H, CH,); 1.51-1.57 (m, 1H, CH,); 2.04-2.09 (m, 1H, CH,); 3.08
(dd, 1H, CH,, J = 14.8 Hz, J = 8.4 Hz); 3.30-3.34 (m, 1H, CH,); 3.87 (dd, 1H, CH, J =
8.4 Hz, J= 4.8 Hz); 4.67 (d, 1H, CH, J = 3.6 Hz); 7.28-7.34 (m, 5H, 5 x CH). C NMR
[CD;0D, 100 MHz]: 11.0 (CH3); 14.8 (CHs); 23.6 (CH,); 37.3 (CH); 37.7 (CH,); 57.0

(CH); 81.7 (CH); 121.4 (CH); 128.8 (CH); 129.5 (CH).

HN \)k \\//

el

N-(2-Amino-3-phenyl-propionyl) (1-carbamoyl-2-phenyl-ethyl) sulfamate (13):

_CONH,

'H NMR [DMSO-ds, 400 MHz]: 3.08-3.12 (m, 2H, 2 x CH.); 3.28-3.36 (m, 2H, 2 x
CH,); 3.73 (dd, 1H, CH, J = 6.8 Hz, J = 5.2 Hz); 4.817 (t, 1H, CH, J = 5.0 Hz); 7.16-

7.28 (m, 10H, 10 x CH); 7.74-7.76 (bb, NH,); 7.90 (bb, NH).
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N-(2-Amino-3-phenyl-propionyl) (2-carbamoyl-2-methyl-propyl) sulfamate (14):
'H NMR [CD;0D, 400 MHz]: 1.21 (s, 3H, CHs); 1.22 (s, 3H, CHs); 3.03 (dd, 1H, CH,,
J=14.4 Hz, J= 8.6 Hz); 3.31-3.35 (m, 1H, CH,); 3.86 (dd, 1H, CH, J=8.6 Hz, J=5.2
Hz); 4.01 (s, 2H, CH,); 7.28-7.35 (m, 5H, 5 x CH). °*C NMR [CD;0D, 100 MHz]: 23.0
(CHs3); 23.1 (CH3); 38.5 (CHy); 43.5 (C); 58.3 (CH); 75.7 (CHyp); 128.5 (CH); 130.0

(CH); 130.6 (CH); 136.7 (C).

N-(2-Amino-3-phenyl-propionyl) (2-carbamoyl-1-methyl-ethyl) sulfamate (15):
'H NMR [CD;0D, 400 MHz]: 1.20 (d, 3H, CHs); 2.30-2.34 (m, 2H, CH,); 2.98-3.10
(m, 2H, CH,); 4.08-4.20 (m, 1H, CH); 4.70-5.00 (m, 1H, CH); 7.28-7.40 (m, 5H, 5 x
CH). C NMR [CD;OD, 100 MHz]: 22.1 (CHs); 39.0 (CH,); 44.1 (CHy); 54.5 (CH);

64.6 (CH); 127.6 (CH); 128.9 (CH); 129.3 (CH); 138.8 (C).

O 0]
O\\// OMe
= H

©/ CONH,

N-(2-Amino-3-phenyl-propionyl) (4-carbamoyl-2-methoxy-phenyl) sulfamate

(16): "H NMR [DMSO-ds, 400 MHz]: 2.41 (dd, 1H, CH,, J = 14.2 Hz, J= 7.6 Hz); 2.64

(dd, 1H, CH,, J = 14.2 Hz, J= 5.2 Hz); 3.21-3.27 (m, 1H, CH); 3.31 (s, 3H, CHs); 6.75
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(m, 5H, 5 x CH); 6.92 (d, 1H, J = 2.0 Hz); 6.93 (s, 1H, CH); 6.01 (d, 1H, CH, J= 2.0
Hz); 7.32 (bb, 4H, 2NH,); 7.43 (bb, 1H, NH). °C NMR [DMSO-d,, 100 MHz]: 36.3
(CH,); 55.3 (CHs); 55.6 (CH); 111.5 (CH); 119.2 (CH); 120.7 (CH); 126.3 (CH); 127.9

(CH); 129.0 (CH); 130.2 (CH); 136.2 (C); 142.9 (C); 150.0 (C); 166.7 (C); 171.4 (C).

00 0 g
n S
R

©/ CH,CONH,

N-(2-Amino-3-phenyl-propionyl) (4-carbamoylmethyl-2-chloro-phenyl)

sulfamate (17): 'H NMR [CD;OD, 400 MHz]: 1.70 (dd, 1H, CH,, J= 14.8 Hz, J = 8.8
Hz); 2.02 (m, 1H, CHa); 2.20 (s, 2H, CH,); 2.61 (dd, 1H, CH, Jen.cio= 8.8 Hz, Jop.cn =
4.8 Hz); 5.93 (dd, 1H, CH, Jen.ci= 8.4 Hz, Jopcu = 2.0 Hz); 6.03 (m, 5H, 5CH); 6.13
(d, 1H, Jecn = 2.0 Hz); 6.19 (d, 1H, CH, Jen.c= 8.4 Hz). *C NMR [CD;OD, 100
MHz]: 38.4 (CH,); 42.3 (CHy); 58.3 (CH); 124.6 (CH); 128.1 (CH); 128.5 (CH); 129.5
(CH); 130.0 (CH); 130.6 (CH); 132.0 (C); 135.8 (C); 136.5 (C); 147.9 (C); 174.6 (C);

176.0 (C).

o O O
Y4 o

Ho NS0
H NH;

(1-Carbamoyl-2-phenyl-ethyl) N-(2-Hydroxy-3-phenyl-propionyl) sulfamate (18):

'H NMR [DMSO, 400 MHz]: 2.81 (dd, CH,, J = 14.2 Hz, J = 7.6 Hz); 3.05 (dd, 1H,
CH,, J = 14.2, J= 4.0 Hz); 3.22 (dd, CH,, J = 5.8 Hz, J = 3.0 Hz); 3.57 (dd, 1H, CH,, J
=5.8,J=1.6 Hz); 4.18 (dd, 1H, CH, J = 7.6, ] = 4.0 Hz); 5.21 (m, 1H, CH); 7.25-7.30

(m, 10H, 10 x CH).
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Solid-Phase Combinatorial Synthesis of a Lysyl-tRNA

Synthetase (LysRS)' Inhibitory Library

INTRODUCTION

The continuous emergence of resistances to antibiotics has led to intensive search for
new anti-infectives.” The main line antibiotics such as penicillin or vancomycin are
addressed to targets located in prokaryotic cells and not in the eukaryotic ones. For
example, these antibiotics inhibit a step in the cell wall synthesis. Other drugs are
intended for cell growth essential functions that are common in prokaryotic and
mammalian cells. However, this last strategy increase the likelihood of interfering with
mammalian cells, increasing in this way the toxicity of the drugs due to the similarity of
the targets of the pathogen and the host cells.

In the war against microorganisms, there are different targets of the translation
apparatus, including the ribosomes, specific ribosomal proteins, ribosomal RNAs, and
factors for chain initiation, elongation, translocation, and termination. Several
antibiotics, such as aminoglycosids, macrolides or tetracyclines, can be used to treat
infections by microorganisms that are insensitive or resistant to major antibiotics. These
drugs interact with the 30S or 50S ribosomal subunits, thereby blocking protein
synthesis in a specific pathogen but not in mammalian cells. Nevertheless, these
therapeutic agents have a number of limitations, such as lack of oral availability,

toxicity in humans, and even resistance.’
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Thus, aminoacyl-tRNA synthetases (aaRS) comprise new targets that have been
studied intensively in recent years.* These enzymes catalyze the transfer of specific
amino acids to their corresponding tRNAs to form aminoacyl-tRNAs, which are used in
protein biosynthesis. Since aminoacylation is essential in all living organisms, these
enzymes have attracted much attention as promising antibacterial targets for the
development of new drugs to overcome the resistance caused by mainline antibiotics.
The discovery that pseudomonic acid (mupirocin) inhibits the isoleucyl-tRNA
synthetase in a number of microorganisms, and shows 8000-fold selectivity vs. the
mammalian (with species specificity),” opened up the possibility to use these targets for
the design and search for new antiinfectives.

