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Abstract

This Doctoral Thesis is focused on the synthesis of several hybrid o/p*2-
peptides, in which the -amino acid is a cyclic a.-methylisoserine sulfamidate.
This cyclic sulfamidate is able to undergo ring-opening reactions with several
nucleophiles affording p>2-amino acid derivatives, and such reaction had only
been tested within a small-molecule context. Therefore, a complete study of
the behavior of this substrate in increasingly complex peptide contexts has

been performed throughout this Thesis.

First, the factors affecting reactivity and chemoselectivity (Sn2 vs. E2) of the
o-methylisoserine sulfamidate depending on its substitution pattern, is

addressed in chapter 3 combining experimental and computational studies.

In chapter 4, the coupling of a-amino acids at both N- and C- termini of the
sulfamidate is explored in homogeneous phase, obtaining a library of o/p*?-
hybrid di- and tripeptides. Positively charged a/B**-hybrid peptides were
then synthetized through a ring-opening reaction using pyridine as a
nucleophile. The conformational analysis of these derivatives showed the
occurrence of intramolecular aromatic interactions between the pyridinium

moiety and aromatic side chains in solution.

The optimization of the challenging incorporation of our tertiary o-
methylisoserine sulfamidate in longer peptides using the solid phase peptide
synthesis (SPPS) strategy is described in chapter 5. Using this methodology,
a new class of amyloid fibrillation inhibitors was developed. The

conformational study of these candidates suggested that peptides



incorporating cyclic P>?-sulfamidates adopt a novel and rigid folded
conformation both in the gas phase and in solution, which is crucial for
molecular recognition. This fact was confirmed by the decrease in [i-40-

amyloid aggregation observed in the presence of these inhibitors.

Throughout chapter 6, the ring-opening reaction of the tertiary sulfamidate
within a peptide context is described. This reaction can be performed in either
homogeneous or solid phases, obtaining a new library of hybrid o/p>*-
peptides. Additionally, this sulfamidate is explored for the first time as a new
class of cleavable linker with potential chemical and biological applications,
taking advantage of the liability observed at the N-terminus under very mild

conditions.

A new methodology to synthesize cyclic peptides via intramolecular ring-
opening reaction of cyclic a-methylisoserine sulfamidates is described in
chapter 7. This methodology allows obtaining full-length unnatural analogs

of antimicrobial lantipeptides such as cytolysin S, CylLs.

Finally, a brief summary of my international short-term research stay at
Wilfred van de Donk’s group (University of Illinois at Urbana-Champaign,
USA) is presented in chapter §.



Resumen

Esta Tesis Doctoral estd centrada en la sintesis de diferentes o/f>2-péptidos
hibridos, en los cuales el -aminoacido es o deriva del sulfamidato ciclico
derivado de a-metilisoserina. Este sulfamidato ciclico es capaz de sufrir
reacciones de apertura de ciclo con diferentes nucleofilos, obteniendo
derivados de B*?-aminoacidos. Sin embargo, esta reaccion sélo habia sido
ensayada en el sulfamidato aislado. Por lo tanto, en esta Tesis se presenta un
estudio completo de este sustrato en contextos peptidicos de complejidad

creciente.

En primer lugar, se discute en el capitulo 3 el control de la reactividad y
quimioselectividad (Sn2 vs. E2) del sulfamidato derivado de a-metilisoserina
en funcion de sus distintos patrones de sustitucion, combinando estudios

experimentales y célculos tedricos.

En el capitulo 4, se acoplan o-aminoicidos en ambos extremos del
sulfamidato en fase homogénea, obteniendo una libreria de di- y tri- a/B**-
péptidos hibridos. Estos son sometidos a reacciones de apertura con piridina
como nucledfilo con el fin de obtener o/B>2-péptidos cargados positivamente.
El correspondiente estudio conformacional demuestra que existen
interacciones aromadticas no covalentes entre el anillo de piridinio y las

cadenas laterales aromaticas.

En el capitulo 5 se describe la optimizacion de la incorporacion del
sulfamidato terciario en péptidos de mayor tamafio usando un soporte solido.

Mediante esta metodologia, se obtiene una nueva clase de inhibidores de la



fibrilacion de la proteina -amiloide, que incorporan el sulfamidato derivado
de a-metilisoerina. El estudio conformacional de estos candidatos tanto en
disolucion como en fase gas sugiere que los péptidos que incorporan el
sulfamidato ciclico adoptan una nueva conformacion rigida y plegada en
torno al sulfamidato, la cual es crucial para el reconocimiento molecular. Este
hecho fue confirmado observandose un decrecimiento en la agregacion de la

proteina i-40-amiloide en presencia de estos inhibidores.