Taking mupirocin as a model, other synthetase inhibitors have been described. The
design of these new drugs addressed to the tRNA synthetases has been inspired in the
aminoacyl adenylate complex, the mixed anhydride intermediate generated during the
aminoacylation reaction. Since this complex is bound more tightly to the enzyme than
the substrates (amino acid and ATP), generally by two or three orders of magnitude,
analogues based on the adenylate intermediate could potentially bind as tightly as
inhibitors. This hypothesis has been explored by several groups with success, obtaining
other tRNA synthetases inhibitors such as borrelidin (Thr),6’7 furanomycin (Ile),8
granaticin (Leu),’ indolmycin (Trp),10 ochratoxin A (Phe)," or cispentacin (Pro)."?

Here we applied a modular combinatorial strategy to obtain new analogue families of
the aminoacyl adenilate complex addressed to inhibit the LysRS of Plasmodium

falciparium (figure 1).
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Figure 1. Representative examples of tRNA synthetase inhibitors, some of them based on the
aminoacyl adenilate complex.

HTyrHN._H.co,H

PSEUDOMONIC ACID C

RESULTS

Library Design

The solid-phase synthesis of a new library of compounds with potential inhibitory
activity against LysRS of Plasmodium is described. The design of the library was based
on the structure of the aminoacyl adenylate complex, formed by an amino acid linked to
an adeninemonophosphate molecule (AMP) (see Figure 1).

The basic structure of this complex is divided into four modular parts, each modified
with a set of suitable mimetics covering a predetermined diversity space. In the present
design, the amino acid moiety was maintained as a lysine. The labile phosphate bond
was stabilized by replacing it by stable non-hydrolizable bioisosters such as amide,
sulfamate, and hydroxamate bonds. The ribose was substituted by trifunctional proline

derived cyclic bioisosters, and the adenine moiety was replaced by several aromatic
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rings and heterocycles. The combination of these four modular parts of the complex
produced distinct aaRS families.

The y-substituted proline derivative (cis-y-amino-L-proline or trans-y-hydroxy-L-
proline), which was the ribose replacement, was attached to the resin through its
carboxylic acid. Since the synthesis was performed in solid-phase, the first point of
diversity was the C-terminal of these peptidomimetics (R;), which were explored by
using diverse linkers or supports, thereby obtaining hydroxamic acids, carboxamides
and carboxylic acids. The library was designed against the synthetase LysRS, and
therefore the amino acid (lysine) was maintained. This amino acid was coupled to the y-
amino position of the proline, thereby exploring several linkages (R,) which imitate the
phosphate bond in the natural complex, including the amide, the sulfamate and the
hydroxamate. The third point of diversity (R3;) was the introduction at the a-amino
position of the proline of several aromatic rings, as well as two heterocycles, which

include the natural adenine moiety (see Table 1).

1 2 3 4 5 6 7 8 9 10
Hydroxamic | c,rhoxamide| Carboxylic
R4 Acid NH Acid — — — — — —
-NH-OH 2 -COOH
R Sulfamate Amide Hydroxamate _
2 | -NH-SO;- -NH- -N(OH)- - — - o T
. o} o
. o o AnAne
Rs CC | e
\¥
OH Br OH OMe o | NN \NJYNH
OH OMe NO, OH OMe OMe OH OH NH, 0

Table 1. Library definition (H-Lys-R,-Hyp(R;)-R; or H-Lys-R,-Amp(R;)-R)).
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General strategy for the solid-phase synthesis

The general strategy for the preparation of the library varied depending on the resin
and the y—amino bond, but in general, it was that shown in Figure 2. Proline derivate
(Alloc-L-Hyp(THP)-OH or Alloc-L-Amp(Fmoc)-OH) was coupled to the resin using
common solid-phase reagents. After removal of the protecting group (PG) from the
y—position of the proline, lysine (protected with Boc in both amine positions) was
introduced. The o—amino position of the proline was then freed and the diversity was
introduced at this point. Finally, compounds were cleaved from the resin in acidic

conditions, which gave the final products defined as S{R;,R,,R;}.

Introduction of Lys

PG-Y, Y, following different Boc
PG removal approaches HN
L@ [ nr Q™
Alioc © Alloc ©
1a(R.} 2a(R}} AIIoc
a a
! ! 3{R;,Rz}
1b{R} 2b{Ry} HN
Boc
a) Alloc-Hyp(THP)-OH or (PPh3)4Pd, PhSiH, DCM
b) Alloc-Amp(Fmoc)-OH N* functionalization
coupling
X
HoN Rz
o] b\( TFA
N
Rs
H2N 5{R17R21R3} 4{R1,R2,R3}

Figure 2. General synthetic strategy for library preparation

First point of diversity (R;)
R; diversity was obtained using distinct linkers and resins. Carboxylic acids and
carboxamides were obtained using MBHA resin with 3-(4-

hydroxymethylphenoxy)propionic acid (AB) and Rink Amide handles respectively.
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Hydroxamic acids were synthesised using the resin obtained by incorporation of Fmoc-
NH-OH into the CI-TrtCl resin in basic conditions."

The first step of the synthesis was the coupling of the proline derivative to the resin.
Two scaffolds were used for this purpose. The first was (25,4R)-THP-4-hydroxy-1-
Alloc-pyrrolidine-2-carboxylic acid [(2S,4R)-Alloc-Hyp(THP)-OH], which, after
coupling to the resin, gave compounds 1a{R;}. This scaffold was used in the synthesis
of sulfamate and hydroxamate peptidomimetics (5{R;,/,R3} and 5{R;3 R3}
respectively). The alcohol of hydroxyproline was protected in order to avoid
polymerisations. THP was chosen as a protecting group because it is compatible with
Boc chemistry and orthogonal to that of Alloc."

The second scaffold was (25,45)-Fmoc-4-amino-1-Alloc-pyrrolidine-2-carboxylic
acid [(25,4S5)-Alloc-Amp(Fmoc)-OH], which, after coupling to the resin, gave
compounds 1b{R;}. This scaffold was used in the synthesis of the amide-linked
peptidomimetics ( 5{R;,2,R3}).

Hydroxamic acids were synthesized in solid phase by incorporation of the two proline
derivatives onto the HoN-O-ClTrt-resin'> using HATU (5 eq) and DIEA (10 eq) as
coupling reagents. This procedure yielded peptidyl resins 1a{/} and 1b{/}.'"® The
reaction was monitored by the ninhydrin test. After removing the protecting groups of
the y-positions, compounds 2a{/} and 2b{/} were obtained.

Carboxamides were obtained by coupling the proline derivative [(2S,4R)-Alloc-
Hyp(THP)-OH or (25,4S5)-Alloc-Amp(Fmoc)-OH] (5 eq) to the Rink Amide resin using
DIPCDI (5 eq) and HOBt (5 eq) as coupling reagents. The reaction was checked with
the ninhydrin test. Finally, Fmoc and THP protecting groups were removed with

piperidine or p-TsOH respectively, thereby yielding compounds 2a{2} and 2b{2}.
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Carboxylic acids were obtained by incorporating [(2S,4R)-Alloc-Hyp(THP)-OH or
(25,4S5)-Alloc-Amp(Fmoc)-OH] (5 eq) onto 3-(4-hidroxymethylphenoxi)propionyl-
MBHA resin using DIPCDI (5 eq) and catalytic amounts of DMAP (0.5 eq). THP and
Fmoc protecting groups were then removed as described above, furnishing compounds

2a{3} and 2b{3}.

Solid-phase lysine introduction in the y—position of the proline ring

Sulfamoylation to render sulfamates was performed following the procedure
optimised previously by our group (see scheme 1),'" which involves the use of
sulfamoyl chloride in DMA in the absence of base. The development of this reaction
without base is crucial as the base can destroy the sulfamoyl chloride, which would
prevent the total incorporation of the sulfamoyl moiety. Boc-Lys(Boc)-OH was then
coupled to the resin using DIPCDI and DMAP (10%) as coupling reagents. To check
the extent of the reaction, a small amount of each resin was cleaved and compounds
3{R;,1} were verified by analytical MS-HPLC. It was not possible to obtain the
hydroxamic compounds 3{/,/} because of premature cleavage of these compounds
during sulfamoylation. This premature cleavage occurred because the acidic lability of

CI-Trt resin could not be solved.

IBoc |C|)
HO, 1) NH,SO,Clin DMA N HN-S-0,
2 2) Boc-Lys(Boc)-OH o)
«(), ©
N N
| o) AII ©
Alloc NH oc
2a{R,} Boc 3R, 1)

Scheme 1. Solid-phase synthesis of sulfamates.
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The second linkage evaluated was the amide bond, which was obtained simply by
using common solid-phase peptide synthesis protocols to render compounds 3{R;,2}.

For the hydroxamate derivatives, Boc-L-Lys(Boc)-NH-OPMB was required, which
was prepared in solution following the strategy described in scheme 2A. N-
Hydroxyphtalimide was protected with p-methoxybenzyl chloride and after treating the
product with hydrazine, Boc-L-Lys(Boc)-OH was coupled, thereby affording the final
protected hydroxamic acid 7. Hydroxamates were then prepared by incorporation of
Boc-L-Lys(Boc)-NH-OPMB, using Mitsunobu conditions (DIAD, Ph;P), to the

hydroxyproline-containing peptidyl resin 2a{R;}, which rendered products 3{R;,3}.

(A) H O ﬁOMe
o] o) _N _0
1) p-MeO-Ph-CH,ClI, /—@OMe 2) NHy-NH, Boc H
N-OH——MM > N-O I N
K,CO3, DMF, 50°C 3) Boc-Lys(Boc)-OH,

o (0] EDC, HOBt
Et3N in DCM HN\BOC
(6) 7
(BILO poc ?PMB 2) Pd (0) ?H
2 N
] 1) Boc-Lys(Boc)-NH-OPMB " ~N 3) N*functionalization HaN N

N Il © W Il4+ © X
‘ o PPhs, DIAD, THF N N N
Alloc NH Alloc 4) TFA NH R O

Boc 2 OH

X =-NH,

-NHOH
Scheme 2. (A) Synthesis of Boc-Lys(Boc)-NH-OPMB. (B) General strategy for the hydroxamate

synthesis on solid phase.

Side chain introduction and cleavage

Once the protected lysine was attached to the resin, syntheses continued by the
deprotection of the a—amino group of the proline using Pd(PPhs)4/Ph3;SiH. The aromatic
moieties were then introduced via a reductive amination using several aldehydes or via
acylation using distinct carboxylic acids (see Table 1). Alkylations and acylations were

performed on resin using the same conditions as reported in a previous study.'®'
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Adenine and guanine derivatives were used with their amines protected with
benzhydryloxycarbonyl (Bhoc), which were removed during the cleavage with TFA.
Alkylations and acylations were monitored with the chloranil test.

Compounds were finally cleaved from the resin. Products from the CI-Trt resin were
cleaved by a two-step process, first with TFA-DCM (3:97) to remove the
peptidomimetic from the resin and then with TFA-H,O (95:5) to remove the Boc
protecting groups of the lysine. Products 5{/,3,R;} were subjected to an extended final

TFA treatment (6 h) in order to remove the p-methoxybenzyl N-hydroxy protecting

group.
Side Chain (R;)
R; and R,
1 2 3 4 5 6 7 8 9 10
5{1,1,R;} - - . - . - - - - -

24 33 10 £ 10 52 48 39 75 51
5{1.2,Rs} /38 /99 /o1 /97 l97 /87 /32 /96 l97 /95
5{1,3,R;} - - - - - - } - - -

S(2LRsy oy Ol Uss s g2 ) Yeo o1 Ylee  Plao
5228 Yl Pl Yoo ke e Pher Pl Plee Plg Py
5{2,3.R;} ) /99 ) Yo ss Chse s Pl By g
5{3,LRs} ) fso s */s1 ’ Yas s Yo Phe s

2 2 28 23 s 36 32 18 46 s
5{3,2.Rs} ; /92 12/96 ]4/99 15/83 ]6/99 17/92 ]9/92 21/92 29/87 27/95
5{3,3,Rs} /71 /71 /88 /84 /48 /o4 /99 /89 /31 /89

Table 2. Library yields® and purities” after purification. “Yields were calculated on the basis of the
weight of product and the initial functionalization of the resin and are shown in the upper left part of each
cell. "Purities were calculated on the basis of integration of the 220 nm UV absorption of the peak of the

expected molecular ion. Purities are shown in the lower right part of each cell.

Products from Rink amide and AB resins were cleaved using TFA-H,O (95:5) for 2 h.
Total removal of p-methoxybenzyl N-hydroxy protecting group from products 5{2-
3,3,R;} also required longer treatment with TFA (total 6 h). Compounds (a total of 70)
were finally purified by a semi-preparative HPLC-MS, which gave the target

compounds with purities of 80% for more than 80% of the library, as determined by
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HPLC (see Table 2). Compounds were characterised by an HPLC equipped with a

PDA, ELSD, and MS detectors. 20% of the library was also characterised by 'H NMR

50% of these compounds were also checked by ~C.

DISCUSSION
Using the AMP as a model, here performed the solid-phase synthesis of a library of

proline derivatives with potential inhibitory capacity against LysRS. The synthetic

strategy developed allowed three points of diversity.

/ H
Q\(N'OH
HaN (Js o) HoN H,oN o)
(0] (0]
1,1 NN 5{2,1,9 NN 5{3,1,9
5{1,1,9} e 3 {2,1,9} & 3 {3,1,9 < - ﬁ
NN NN NN
NH, NH> NH,
NH2 H NH, H NH, H
\\‘S(N \\‘H]/N
f @ ERE g™ RS
HN Lo HN (Loo
5{1,2,9} < 5{2,2,9} <N /Nﬂ 5{3,2,9} N
\N NS N \N N N
NH, NH, NH,
NH2 , NH, OH NH2
. N
J) ZXW J) 0 b\(NHz J) b\r
H2N N O
O
5{1,3,9} < T 5{2,3,9} <NIN( 5{3,3,9} ¢ Ig
\ \
N NS N
NH, NH,

Figure 3. Representative scheme of final compounds 5{R;,R, 9} containing the adenine moiety

R; (C-terminal function) was easily obtained in all the families through the choice of

the solid support (hydroxamic acid, carboxylamide, and carboxylic acid)
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R; (sulfamate, hydroxamate or amide linker) was also obtained for carboxylamide
and carboxylic acid (Rink and AB-MBHA-resin, respectively). With these resins, the
solid-phase synthesis of the sulfamate, described previously by our group, worked well.
The synthesis of hydroxamate analogues using Mitsunobu conditions also performed
well, and was even improved over other similar syntheses described in the literature, as
the excess of reagents could be significantly reduced.'* However, sulfamates and
hydroxamates were not obtained on CI-Trt resin (C-terminal hydroxamic acids). In the
former case, the compound was prematurely cleaved because of the lability of the resin
in the strong conditions used for the synthesis. For hydroxamates, the problem may
have been steric hindrance, which may lead to poor reactivity of the alcohol near the C-
terminus, as reported by others in the N-methylation of a first residue directly attached
to the resin.***'

For R3, no difficulties were encountered for the introduction of the distinct moieties.
Acylations and alkylations of the a—amino group of the proline, described previously by
our group, worked well. Finally, cleavage of the compounds from the distinct resin
batches furnished the final compounds. Products from the CI-Trt resin were treated with
TFA in solution in order to remove the Boc-protecting groups. Products 5{2-3,3,R;}
were also exposed to TFA for longer in order to remove the p-methoxybenzyl N-
hydroxy protecting group.

In general, products were obtained in good purities after purification. The worse
results were obtained for the syntheses performed in Rink amide resin as the compounds
had a free amine at the a—position of the proline (compounds 5{2,R,,/-5}). The main
problem in these syntheses may be the removal of the linker during final cleavage of the

product because of the proximity of a basic point, as described by Yraola et al..”
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The inhibitory properties of this library are currently being tested against LysRS of

Plasmodium .
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EXPERIMENTAL SECTION

General Procedures. Solid—Phase Synthesis. Peptide syntheses were performed
manually in polypropylene syringes, each fitted with a polyethylene porous disc.
Solvents and soluble reagents were removed by suction. Washings between
deprotection, coupling and subsequent deprotection steps were carried out with DMF (5
x 1 min) and DCM (5 % 1 min) using 10 mL solvent/g resin each time.