A lo largo del capitulo 6, se discute la reaccion de apertura del sulfamidato
ciclico en un contexto peptidico. Esta reaccion puede ser llevada tanto en fase
homogénea como en fase sélida, obteniendo una nueva libreria de o/B*2-
péptidos hibridos. Ademas, este sulfamidato es evaluado por primera vez
como una nueva clase de linker 1abil con potencial quimico y bioldgico,

aprovechando la especial reactividad observada en el extremo N-terminal.

En el capitulo 7 se describe una nueva metodologia para sintetizar péptidos
ciclicos mediante aperturas intramoleculares del sulfamidato ciclico terciario.
Esta metodologia permite asi obtener andlogos no naturales de lantipéptidos

antimicrobianos tales como la citolisina S, CylLs.

Finalmente, se describen brevemente los resultados obtenidos durante mi
estancia en el grupo de investigacion del profesor Wilfred van der Donk, en

la Universidad de Illinois en Urbana-Champaign (EEUU) en el capitulo §.



INDEX

ADDIeviations..........ccoooviieiieie s [
Chapter 1. Introduction ...........cccceeecuieeeriieeeriiee e 1
1.1 HOMO-B-PePtideS...cccuvieeiiieeiiieeiiee ettt e e 6
1.2 o/B-hybrid peptides.......coceverviiiiiniiiiiniinieciececcecece e 10
1.3 RETEICNCES ..c.uveiieiieiiciieeitetcee et 13
Chapter 2. Background and goals .........c.ccccceveviierciieeiiecieeee 17
2.1 Synthesis of B%2-amino aCIdS .........cceevrvrrerereiririereeiieee e 19
2.2 Cyclic sulfamidates in Synthesis ...........ccecceevieriiienieeiiienieeieeiee e 23
2.2.1 Synthesis of cyclic sulfamidates ..........ccccoceeeviierieicienienieeieee, 24
2.2.2 Reactivity of cyclic sulfamidates ...........cooceevienieniieniiniieiee 27
2.3 GOAIS ettt 33
2.4 REfOTEINCES ....eoueiiiiieiiieieee et 35

Chapter 3. Substituent effects on the reactivity of cyclic a-

methylisoserine sulfamidates ...........ccccceeeviieeiiiieiciieeciee e, 39
3.1 EXperimental ASSAYS.......ccverieeruierieeirienieeiieneeeteesneeseessneeseessneenns 43
3.2 Computational ANalysiS......ccceervierruiieriieeeiieeeiieeeieeeereeeeeee e 48
3.3 CONCIUSIONS ...ttt 55
34 RETEICICES ...couviiniieiieeiee ettt 56

Chapter 4. Synthesis of mixed positively charged o/p**-

PEPLIACS. ..ttt e eas 59
4.1 Peptide SYNRESIS ....cccuvieiiiiiieiieeiieeie ettt 66
4.2 Conformational ANalysis .......cccceecuiieriiieeriieeiiieeie e 73
4.3 CONCIUSIONS ...ttt ettt ettt sttt st es 77

Ao RETETEIICES ettt e e e e e e e e et eeeeeeeeeeeeaeanas 78



Chapter 5. Inhibition of amyloid fibrillation with sulfamidate-

modified BSBP........cooiiiii 85
5.1 Synthesis of new BSBPS ........ccooviiiiiiiiiieeee e 96
5.2 Conformational StUdIes ...........cecueeruirriieniiiiieie e 104
5.3 Biological StUAICS .......ccueeriiiiieeiiieiieeie et 120
5.4 CONCIUSIONS ...ttt ettt ettt st et 128
5.5 RETETEICES ...ttt 129

Chapter 6. Synthesis of chemically active a/B-peptides........... 133
6.1 Sulfamidate ring-opening reactions in solid phase .............c.cccu...... 136
6.2 Drug release using sulfamidate as cleavable linker ........................ 146
0.3 CONCIUSIONS ....cveiiiiieiieie et 152
0.4 RETETEINCES ...cueiiiuiiiiiiiiieee ettt 153

Chapter 7. Chemical synthesis of a cytolysin analog ............... 159
7.1 Intramolecular ring-opening reactions ..........cceeecveerreerveerieesveennenns 165
7.2 Synthesis of a CylLs ring A analog........c.ccceceeverieneencnieneenicnnene. 178
7.3 Synthesis of a fluorescent full-length CylLs analog......................... 184
7.4 CONCIUSIONS ...ttt et 191
7.5 RELETEICES ...coueveiuiieiieeiieee ettt 192

Chapter 8. Short-stay at the University of Illinois, USA........... 195
8.1 LANT IS0 .ottt 197
8.2 RETCIEINCES ..ttt et 201