Fmoc Group removal. (i) DMF (5 % 1 min); (ii) piperidine/DMF (2:8) (1 x 1 min + 2
X 15 min); (iii)) DMF (5 % 1 min).

Alloc Group Removal. Removal of the Alloc group was achieved with Pd(PPhs),
(0.1 equiv) in the presence of PhSiH; (10 eq) in DCM under Ar (2%20 min, 25°C).

THP Group Removal. Removal of the THP group was achieved with a solution of p-
TsOH (5 mg/mL) in DCM-MeOH (97:3) 2 x 1 h, preceded by a 3-min washing with the
same solution.

Sulfamoylations. Sulfamoyl chloride was obtained in situ by adding formic acid
(270 pL, 10 eq) to neat chlorosulfonyl isocyanate (620 pL, 10 eq) at 0°C with rapid
stirring. Vigorous gas evolution was observed during the addition. DMA was then
added (2 mL) and the mixture was stirred at room temperature for one hour. Meanwhile,
resins 2a{R;} (1 g, 1 eq) were preswollen in DMA (5 mL) and stirred at room
temperature for 30 min. The solution of sulfamoyl chloride (10 eq) in DMA was then
added dropwise and resins were stirred at room temperature for 3 h. Finally, resins were
filtered and washed with DMA (3 x 1 min), DMF (3 x 1 min), and DCM (3 x 1 min).

General Method for Hydroxamate Synthesis using the Mitsunobu Reaction. PPhs
(7 equiv) and Boc-L-Lys(Boc)-OPMB (7 equiv) were added to the peptidyl resins

2a{R;} (1 g) pre-swollen in anhydrous DCM (5 mL). Mixtures were shaken until the

163



Resultats

reagents were completely dissolved. DIAD (7 eq) was then added dropwise at 0°C and
the mixture was shaken overnight at room temperature. After that, the solvent was
removed by suction, resins were washed with DCM (5 x 1 min) and then twice with
DMF, DCM, methanol, and finally with DCM.

N%Acylation. After removal of the N*-Alloc group, the a-amino group was acylated
using RCOOH (5 eq), DIPCDI (5 eq) and HOBt (5 eq) in DMF for 2 h at 25 °C. Resins
were washed with DMF (5 x 1 min) and DCM (5 X 1 min). Acylations were monitored
by the chloranil test.

N°?-Alkylation. After removal of the Alloc group, the a-amino group was alkylated
by on-resin reductive amination using RCHO (5 eq) and NaBH;CN (5 equiv) in 1%
HOACc in DMF for 2 h. After the reductive amination, resins were washed with DMF (5
x 1 min) and DCM (5 % 1 min). The reactions were monitored by the chloranil test.

Acidolytic Cleavage with TFA. CI-Trt resins were cleaved by five 30-sec washes
with TFA/CH,Cl, (1:99). Crude products were then evaporate and treated with
TFA/H,0 (95:5) for 2 h at room temperature to remove the protecting groups. Rink
amide and MBHA with handle AB resins were cleaved with TFA/H,O (95:5) for 2 h at
room temperature. TFA was evaporated, and compounds were then dissolved in H,O-
MeCN and lyophilised.

HPLC-PDA-ELSD-ESMS Analysis. HPLC analyses were carried out in a Waters
instrument. Sample was injected to the system with a Waters Alliance 2696 system,
which supplied the HPLC gradient, maintaining the column heater set at 40°C. Flow
proceeded from the column through a Waters 996 photodiode array (PDA) detector,
which monitored wavelengths from 210 to 400 nm. A wavelength of 220 nm was
selected for the analysis of purity. From the PDA, the ImL/min flow was redirected to a

Waters 2420 ELS detector (ELSD) and an electrospray Waters Micromass ZQ MS
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detector by means of a flow splitter (0.5 mL/min each). In the ELSD detector, the
nitrogen pressure was set at 25 psi, the temperature at 40°C, and the gain 135. The
system was controlled by a Micromass Masslyx 4.0. data system. The first analysis was
performed using a gradient with water (containing 0.1% formic acid) and acetonitrile
(containing 0.07% formic acid) and another gradient using the same solvents containing
0.1% of TFA. The gradient used in the analysis was from 0% to 40% of ACN in 10 min.
The column used was a X-Terra C;g of 3.5 um (4.6 x 100 mm).

Purification. All the products were purified in a Waters semi-preparative HPLC
system. Samples were injected automatically using a Waters 2767 sample Manager,
which was also used for collection. The HPLC gradient was supplied by a Waters 600
Controller System. Sample passed through a Symmetry Cig3 5 pm (30 x 100 mm)
column and, in a make up pump, flux was split and only 0.1% was directed to the
Waters 2487 Dual detector and to the electrospray Waters Micromass ZQ MS detector.
The other flux went to the collector, which accumulated the samples when detected.
Purifications were done using a range of gradients with water (containing 0.1% formic
acid) and acetonitrile (containing 0.1% formic acid). The system was controlled by a
Micromass Masslyx 4.0. data system. Fractions were finally lyophilised.

NMR Spectroscopy. NMR spectra were acquired on a Mercury 400 spectrometer.
Compounds were characterized in CD;OD or D,O at 25 °C. One-dimensional spectra
were recorded using several scans, depending on the sample concentration (from 16 to
128 scans in the 'H experiments and between 2000 and 5000 scans for the “C
experiments). Two dimensional spectra, gCOSY and gHSQC, were recorded using
standard pulse sequences. Spectra were processed with VNMR software on a computer.

(25,4R)-THP-4-hydroxy-1-Alloc-pyrrolidine-2-carboxylic acid: 3,4-Dihydro-2H-

pyrane (3.48 mL, 36.6 mmol) was added dropwise to a stirred solution of (25,4R)-4-
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hydroxy-1-Alloc-pyrrolidine-2-carboxylic acid (5.25 g, 24.4 mmol) and p-TsOH (0.47
g, 2.4 mmol) in CH,Cl, (50 mL) at 0 °C. After 5 min, the ice bath was removed and the
mixture was stirred for 2 h at room temperature. Next, the solvent was evaporated and
the solid was dissolved in EtOAc (60 mL) and then extracted with aqueous 0.2 N KOH
(2 x 50 mL). The combined aqueous layers were acidified with 6N HCI to pH 3-4 and
extracted with EtOAc (3 x 50 mL), maintaining the pH between 3—4. The combined
organic extracts were washed with water, dried with anhydrous MgSQ,, filtered, and
concentrated under reduce pressure. The crude product was purified by flash
chromatography to give the final product (6.6 g, 92%) as a colourless oil.

N-Hydroxyphtalimide p-methoxybenzylether (6). p-Methoxybenzyl chloride (17.43
mL, 126 mmol) was added dropwise to a solution of N-hydroxyphtalimide (10.00 g, 63
mmol) and K,COj3 (6.69 g, 48 mmol) in DMSO (70 mL). The reaction was stirred at 24
h, poured into 200 mL of cold water, and kept in ice. Crystals were collected in a
Buchner funnel, washed twice with cold water and dried in vacuum. Product 6 (17.36
g), without purification or characterization, was used in the next step.

Boc-Lys(Boc)-NH-OPMB (7). Hydrazine (3.31 mL, 67.0 mmol) was added to a
suspension of compound 6 (17.36 g, 61.3 mmol) in 200 mL of EtOH. The mixture was
stirred overnight. Hydrochloric acid (1.1 eq) was then added, the precipitate was filtered
off and washed with EtOH (3 x 50 mL) and H,O (100 mL). EtOH was then removed
under vacuum, H,O (250 mL) was added, the mixture was basified, extracted with Et,0O
(4 x 200 mL), dried with MgSO4, and evaporated. O-(4-Methoxy-benzyl)-
hydroxylamine (7.25 g, 78%) was obtained as colorless crystals and was used in the
next step without prior purification.