Chapter 9. Conclusions/Conclusiones ............ccceeevveevveeeneeennen. 203
9.1 CONCIUSIONS ...ttt et e e 205
9.2 CONCIUSIONES ...ttt 207
9.3 Scientific publications derived from this Thesis...........cccceecvveennennns 211
9.4 Collaborative scientific publications...........cocceveevveneenericneeniennnne 211
9.5 Participation in scientific MEEtings ..........cceevverveeeriereeeniienieeieeenn. 212

9.6 Organizer in scientific MEEtINGS........cccveercurereeriiierieeie e 214



Chapter 10. Experimental S€Ction ...........ccceecvveeeeiieeeriieeenieenns 215

10.1 Reagents and general procedures............ocveeeierieeniieecieeneeeveennan. 217
10.2 Quantum mechanical calculations .............ccccoeeiiiieieiiiiie e, 217
10.3 Unrestrained Molecular Dynamics simulations.........c...cccceeueeueenee. 218
10.4 Molecular Dynamics simulations with time-averaged restraints
(01 0D 21 o SRR UURSRR 219
10.5 Coupling of a-methylisoserine sulfamidate to peptides by solid
phase peptide synthesis (SPPS)........cccvvviiiiieiiiiieeeee e, 219
10.6 Thioflavin T (ThT) Fluorescence assays.........ccccceeueeervveeercueeenveenns 220
10.7 Circular Dichroism (CD) @SSQYS .....ccceereereieniierieeniieeieesieeeieeieans 221
10.8 Experimental setup for registering the IRID spectra in the gas phase
................................................................................................................ 222
10.9 Optimization of the theoretical method to elucidate the structures
from IRID eXPeriments .........c.ceeevieeiieeeiiieeiieeeieeeieeesveeeseveeeseveeeeaeeas 224
10.10 Methodology for N-ethylmaleimide (NEM) assay .........c............ 225
10.11 NMR EXPEITMENTS ..eeeuvvieeiiireeiieeeiieeeiieeeieeesieeeeieeesaeeesnneesnnneeens 226
10.12 LUMINESCENCE ASSAYS ..vveervrreeereeeereeerreeerreesseeessseeessseessseessseeens 226
10.13 SYNERESIS ..ottt 227
10.14 RefEreNCES ....couiiiiiiiiiiiiiiiieeeee et 308
Chapter 11. Supplementary Information............ccccccevveernennnn. 311
Supplementary Information I: NMR spectra..........cccceeevienienieeninennnnne. 313
Supplementary Information II: Tables & Figures.........c.ccccceevveenrennnne. 390

Supplementary Information III: HPLC Chromatograms .........c...c..cc..... 394






[O(.]ZO D
3C NMR
'"H NMR

Abu

AD
AMBER
APP
arom

AP or BA
Bn

Boc
BSBP
cat.

CD
COSY
Coum
CylLL
CylLs

DBU
DCM
dd

Abbreviations

specific rotation

carbon-13 nuclear magnetic resonance
proton nuclear magnetic resonance
angstrom

2-aminobutyric acid

acetyl

Alzheimer disease

Assisted Model Building with Energy Refinement
amyloid percursor peptide

aromatic

B-amyloid

benzyl

tert-butoxycarbonyl

[-sheet breaker peptide

catalyst

circular dichroism

'H-'H correlated spectroscopy
7-mercapto-4-methylcoumarine
Cytolysin L

Cytolysin S

doublet, days

deuterium
1,8-diazabicyclo[5.4.0Jundec-7-ene
dichloromethane

doublet of doublets



II

DFT

Dha

Dhb

DIC
DIEA/DIPEA
MD

DMF

DMSO
MD-tar

Dns

DODT

E2

Ed.
equiv.
ESI
ESI-MS
TEA
Exp
Fmoc

Freq.

GAFF
GalNAc

density functional theory
dehydroalanine
dehydrobutyrine
N,N'-diisopropylcarbodiimide
N,N-diisopropylethylamine
Molecular Dynamics
N,N-dimethylformamide
dimethylsulfoxide

Molecular Dynamics with weighted time-average restrains

Dansyl or [5-(dimethylamino)naphthalen-1-yl](dioxido)-

A6-sulfanyl
3,6-dioxa-1,8-octanedithiol
electronic energy

biomolecular elimination reaction
editorial

equivalents

electrospray ionization
electrospray ionization-mass spectroscopy
triethylamine

experimental
9-fluorenylmethyloxycarbonyl
frequency

Gibbs free energy

General Amber Force Field
N-acetyl-galactosamine

enthalpy



HATU

HBTU

HMBC
HOAt
HOBt
HPLC
HRMS
HSQC

IR
IRID

Lan

LDA

m

M
MALDI-TOF
Me
MeLan
MM
MOM
mRNA
MW-SPPS
NBO

III

1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo-
[4,5]bipyridinium-3-oxide hexafluorophosphate
N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate

heteronuclear multiple bond correlation

7-aza-1-hydroxybenzotriazole
1-hydroxybenzotriazole

high performance liquid chromatography

high resolution mass spectroscopy

'H-13C heteronuclear single quantum correlation
hertz

infrared

infrared double resonance ion-dip

coupling constant

kelvin

kinetic constant

lanthionine

lithium diisopropylamide

multiplet

molarity, molar

Matrix assisted laser desorption/ionization-time of flight
methyl

methyllanthionine

Molecular Mechanics

methoxymethyl

messenger ribonucleic acid

Microwave assisted solid phase peptide synthesis

Natural Bond Orbital



v

NEM

NMR
NOE/NOESY
Ns

Nu

°C

Oxyma Pure®
PBS

PDB

PG

Ph

Py

PyBOP

quant.

r.t.
RiPP

RP-HPLC

S

S

SN2

Sni

SPE

SPPS

Sulfa or Sul

N-ethylmaleimide

Nuclear Magnetic Resonance
Nuclear Overhauser effect spectroscopy
nosyl or (4-nitrophenyl)sulfonyl
nucleophile

Celsius degree

Ethyl cyano(hydroxyimino)acetate
phosphate buffered saline

protein data bank

protecting group

phenyl

pyridine

Benzotriazol-1-yl-oxytripyrrolidino phosphonium
hexafluorophosphate
quantitative

substituent

room temperature

ribosomally synthesized and post-translationally
modified peptide

reverse-phase HPLC

singlet

entropy

bimolecular nucleophilic substitution
intramolecular nucleophilic substitution
solid phase extraction

solid phase peptide synthesis

sulfamidate



TBAF
TBTU
‘Bu
TFA
Tf
THF
ThT
TIS
TLC
TMS
TS
UV-Vis

ZPE

AE

AG

AH
aMepAla

Aem
7\46XC

triplet
tetra-n-butylammonium fluoride

2-(H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate
tert-butyl

trifluoroacetic acid
trifluoromethanesulfonyl
tetrahydrofurane
thioflavin-T
triisopropylsilane

thin layer chromatography
tetramethylsilane or trimethylsilyl
transition state
ultraviolet-visible

charge

zero-point energy

relative electronic energy
relative Gibbs free energy
relative enthalpy
o-methyl-f-alanine
chemical shift

dielectric permittivity

Phi (dihedral angle)
emission wavelength
excitation wavelength

Theta (dihedral angle)



VI

\V Psi (dihedral angle)

o) Omega (dihedral angle)

Amino acids Three-letter code One-letter code Name

Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr

Tyr
Val

C<HEdNTHERCO~TDQOEHNOAD Z® >

(o]
|\\\I§
N__O
s
OO0

Sulfamidate (J)

Alanine
Arginine
Asparagine
Aspartic Acid
Cysteine
Glutamine
Glutamic Acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline

Serine
Threonine
Tryptophan
Tyrosine
Valine
Sulfamidate



1.1 Homo B-peptides
1.2 a/B-hybrid peptides

1.3 References






1. Introduction

Proteins are macromolecules consisting of one or more chains of amino acid
residues, which play an important role in the development of living
organisms.! They are involved in multiple biological processes, such as
catalytic metabolic reactions, DNA replication and molecule transport. These
diverse biological functions are determined by the three-dimensional
structure of the protein, which in turn is defined by the sequence of amino
acids encoded by DNA. The complexity of these structures change from small
and simple peptides to complicated folded and highly organized clusters
(Figure 1.1).

Figure 1.1. Structures of native amyloid peptide (PDB code 11YT, left) and S-ovalbumin
(PDB code 1UHG, right).

During the biosynthesis of proteins, some residues can be chemically
modified by post-translational modifications,” which alter their physical and
chemical properties. These modifications enact the appropriate folding,
stability, activity and function of proteins and can occur on the amino acid
sidechain or at the protein C- or N-termini. Examples of these modifications

are glycosylation, to form glycoproteins; dehydration and thioether
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cyclization, to form lanthipeptides; or the formation of disulfide bonds, to

stabilize a specific folding pattern (Figure 1.2).

Figure 1.2. Structures of the lanthipeptide epilancin 15X (PDB code 1WON, left) and
glycocin F (PDB code 2KUY, right).

In order to study the relationship between function and structure displayed by
proteins, scientists often draw upon analogous molecules that are able to
mimic either the structure or the function of the putative protein. These
analogs may serve as mere objects of study or may regulate a specific
property, being used as drugs or diagnostic agents. The most common protein
modifications can be classified in five groups.” Mutation refers to the
alteration of the amino acid sequence. Truncation and augmentation involve
the elimination and addition of one or more residues to the sequence,
respectively. The incorporation of non-peptidic moieties (carbohydrates,
fluorophores, synthetic polymers...) bound to the side chains or protein
termini 1s called decoration. Finally, in hybridization, one or more
proteinogenic residues are modified by non-proteinogenic moieties (Figure

1.3).
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Mutation

~ @ Truncation p
o@@ eﬁﬂ 8 QGQ (43 \
:
PRy PRy g —
l \ Decoration

Hybridization
O OO o amino acids/residues () non-proteinogenic moieties
h carbohydrate moieties X3> fluorophore moieties

Figure 1.3. Types of protein/peptide modification.

Augmentation

Hybridization is the most modern modification and involves altering the
polypeptide backbone without affecting the identity or the sequence of side
chains relative to the putative protein. This strategy involves replacing o-
amino acid residues by other similar subunits. For instance, depsipeptides,*”’
in which one or more amide bonds have been replaced by ester bonds, have
shown to behave as enzyme inhibitors® and to exhibit antimicrobial’ and

antiviral'®

properties. On the other hand, azapeptides have served as leads for
creating receptor ligands, probes, pro-drugs and enzyme inhibitors, as well as
a clinically approved drugs.!""!? Other instances are B-amino acid residues,
which form homo-B-peptides when every residue is a f-amino acid, or so-
called mixed or hybrid o/B-peptides when incorporated in a-peptides (Figure
1.4). These hybrid peptides open the door to a new conformational space and

comprise an active field of research with interesting and diverse applications

in biochemistry.
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o
(o)
Depsipeptides
R/R,
H (o}
N‘N .
W é Azapeptides

Ri R,

(o]
N .
W\ o/B-Peptides
7 QIR e

Figure 1.4. Structures of desipeptides, azapeptides and o/p-peptides.

1.1 Homo-B-peptides

B-Amino acids are found in Nature as discrete molecules and are rarely
present in proteins or peptides. These residues have the amino group located
at the beta carbon (Cp) of their backbone, that is, in the second carbon after
the carboxylic group. 3-Amino acids may have substituents on carbon 2 (Cat),
carbon 3 (CP) or both, being named B2-, B3- and p*3-amino acids respectively
and providing a greater richness of derivatives than their a counter parts

(Figure 1.5).

(o} R, O
+
- + -
inells bl
R R
o-amino acid B-amino acid

Figure 1.5. General structures of a a-amino acids (left) and B-amino acids (right).

B-Alanine, is the most common B-amino acid. This structure is present in
pantothenic acid (vitamin BS5), which is necessary for the formation of
coenzyme A, and carnosine, a dipeptide found in brain and muscular tissues

in high concentrations (Figure 1.6).
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Pantothenic acid

Figure 1.6. Pantothenic acid and carnosine structures with the 3-alanine motif highlighted in

red.

In Nature, there are some enzymes (aminomutases) able to transform

aromatic o-amino acids into B-amino acids with assistance of certain

cofactors. One of these cofactors is the electrophilic 4-methylideneimidazole-

5-one (MIO) moiety,'*"!7 which is post-translationally formed in the active

site by the self-condensation of an Ala-Ser-Gly triad (Figure 1.7).

H CNH; ( H
N )‘ OH: R 25 )OH
H H\o H y O
Tyr—-@—o’ Tyr—@—o‘ Tyr—@—O’
a-amino acid ”

B-amino acid

Figure 1.7. Proposed catalytic mechanism for the enzymatic conversion of a-amino acids

into B-amino acids promoted by cofactor MIO."3
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B-Amino acids have lately attracted a great deal of interest in the field of
pharmacology since they are frequently found in natural bioactive products,
such as the anticancer agent Taxol®!'®*?* The a-hydroxy-B-amino acid
substructure is also present in compounds that inhibit the activity of proteases.
In this sense, apstatin’' and bestatine?>?* behave as aminoprotease inhibitors,
and allophenylnorstatin has inhibitory activity against VIH protease, which

has special interest in the treatment of AIDS (Figure 1.8).24%

NH NH, O
Ra
Allophenylnorstatin Bestatine

Figure 1.8. Pharmacologic compounds featuring the a-hydroxy-B-amino acid substructure

in red.

Oligomers of B-amino acids, also known as B-peptides or homo-f-peptides,
can adopt a variety of helical secondary structures®® that are not observed in
natural homo-a-peptides. The nature of these helical secondary structures
strongly depends on the substitution patterns of their residues and is
determined by the number of atoms involved in the stabilizing hydrogen

bonds between residues. In this sense, 14-helix is the most widely studied
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helical structure of B-peptides, but 12-, 10-, 8-, and 10/12-helices have been

experimentally detected as well (Figure 1.9).27-2

8-Helix 10-Helix 12-Helix
AR AN AN N N
Y ~Y )il ~Y
(0] (o] (o] (o] [o] (o] (0]

14-Helix 10/12-Helix

S P\ BT\ K
Y Y ME RN
o} (e} 0 o O \R

Figure 1.9. Helices types found in homo-B-peptides.