HOBt (6.76 g, 50.0 mmol) and EDC (11.73 g, 169 mmol) were added to a stirring

solution of Boc-Lys(Boc)-OH (15.90 g, 104 mmol) at room temperature in anhydrous
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DCM (200 mL). After 30 min, compound O-(4-Methoxy-benzyl)-hydroxylamine (7.00
g, 104 mmol) was added. The organic phase was stirred at room temperature overnight
and the mixture was then washed with aqueous 0.1 M HCI, washed with saturate
aqueous NaHCO; (100 mL), dried with MgSQO,, filtered, and concentrated under
vacuum. The crude product was purified by flash chromatography to give the protected
hydroxamic acid 7 (18.53 g, 85%) as a white solid. 'H NMR [DMSO-ds, 400 MHz]:
1.10-1.40 (m, 22H, 2 x CH; and 6 x CH3); 1.44-1.50 (m, 2H, CH,); 2.84-2.88 (m, 2H,
CH>); 3.752 (m, 4H, CH3 and CH); 4.678 (s, 2H, CH>); 6.745 (t, 1H, NH); 6.920 (d, 2H,
2 x CH, J = 8.8 Hz); 7.307 (d, 2H, 2 x CH, J = 8.8 Hz); 11.056 (s, 1H, NH). °C NMR
[DMSO-ds, 100 MHz]: 22.7 (CH,); 28.1 (CHs); 28.2 (CHj3); 29.1 (CHy); 31.5 (CHy);
40.0 (CHy); 52.1 (CH); 55.1 (CHs); 76.3 (CHy); 77.3 (C); 77.9 (C); 113.6 (CH); 127.8
(CH); 130.6 (C); 155.2 (C); 155.5 (C); 159.3 (C); 169.0 (C).

5{1,2,2}. "H NMR [CD;OD, 400 MHz]: 1.43-1.50 (m, 2H, CH,); 1.65-1.70 (m, 2H,
CH,); 1.77-1.90 (m, 2H, CHy); 2.04-2.01 (m, 1H, CHy); 2.78-2.85 (m, 1H, CH,); 2.94
(t, 2H, CH,, J = 7.6 Hz); 3.52-3.53 (m, 2H, CH,); 3.82 (t, 1H, J = 6.8 Hz, CH); 4.03-406
(m, 1H, CH); 4.12 (d, 1H, CH,, J = 12.8 Hz); 4.25 (d, 1H, CH,, J = 12.8 Hz); 4.43-4.52
(m, 1H, CH); 6.89-6.98 (m, 3H, 3 x CH).

5{1,2,9}. "H NMR [CD;0D, 400 MHz]: 1.52-1.58 (m, 2H, CH,); 1.68-1.93 (m, 4H, 2
x CHy); 2.55-2.62 (m, 1H, CH,); 2.95-2.99 (m, 1H, CH>); 3.13 (t, 2H, J = 6.0 Hz, CH>);
3.71-3.73 (m, 1H, CH,); 3.87 (bb, 1H, CH); 4.12 (bb, 1H, CH,); 4.42 (bb, 1H, CH);
4.59 (bb, 1H, CH); 8.07 (s, 1H, CH); 8.19 (s, 1H, CH).

5{2,1,9}. '"H NMR [D,0, 400 MHz]: 1.31-1.43 (m, 2H, CH,); 1.54-1.64 (m, 1H,
CH,); 1.76-1.87 (m, 1H, CHy); 2.13-2.19 (m, 1H, CH,); 2.55-2.61 (m, 1H, CH,); 2.89
(t, 2H, CHy, J = 7.6 Hz); 3.73 (t, 1H, CH, J = 6.4 Hz); 3.94 (dd, 1H, CH,, J = 12.0 Hz,

J=4.0 Hz); 4.05 (d, 1H, CH,, J=12.0 Hz); 4.43 (d, 1H, CH, J = 8.4 Hz); 5.03-5.20 (m,
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3H, CH, and CH); 7.94 (s, 1H, CH); 8.05 (s, 1H, CH); 8.32 (NH). >C NMR [D,0, 100
MHz]: 21.4 (CH,); 26.5 (CH,); 30.5 (CH>); 35.5 (CHy); 39.2 (CH,); 45.6 (CHy); 52.8
(CH); 55.4 (CH); 59.2 (CH); 79.4 (CH); 118.2 (C); 143.0 (C); 149.4 (CH); 152.8 (CH);
155.7 (C); 167.6 (C); 175.6 (C); 175.8 (C).

5{2,2,5}. "H NMR [CD;0D, 400 MHz]: 1.19-1.28 (m, 2H, CH,); 1.44-1.67 (m, 4H, 2
x CH,); 1.81-1.86 (m, 1H, CHy); 2.57-2.64 (m, 1H, CH,); 2.79-2.78 (m, 3H, CH, and
CH); 2.84 (d, 1H, CH,, J = 10.4); 3.24-3.31 (m, 1H, CH); 3.47 (bb, 1H, CH); 3.90 (d,
1H, CH,, J = 12.4); 3.99 (s, 3H, CHs); 4.22 (d, 1H, CH», J = 12.4); 4.29 (bb, 1H, CH);
6.82 (d, 1H, CH, J = 7.6 Hz); 7.36 (d, 1H, CH, J = 7.6 Hz); 7.47 (t, 1H, CH, J = 8.0
Hz); 7.56 (t, 1H, CH, J = 8.0 Hz); 8.25 (d, 1H, CH, J = 8.4 Hz); 8.30 (d, 1H, CH, J =
8.4 Hz); 8.49 (bb, 1H).

5{2,2,7}. '"H NMR [CD;0D, 400 MHz]: 1.40 (bb, 2H, CH,); 1.69 (bb, 2H, CH,); 1.78
(bb, 2H, CH,); 1.96-2.02 (m, 1H, CH,); 2.63-2.67 (m, 1H, CH»); 2.90 (bb, 2H, CH,);
3.53 (bb, 1H, CHy); 3.67 (bb, 1H, CH); 3.89 (bb, 4H, CH; and CH,); 4.35 (bb, 1H, CH);
4.61 (bb, 1H, CH); 6.98 (d, 1H, CH, J = 8.0 Hz); 7.05 (s, 1H, CH); 7.08 (d, 1H, CH, J =
8.0 Hz).

5{2,3,5}. '"H NMR [D,0, 400 MHz]. 1.32-1.40 (m, 2H, CH,); 1.54-1.66 (m, 2H,
CH,); 1.70-1.83 (m, 2H, CH3); 2.00-2.06 (m, 1H, CH); 2.67-2.74 (m, 1H, CH,); 2.90-
2.95 (m, 2H, CH,); 3.01-3.06 (m, 1H, CH,); 3.42-3.48 (m, 1H, CH,); 3.70-3.75 (m, 1H,
CH>); 4.05 (s, 3H, CH3); 4.10-4.14 (m, 1H, CH,); 4.27-4.42 (m, 1H, CH); 4.64 (t, 1H,
CH, J=17.6 Hz); 5.13 (bb, 1H, CH); 6.97 (d, 1H, CH, J=7.8 Hz); 7.48 (d, 1H, CH, J =
7.8 Hz); 7.61 (t, 1H, CH, J= 7.4 Hz); 7.69 (t, 1H, CH, J = 7.4 Hz); 8.24-8.32 (m, 2H, 2
x CH).

5{2,3,8}. '"H NMR [CD;OD, 400 MHz]. The NMR spectrum corresponds to a

mixture of two conformers, in a relative ratio (3:4). 1.41-1.56 (m, 2H, CH,); 1.66-1.75
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(m, 2H, CHy); 1.79-2.01 (m, 1H, CHy); 1.93 (m, 1H, CH); 2.34 (d, 0.6H, CH,, J = 14.5
Hz); 2.48 (d, 0.4H, CH,, J = 14.5 Hz); 2.53-2.61 (m, 0.6H, CH); 2.68-2.76 (m, 0.4H,
CH,); 2.92-2.98 (m, 2H, CH,); 3.50 (d, 1H, CH», J = 12.4 Hz); 3.65 (s, 1H, CH,); 3.69-
3.81 (m, 1H, CHy); 3.93-4.03 (m, 2H, CH and CH,); 4.64 (d, 0.6H, CH, J = 10.0 Hz);
4.72 (d, 0.4H, CH, J = 10.0 Hz); 5.40-5.44 (m, 1H, CH); 6.84 (d, 0.4H, CH, J = 8.4 Hz);,
6.86 (d, 0.6H, CH, J = 8.4 Hz); 6.98 (dd, 0.4H, CH, J = 8.4 Hz, J = 2.0 Hz); 7.03 (dd,
0.6H, CH, J = 8.4 Hz, J= 2.0 Hz); 7.19 (d, 0.4H, CH, J = 2.0 Hz); 7.24 (d, 0.6H, CH, J
= 2.0 Hz). ”C NMR [CD;OD, 100 MHz]. 21.6-21.9 (CH,); 26.7 (CH,); 29.4-29.5
(CHy); 34.7-37.2 (CHy); 39.0-39.1 (CHy); 39.5-39.8 (CH>); 52.5 (CH); 52.6-53.1 (CHy);
58.8-59.3 (CH); 74.4-76.1 (CH); 116.3-116.4 (CH); 120.3-120.4 (C); 126.4-126.7 (C);
128.8-130.6 (CH); 152.1 (CH); 161.7-162.1 (C); 168.7-168.8 (C); 171.6-172.2 (C);
174.6-174.8 (C).