Seebach and co-workers. designed amphiphilic 14-helix B-peptides intended
to mimic the amphiphilic a-helix of human apolipoproteins involved in lipid
uptake and transport.?’ The absorption of cholesterol by intestinal cells is
manifested by o-peptides that form globally amphiphilic o-helices.*® These
new amphiphilic B-peptides were able to mimic this structure and therefore

to inhibit the absortion process (Figure 1.10).

Cationic Hydrophobic

OH

Iz

3

Figure 1.10. Amphiphilic 14-helical (3 residues per turn) cholesterol uptake inhibitor.
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1.2 o/B-hybrid peptides

Hybrid o/B-peptides are comprised by a- and B-amino acid residues. The
number of conformations observed for o/B-hybrid peptides is huge,
depending on the structure and stereochemistry of the PB-residue and the

sequence of amino acids (Figure 1.11).3!*2

B-10/12-0/B-9/11-B-10/12

| H H H H H H H H
Boc%%NuN%NWN N/_AVOME
H H
R o] R o] R 0, R o R Ow R o] R o] R o] R o]
9 — 10— 11 — 12 —

Figure 1.11. Secondary structures of a/B-hybrid peptides.

One of the main advantages of hybrid o/B-peptides is the higher resistance to
enzymatic and chemical degradation. In fact, Gellman and co-workers have
recently reported that only 20-40% of B-amino acids are needed for this
resistance to be observed in peptides, while maintaining their biological
activity.*® Furthermore, Tavenor and co-workers have recently reported that,
if an a-amino acid is substituted by a -amino acid in the sequence of the
streptococcal protein GBI, its secondary and tertiary structures are
maintained. However, the thermodynamic stability of the hybrids varies
depending on the substituent. As shown in Figure 1.12, changing an o-Ala
or a-Asn to a % or B3-Ala or Asn, respectively, does not affect the o-helix

structure of the peptide.**
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Figure 1.12. Effects in the three-dimensional structure of streptococcal protein GB1

produced by mutating o-amino acids to B2 or B*-amino acids.>*

Kaur and co-workers reported a 10-mer a-peptide® which is a potential tumor
homing peptide. However, its applicability would be largely hampered by its
instability toward proteases. In a more recent study,*® they synthesized three
analogs in which two or three amino acids were replaced by unnatural D-
residues or B3-amino acids, which showed to be proteolytically stable and
displayed better affinity profiles for breast cancer cells compared to the
natural a-peptide (Figure 1.13).

E OVNHI\.!Ie

+ Ov H H
OH :
"'3N\°QJ\°* T @ H,N HZN/\)J\OH

+ ~ -
i H3N/I3\QLO 0

. . 3 . .
a-amino acid -amino acid
: 1§ O

o-Peptides o/p-Peptides O
WXEAAYQRFL ZXEAAYQKFL K% Z=
OxNH, Oy NH
WXEAAYQRFL ZXEAAYQKFL /_\)L /_\/lol\
H,N OH H,N OH

Figure 1.13. Structure of cancer targeting peptides. L-Amino acids are represented in black,

D-amino acids in blue, and -amino acids derived from L-aspartic acid in red.
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The use of ribosomes for synthesizing 3-amino acids has been studied for
decades. In fact, incorporation of multiple B-amino acids into full-length
proteins has been achieved, which bids the possibility for studying the

structure and function of B-proteins (Figure 1.14).37#

o-amino acids
Ribosome
large subunit

p-amino acids

Hybrid peptide

Ribosome /

small subunit

Figure 1.14. General scheme for the in vivo synthesis of hybrid o/B-peptides in the ribosome.
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As previously discussed in chapter I, B-amino acids have been gaining
importance in the field of biochemistry, particularly those with substituents
at geminal positions. There are numerous structures featuring this kind of
substitution, namely disubstituted (B*2- and B**-), trisubstituted (B>*3- and

B233-) and tetrasubstituted (B>*>--) amino acids (Figure 2.1).'*

Ry
Ry R, H2N7(\co H H N\‘)\
2 2
HZN\/<CO H #,R, CO,H
2 R
1
2,2 3,3 2,3
B B B
R
R Ry ™4
N Ry R, an HZN%COZH
’ \R(COZH i K\COZH RiR;
Rs 2Ry
2,2,3 2,3,3 2,2,3,3
p B B

Figure 2.1. Substitution patterns of di-, tri- and tetrasubstituted f-amino acids.