5{2,3,10}. '"H NMR [CD;OD, 400 MHz]. The NMR spectrum corresponds to a
mixture of two conformers. 1.50-1.59 (m, 2H, CH;); 1.69-1.76 (m, 2H, CH,); 1.89-2.01
(m, 1H, CH,); 1.83-2.01 (m, 1H, CHy); 2.32 (d, 0.5H, CH,, J = 14.4 Hz); 2.56-2.63 (m,
1H, CHy); 2.75-2.83 (m, 0.5H, CH,); 2.95-3.01 (m, 2H, CH,); 3.72 (d, 0.5H, CH,, J =
14.4 Hz); 3.90 (d, 1H, CHy, J = 14.4 Hz); 4.00-4.04 (m, 1H, CH); 4.16 (dd, 0.5H, CH,,
J=12.2Hz, J=5.2 Hz); 4.67 (d, 1H, CH, J = 8.4 Hz); 4.78-5.02 (m, 3H, CH; and CH);
5.44 and 5.53 (two d, 1H, CH, J = 4.4 Hz); 7.97 (s, I1H, CH). *C NMR [CD;0D, 100
MHz]. 21.6-21.9 (CH,); 26.7-26.8 (CHy); 29.34-29.5 (CH,); 34.6-37.2 (CH3); 39.1
(CHy); 44.9 (CHy); 52.1-53.3 (CHy); 52.5 (CH); 58.9-59.2 (CH); 74.2-76.1 (CH); 139.2
(C); 154.5 (C); 157.9 (CH); 161.6-167.3 (C); 166.8-167.3 (C); 168.7-168.8 (C); 174.0
(C); 174.5 (C).

5{3,1,6}. "H NMR [CD;0D, 400 MHz]: The NMR spectrum corresponds to mixture

of two conformers. 1.40-1.48 (m, 2H, CH;); 1.56-1.65 (m, 2H, CH,); 1.75-1.84 (m, 2H,
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CHy); 2.31-2.37 (m, 1H, CHy); 2.61-2.67 (m, 1H, CH,); 2.83-2.87 (m, 2H, CH,); 3.03-
3.08 (m, 1H, CHy); 3.59-3.64 (m, 1H, CHy); 3.80 (s, 3H, CHs); 3.98-4.02 (m, 1H, CH);
4.37-4.42 (m, 1H, CH); 5.39-5.48 (m, 1H, CH); 6.87 (d, 1H, CH, J = 7.6 Hz); 8.00 (d,
1H, CH, J= 7.6 Hz); 7.38 (s, 1H, CH).

5{3,2,2}. The "H NMR spectrum corresponds to a mixture of two conformers in a
relative ratio (4:3) '"H NMR [CD;0D, 400 MHz]. 1.43-1.49 (m, 2H, CH;); 1.65-1.73
(m, 2H, CH3); 1.79-1.90 (m, 2H, CH;); 2.22-2.28 (m, 0.5H, CH>); 2.45 (t, 1H, CH,);
2.78-2.86 (m, 0.5H, CH,); 2.91-2.99 (m, 2H, CH,); 3.18-3.23 (m, 1H, CH,); 3.70-3.79
(m, 2H, CH; and CH); 3.86 and 3.86 (s, 3H, CH3); 4.04-4.08 (m, 0.5H, CH); 4.15-4.22
(m, 1.5H, 0.5CH and CH;); 4.33-4.48 (m, 2H, CH and CH,); 6.95-6.99 (m, 3H, 3 x
CH). >C NMR [CD;0D, 100 MHz]. 21.7-21.8 (CH,); 26.9 (CH,); 30.7-30.8 (CH,);
34.3-34.7 (CH,); 39.0 (CHy); 49.3 (CH); 52.6-53.0 (CH); 55.2-55.2 (CH3); 56.2-57.6
(CHy); 58.3 (CHy); 66.6—67.0 (CH); 111.6 (CH); 116.8—-117.1 (CH); 121.9-122.1 (CH);
122.9-123.1 (C); 147.1-149.3 (C); 161.7-162.1 (C); 169.1-169.5 (C); 170.7-171.3
(©).

5{3,2,7}. '"H NMR [CD;OD, 400 MHz]: 1.40-1.450 (m, 2H, CH,); 1.67 (bb, 2H,
CHy); 1.80-1.88 (m, 2H, CHy); 1.99-2.05 (m, 1H, CH,); 2.67-2.74 (m, 1H, CH,); 2.91
(t, 2H, CH,, J = 7.6 Hz); 3.55 (dd, 1H, CH,, J = 10.8 Hz, J = 6.8 Hz); 3.78-3.83 (m,
1H, CH); 3.86-3.94 (m, 4H, CH; and CH,); 4.35 (t, 1H, CH, J = 6.4 Hz); 4.58 (t, 1H,
CH, J = 7.6 Hz); 6.97 (d, CH, J = 8.4 Hz); 7.04 (s, 1H, CH) 7.01 (d, CH, J = 8.4 Hz).
3C NMR [CD;OD, 100 MHz]. 21.7 (CH,); 26.8 (CH,); 30.6 (CH,); 33.9 (CH,); 39.052
(CH,); 49.3 (CH); 52.9 (CH); 54.7 (CH3); 55.2 (CHy); 59.2 (CH); 110.9 (CH); 114.5
(CH); 119.494 (CH); 128.2 (C); 146.4 (C); 150.0 (C); 168.7 (C); 170.4 (C).

5{3,3,3}. "H NMR [CD;0D, 400 MHz]: 1.44-1.53 (m, 1H, CH,); 1.55-1.63 (m, 1H,

CH,); 1.66-1.74 (m, 2H, CH,); 1.78-1.87 (m, 1H, CH,); 1.93-2.00 (m, 1H, CH,); 2.39

170



Capitol 3. Sulfamats. Inhibidors de les aminoacil-tRNA sintetasses

(d, 1H, CH,, J = 14.8 Hz); 2.75-2.83 (m, 1H, CH,); 2.91-2.99 (m, 2H, CH,); 3.28-3.33
(m, 1H, CH,); 3.69 (d, 1H, CH,, J = 12.8 Hz); 3.85 (dd, 1H, CH, J = 10.0 Hz, J = 4.0
Hz); 3.98 (t, 1H, CH, J = 6.4 Hz); 4.29 (d, 1H, CH,, J = 13.2 Hz); 4.36 (d, 1H, CH,, J =
13.2 Hz); 5.40 (t, 1H, CH, J = 5.2 Hz); 7.77 (d, 1H, CH, J = 8.4 Hz,); 8.25 (d, 1H, CH, J
= 8.4 Hz). °C NMR [CD;0D, 100 MHz]: 22.1 (CH,); 26.7 (CHa); 29.6 (CH,); 35.0
(CH,); 38.9 (CH,); 52.6 (CH); 57.6 (CH,); 59.4 (CHy); 65.3 (CH); 75.5 (CH); 123.6
(CH); 131.1 (CH); 140.9 (C); 148.4 (C); 168.6 (C); 172.9 (C).