To date, several methods have been described to synthesize these types of -
amino acids with different substitution patterns. However, there are only a
few cases reported for synthetizing p>*-amino acids derivatives. In the case
of achiral B*?-amino acids (Scheme 2.1),° one of the first examples was
reported by Kohn and Schmidt in 1907,° where they described the treatment
of bromopivalic acid with ethanolic NH; to afford 3-amino-2,2-
dimethylpropanoic acid. Another example is the a dialkylation of methyl
cyanoacetate”® followed by a selective reduction of the corresponding
cyanoesters’ to afford achiral f??-amino acids. On the other hand, treatment
of silyl ketene acetals with N,N-bis(trimethylsilyl)-methoxymethylamine is
a different strategy described by Okano and co-workers in 1984.'° As a final



example, a Reformatsky reaction between (benzotriazol)methylamine
derivatives and 2-bromoalkanoates can also be used to obtain achiral p*2-

amino acids.'!

o 1) Mel, K,CO; acetone
/>€L 1) HB rt,24 h (o]
r 2) NaOH, MeOH, H,0 \)j\
HO OH ’ e
reflux, 8 h reflux, 1.5 h NC OEt

2) etanolic NH; 3) NaBH, CoCl, H,0
(a) reflux, 10 h ) rt, 4 h4' »ne ®)

(o}

Ri<
N OR,
Ry
(TMS),NCH,OMe §1= H,TMS,orPh  ,  tmsci

TMSOT, CH,Cl, 2= H, Et, Me Et,O/THF
rt, 4 h reflux, 6 h
84%
. 88%
_ OSiMe; N (e}
N Br.
OMe N + OEt

(c) \\Nth
(d)

Scheme 2.1. Examples for synthesizing achiral B??-amino acids. a) Treatment of
bromopivalic acid with ethanolic NH3. b) Dialkylation of methyl cyanoacetate and a selective
reduction of the corresponding cyanoesters. ¢) Treatment of silyl ketene acetals with N, V-

bis(trimethylsilyl)-methoxymethylamine. d) Reformatsky reaction.

For the synthesis of chiral B*2-amino acids (Scheme 2.2), one of the first
examples involved the diastereoselective dialkylation of activated chiral
tetrahydropyrimidines and subsequent hydrolysis.!>"!> A similar approach is
the diastereoselective dialkylation of chiral cyanoacetates, and subsequent
hydrolysis to obtain a,o-dialkylated cyano acetic acids. Hydrogenation of the
cyano group leads to the corresponding chiral B**-amino acids.!® Other
examples involve the catalytic asymmetric dialkylation of pyrrolidin-2,3-
diones!” or the catalytic asymmetric allylation of 4-substituted isoxazolin-5-

8

ones.'® The organocatalytic asymmetric addition of o-substituted pB-

nitroacrylates has also been proposed.'® Finally, our research group reported



the diastereoselective Diels-Alder reaction of cyanocinnamates

subsequent reduction to access chiral cyclic B**-amino acids.?’
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Scheme 2.2. Examples of the synthesis of chiral B*?-amino acids. a) Diastereoselective
dialkylation of activated chiral tetrahydropyrimidines. b) Diastercoselective dialkylation of
chiral cyanoacetates. c¢) Catalytic asymmetric dialkylation of pyrrolidin-2,3-diones. d)
Catalytic asymmetric allylation of 4-substituted isoxazolin-5-ones. ¢) Asymmetric addition
of o-substituted [-nitroacrylates f) Diastereoselective Diels-Alder reaction of

cyanocinnamates.

On the other hand, Gentilucci and co-workers reported the single step
cyclization of o-substituted-o-hydroxy-p*2-amino acids in small peptides
forming 5-aminomethyl-oxazolidine-2,4-dione (Amo) rings, which favor an

unusual B-turn (Figure 2.2).%!
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Figure 2.2. Structure of a hybrid o/B>-peptide containing the cyclic Amo moiety in blue.

Cyclic sulfamidates have proven to be synthetically versatile electrophiles
accessible via readily available from enantiomerically pure amino alcohols.
Although 5, 6, 7 and 8-membered cyclic sulfamidates have been described,?*
24 our interest is focused on 5-membered sulfamidates, since they can be
precursors of f-amino acids.

These cyclic sulfamidates have become widely used due to the high regio-
and stereoselectivity of their corresponding nucleophilic ring-opening
reactions. This circumstance has been exploited for the asymmetric synthesis
of natural products and biomolecules used in the pharmaceutical industry for
the treatment and diagnosis of different diseases.