5{3,3,4}. "H NMR [CD;OD, 400 MHz]: 1.45-1.53 (m, 1H, CH>); 1.55-1.63 (m, 1H,
CH,); 1.66-1.73 (m, 2H, CH,); 1.78-1.84 (m, 1H, CH,); 1.93-2.03 (m, 1H, CH,); 2.54
(d, 1H, CH,, J = 14.8 Hz); 2.73-2.80 (m, 1H, CH,); 2.93-3.00 (m, 2H, CH,); 3.58 (dd,
1H, CH,, J = 13.2 Hz, J = 4.4 Hz); 3.95-3.99 (m, 2H, CH and CH,); 4.08 (dd, 1H, CH, J
=10 Hz, J = 2.0 Hz); 4.21 (d, 1H, CH,, J = 12.8 Hz); 4.41 (d, 1H, CH,, J = 12.8 Hz);
5.43 (t, 1H, CH, J=4 Hz); 6.92 (d, 1H, , J= 8.4 Hz,); 7.35 (dd, 1H, CH, J= 8.4 Hz, J
= 2.4 Hz); 7.72 (d, 1H, CH, J = 2.0 Hz). *C NMR [CD;OD, 100 MHz]: 23.3 (CH,);
27.9 (CH,); 30.8 (CH,); 35.6 (CH,); 40.1 (CH,); 53.9 (CH); 59.2 (CH,); 60.6 (CH,);
67.0 (CH); 76.8 (CH); 111.3 (C); 117.5 (CH); 124.3 (C); 132.3 (CH); 136.7 (CH);
157.1 (C); 169.7 (C); 173.1 (C).

5{3,3,7}. 'H NMR [CD;OD, 400 MHz]: The 'H NMR spectrum corresponds to a
mixture of two conformers. 1.47 (bb, 1H, CH,); 1.56-1.62 (m, 1H, CH;); 1.67-1.76 (m,
2H, CH,); 1.84-1.96 (m, 1H, CH,); 2.41-2.60 (m, 2H, CH,); 2.96-3.02 (m, 2H, CH,);
3.75-3.80 (m, 1H, CH,); 3.86 (s, 3H, CH3); 3.89 (s, 3H, CH3); 3.94-3.99 (m, 1H, CH,);
4.14 (dd, 1H, CH, J = 14.8 Hz, J = 6.0 Hz); 4.48 (d, 1H, CH, J = 8.0 Hz); 5.41 (t, 1H,
CH, J = 4.4 Hz); 6.91-7.06 (m, 3H, CH). °C NMR [CD;OD, 100 MHz]: 21.7 (CH,);

26.8 (CHy): 29.6 (CHy); 36.8 (CH,); 38.8 (CHy): 52.7 (CH); 55.2 (CH,); 62.6 (CH);
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75.3 (CH); 110.7 (CH); 114.3 (CH); 118.9 (CH); 129.2 (C); 146.3 (C); 149.6 (C); 162.1

(C); 168.7 (C); 171.7 (C).
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3.4. DISCUSSIO

3.4.1. Sintesi de sulfamats en fase solida

En aquest capitol de la tesi hem desenvolupat una sintesi eficient de sulfamats en fase
solida. Aquests compostos han demostrat tenir propietats interessants en diferents
camps de la biomedicina, el que n’ha despertat un gran interes. La sintesi d’aquest tipus
de molecules ha estat descrita ampliament en soluci6 utilitzant diferents protocols. En
canvi la sintesi d’aquests compostos en fase solida no havia estat descrita, el que ens va
animar a desenvolupar-ne una d’efectiva per tal de, més tard, aplicar-la en la sintesi
d’una quimioteca de potencials inhibidors de la lisil-tRNA sintetassa (LysRS) de

Plasmodium, sintesi que es descriu en el segiient apartat (3.4.2.).

Molts dels protocols utilitzats per a la sintesi en solucié de sulfamats utilitzen clorur
de sulfamoil com a agent de sulfamoilacio. En general en aquests tipus de processos
sintetics es forma previament 1’alcoxid amb 1’ajuda de bases, el qual es prou reactiu per
atacar nucleofilicament al clorur de sulfamoil. Les bases utilitzades solen ser fortes per
tal que siguin capaces de desprotonar I’alcohol. Aixi, per tal de posar a punt el métode
de sulfamoilaci6é en fase solida es varen provar diferents protocols descrits préviament
en soluci6 sobre la peptidil resina Fmoc-Hyp-Rink Amida MBHA (figura 1). Sobre
aquesta es varen optimitzar tant la sulfamoilacio del pas (iii), com la posterior

funcionalitzacid en el pas (iv).

Les primeres condicions de sulfamoilacido que varem testar fou I’utilitzaci6 d’hidrur
de sodi com a base en DME. Aquest protocol, tot i donar el producte sulfamoilat
treballant a petita escala, no es va mostrar prou adequat a I’hora d’escalar la reacci6 ja
que donava emulsions de la resina amb la sal inorganica totalment intractables,
impossibles de filtrar fins 1 tot després de rentats amb aigua o metanol. Utilitzant altres
bases inorganiques com el carbonat de potassi es varen trobar problemes similars.
M¢étodes que involucraven la utilitzacio de bases més febles com la Et;N o DIEA
tampoc varen donar el producte esperat, possiblement degut a la destruccié del clorur de

sulfamoil en preséncia d’aquestes bases. Semblava doncs que la utilitzaci6 de bases era
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el principal problema per tal que la sulfamoilacié funcionés adequadament. Per tant,
varem buscar metodes alternatius que no involucressin la seva utilitzacio. Les
sulfamoilacions amb solvents com el THF, DMF o DCM sense bases no varen
funcionar. A la literatura havia estat descrit un metode alternatiu de sintesi de sulfamats
en solucid que utilitzava dimetilacetamida (DMA) com a dissolvent. Els autors
postulaven que la DMA actuava com una base feble. Es va assajar aquest me¢tode en
fase solida i es va obtenir el producte sulfamoilat d’una manera quantitativa. Aquest
protocol de sulfamoilacid va ser provat amb altres alcohols, a— i B—hidroxiacids i fenols.
En general es van obtenir els productes esperats. En el cas d’utilitzar
B-hidroxiaminoacids com a font d’alcohols, concretament la Ser i la Thr, es va obtenir
el producte de p—eliminacié com a majoritari. El problema en aquest cas no prové de la

sulfamoilaci6 en si, sind de la propia naturalesa del reactiu de partida.

i) Fmoc-Hyp(THP)-OH  HzN-

S
1l
DIPCDI, HOBt o)
HN-QD
ii) pTSOH, DCM-MeOH N
o)

Rink Amide Resin iii) Sulfamoylation |

iv) Boc-Phe-OH
HATU, DIEA

o © 0
NH, I
N BocfPhefNHfoO/,

MeO © o 7
(6]
v) Piperidine-DMF (1:5
Ho ) Pip (1:5) N

e)
vi) Ho@com /DIPCDIHOBt ~ Fmoc

MeO

vii) TFA

Figura 1. Esquema sintétic seguit en la posada a punt de les sulfamoilacions en fase solida.

El segilient pas que varem opimitzar fou ’acilacié del grup sulfamoil per donar el
sulfamat. Després de provar diferents metodes d’acoblament, els que van donar millors
resultats foren DIPCDI/DMAP 1 HATU/DIEA, mostrant-se aquest ultim més versatil ja

que evita I’epimeritzacio del residu entrant.

Finalment, es va sintetitzar oligo-sulfamats acoblant o—hidroxiacids protegits amb
I’hexafluoroacetona sobre el grup sulfamoil. Aixi, utilitzant aquest dos passos de

reaccidé optimitzats, la sulfamoilaci6 i la seva posterior acilacid, es va poder arribar a
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sintetitzar oligo-sulfamats en fase solida, obrint aixi la porta a la sintesi de nous analegs

peptidics.

3.4.2. Sintesi en fase solida d’una llibreria d’inhibidors de la lisil-

tRNA sintetassa (LysRS) de Plasmodium

En aquest apartat de la tesi varem sintetitzar una quimioteca de 90 compostos
potencials inhibidors de la lisil-tRNA sintetassa (LysRS) de Plasmodium falciparium.
En aquesta sintesi es varen aplicar les condicions d’obtencio de sulfamats obtingudes en
el capitol anterior. El disseny de la quimioteca es va basar en el complex
aminoaciladenilat format per una molécula d’AMP i I’aminoacid a transferir. Sobre la
base estructural d’aquest complex es varen definir quatre punts de diversitat diferents.
En el nostre disseny varem canviar la ribosa del complex natural per un derivat
trifuncional de prolina (trans-4-hidroxiprolina i cis-4-aminoprolina), a partir del qual
varem introduir tres punts de diversitat diferents descrits en la figura 2. L’aminoacid es
va mantenir fix com a lisina ja que els inhibidors anaven adregats a una sintetassa de
lisina. El primer punt de diversitat va venir donat per I’extrem C-terminal dels
peptidomimétics, el qual es va obtenir treballant amb diferents espaiadors o resines. El
segon punt de diversitat fou 1’enlla¢ que unia la funci6 en posicié 4 de la prolina amb la
lisina i que pretenia mimetitzar 1’enllag fosfat. Per ultim, el tercer punt de diversitat
foren els grups aromatics i heterocicles que pretenen mimetitzar 1’adenina introduits a

través de la posicid o de la prolina.
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Figura 2. Definicio dels diferents punts de diversitat de la quimioteca.

L’estratégia general de sintesi es mostra en la figura 3. Aixi, partint d’una resina

apropiada s’hi va acoblar el derivat de prolina protegit adientment. Després de

desbloquejar la posicio vy, es va introduir la lisina mitjangant diverses unions (amida,

hidroxamat o sulfamat). Posteriorment es va eliminar el grup Alloc que protegia I’amina

en posicio a de la prolina, s’hi va introduir els diferents grups aromatics i finalment els

compostos foren escindits de les resines mitjangant un tractament acidolitic.
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Figura 3. Estratégia general de sintesi de la quimioteca.
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L’obtencio del primer punt de diversitat (R;) es va dur a terme treballant amb els
espaiadors bifuncionals Rink Amida i AB incorporats a la resina MBHA, els quals van
donar carboxamides i acids carboxilics respectivament. Per tal d’obtenir els acids
hidroxamics es va utilitzar la resina CI-Trt, sobre la qual s’hi va ancorar Fmoc-NH-OH
en medi basic. Després de la desproteccié de I’hidroxilamina amb piperidina es van
acoblar els derivats de prolina utilitzant HATU 1 DIEA com a agents acoblants. Un cop
acoblats els derivats de prolina, les posicions y foren desbloquejades 1 la lisina fou

introduida mitjancant diferents enllacos donant el segon punt de diversitat (R,).

La sintesi dels dipeptids es va dur a terme sobre la resina 2b{R,} utilitzant Boc-
Lys(Boc)-OH i DIPCDI i HOBt com a agents acoblants. Per tal de sintetitzar els
hidroxamats, partint de la peptidil resina 2a{R;}, es va introduir la lisina en condicions
de Mitsunobu utilitzant Boc-Lys(Boc)-NH-OPMB en presencia de PPh; 1 DIAD en
DCM. Per a la sintesi dels sulfamats, es van utilitzar les condicions optimitzades en
I’apartat anterior, utilitzant 5 eq de clorur de sulfamoil en DMA durant 3 hores i

acoblant la Boc-Lys(Boc)-OH utilitzant HATU i1 DIEA com a agents acoblants.

Els diferents grups aromatics i heterocicles foren introduits en el grup a—amino de la
prolina un cop eliminat I’ Alloc, obtenint el tercer punt de diversitat (R3). En aquest cas,
també es varen estudiar dos tipus d’unid. Aixi, aquesta amina fou tant alquilada com
acilada. Per tal de fer les acilacions s’utilitza el corresponent acid carboxilic 1 DIPCDI 1
HOBt com a agents acoblants. Per a les alquilacions es va utilitzar una reduccid
aminativa a partir dels corresponents aldehids. Finalment els compostos foren escindits

de la resina amb un tractament amb trifluoroacétic.

Algunes series de compostos amb resina Cl-Trt no es va aconseguir sintetitzar-les. En
el cas dels sulfamats el problema principal fou 1’escissid prematura dels compostos en
les condicions de sulfamoilaci6. En el cas dels hidroxamats no es van detectar els
productes finals, possiblement degut a la baixa reactivitat deguda a impediment estérics

de I’alcohol al estar prop del Ct, tal i com s’ha descrit en casos similars (7,2).

1. Rajeswaran, W. G.; Hocart, S. J.; Murphy, W. A.; Taylor, J. E., and Coy, D. H. N-
Methyl scan of somatostatin octapeptide agonists produces interesting effects on

receptor subtype specificity. J. Med. Chem. 2001, 44, 1416-1421.
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Finalment, els productes foren purificats per HPLC-MS semipreparatiu en fase
reversa. Tant les pureses com el rendiment final després de purificar es mostren en la
taula 1. Les pureses per HPLC a 220 nm foren forca elevades en tots els casos. Els
rendiments després de purificar varien segons la série. Els rendiments més baixos foren
obtinguts en resina Rink Amida MBHA quan les cadenes laterals eren les 1-5, el que
disposa una carrega positiva al primer aminoacid ancorat a la resina. S’ha descrit que
aquesta disposicid dona problemes en les escissions dels productes de la resina, obtenint
en aquests casos baixos rendiments de sintesis degut a 1’escissio del grup espaiador unit

al compost (3).

Cadena lateral (R;)
R/iR,

5{1,1,R;} ) - - - - - ) - - -

2 33 10 ) 10 52 48 39 75 51
5{1.2,Rs} /88 /99 /o1 /97 197 /87 /82 /96 lo7 /95
5{1,3,R;} : - - - - - : - - -

S2LR Yoy Ol Chs s g2 ’ Yso o o1 Ylee  Plag
5228l Pl Yoo s e Pl Pl Plee Plag Py
5{2.3.Rs} ) /99 | Yo Vs Chso s Pl By g
S{3.1.Rs} ) */s0 s %/s1 ) Yas s Yo Phe Vs

26 26 28 23 15 36 3 18 46 15
5{3.2.Rs} < /92 12/96 14/99 15/83 16/99 17/92 19/92 21/92 29/87 27/95
5{3,3.R;} /71 /71 /38 /34 /48 /94 /90 /89 /51 /39

Taula 1. Rendiments® i Pureses’ després de purificar. Els “rendiments foren calculats segons el pes
molecular del producte i la funcionalitzaci6 inicial de la resina i es mostren en el superindex esquerra de
cada casella. Les “pureses foren calculades mitjangant HPLC segons la integracié a 220 nm del pic que

contenia el pes molecular. Les pureses es mostren com a subindex a la part dreta de cada casella.

2. Erchegyi, J.; Hoeger, C. A.; Low, W.; Hoyer, D.; Waser, B.; Eltschinger, V.;
Schaer, J.-C.; Cescato, R.; Reubi, J. C., and Rivier, J. E. Somatostatin receptor 1
selective aanalogues: 2. Nez-methylated scan. J. Med. Chem. 2005, 48, 507514.

3. Yraola, F.; Ventura, R.; Vendrell, M.; Colombo, A.; Fernandez, J.-C.; De La
Figuera, N.; Fernandez-Forner, D.; Royo, M.; Forns, P., and Albericio, F. A re-
evaluation of the use of Rink, BAL, and PAL resins and linkers. OSAR, Comb. Sci.
2004, 23, 145-152.
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3.5. CONCLUSIONS

1. La sintesi de sulfamats en fase solida no és trivial. Després d’un estudi exhaustiu
en fase solida de les diferents condicions de sulfamoilacié descrites en solucid, la
seva aplicaci6 a la fase solida va donar forga problemes, com son 1’impossibilitat
d’eliminar bases inorganiques, la destruccio del reactiu o 1’escissid prematura dels
compostos. Aixi, sembla que el protocol més adient per a la preparacidé d’aquests
compostos és el tractament de I’alcohol amb clorur de sulfamoil en DMA, sense la

necessitat d’emprar cap base.

2. Els derivats trifuncionals derivats de la prolina son unes plataformes forga adients
per a la sintesi de quimioteques amb molta diversitat. Utilitzant aquests
compostos, s’ha sintetitzat en fase solida una quimioteca de peptidomimeétics.
Durant la sintesi d’aquesta llibreria s’ha pogut aplicar la sintesi de sulfamats
optimitzada anteriorment. Tot i aix0, no ha estat possible sintetitzar sulfamats

sobre la resina clortritil degut a I’escissio prematura dels compostos.
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