Some applications of these sulfamidates are the synthesis of (—-)-
aphanorphine® which is an analog of the alkaloid morphine,
aspergillomarasmide A?® which is an inhibitor of metallo-B-lactamases
NDM-1 and VIM-2, the enantioselective synthesis of a-benzylated
lanthionines®’ (more examples of this reactivity are given below) and the
28,29

development of new '®F-labelled molecules for brain tumor imaging

(Scheme 2.3).
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Scheme 2.3. Synthesis of (—)-amphanorphine, aspergillomarasmide A, o-benzylated
lanthionine and '3F-labelled molecules obtained from five-membered chiral cyclic

sulfamidates.

1,2-Cyclic sulfamidates can be efficiently synthesized using several
methodologies.”®> One of the most direct synthetic routes involves the
treatment of an 1,2-amino alcohol derivative with a reagent that can directly
install the —~SO>— moiety. The use of sulfuryl chloride (SO.Cl>)*° is a suitable
approach to obtain cyclic 1,2-sulfamidates. However, this methodology has
some drawbacks, such as competitive chlorination, formation of aziridines®!
instead of sulfamidates, or polymerization. Hence, the insertion of the —SO»—
moiety is usually carried out in two steps. First, treatment of 1,2-amino

alcohols with thionyl chloride (SOCL)** allows forming a cyclic sulfamidite



intermediate in normally high yields.** Then, oxidation of cyclic sulfamidites

34,35

in the presence of a ruthenium catalyst normally affords cyclic

sulfamidates in excellent yields (Scheme 2.4).

o RuCl3
SOClI,, pyridine NalO

HO HN-R >80% O\S,N\R >80% O._N-r
R = alkyl, acyl 6 0/' \\O
1,2-aminoalcohol cyclic sulfamidite cyclic sulfamidate

Scheme 2.4. Synthesis of 1,2-cyclic sulfamidates from 1,2-amino alcohols using thionyl

chloride and subsequent oxidation.

A very potent methodology to obtain five-membered sulfamidates involves
treating 1,2-diols with the Burgess reagent (EtsN-SO>-NCO:;Me) as
developed by Nicolaou.’® The reaction mechanism involves a double
sulfonylation of the adjacent hydroxyl groups, followed by an intramolecular
nucleophilic substitution (Syi). The main limitation of this method is the
regioselectivity of the process, determined by a combination of steric and

electronic factors (Scheme 2.5).

R
EtsN. _N<co,me

I
w (Burgess reagent) (\)\ / 2 ,cl) Syi
_— =

HO OH o=5"_° ~$=0 41-90% 0\Sf"“co Me
N N_ o’ ‘\0
MeO,C CO,Me
1,2-diol cyclic sulfamidate

Scheme 2.5. Synthesis of 1,2-cyclic sulfamidates from 1,2-diols using the Burgess reagent.

Cyclic sulfamidates can also be obtained from epoxides. One approach to this
transformation was developed by Nicolaou,’” by converting allylic alcohol-
derived epoxides to either five- or six-membered sulfamidates by treatment

with the Burgess reagent (Scheme 2.6). Analogously, Hudlicky and co-



workers.*® reported the use of simple epoxides to directly obtain cyclic
sulfamidates in moderate yields.

R

/_2"'0H
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R
o N
58 CO,Me
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Scheme 2.6. Synthesis of 1,2-cyclic sulfamidates from epoxides.

Che and co-workers elaborated on a previous work from Du Bois and
coworkers,*” and demonstrated that intermolecular amidation of saturated C—
H bonds was possible via ruthenium catalyzed nitrene insertion of
sulfonamides. These compounds can be prepared and reacted in situ, and
these conditions were subsequently applied intramolecularly to the

asymmetric synthesis of cyclic sulfamidates (Scheme 2.7).404

Rh,(OAc),
Cl\g-NH; or Rhy(esp), 2
Rl Rz O 0 R'" R? phloAc) R! R
pyridine MgO, CH,Cl,
Ho; >70% O NH, 4090% OsNH
o7y o)
R,= aryl, alkyl, acyl
R,= aryl, alkyl, acyl
‘0
/0.0\ |
Rhy(esp),= [0} ’ Rh—_
2(esP)= SRl 9
(o)
0.9

Scheme 2.7. Synthesis of 1,2-cyclic sulfamidates via metal-catalyzed nitrene insertion into

C-H bonds.



Zhou and co-workers reported a method for synthesizing five-membered
sulfamidates by asymmetric hydrogenation of an imine precursor.** Thus,
treatment of alkyl hydroxymethylketones with sulfamoyl chloride
(H2NSOCl), followed by hydrogenation using a chiral Pd-catalyst would
afford chiral 1,2-cyclic sulfamidates (Scheme 2.8).

CI)S(NHZ H,, CF3CH,OH 1 R
o’ ‘o R Pd(CF,c0,),
R pyridine /—( (S,5)FBinaphane )%
_— = \ — >0 NH
/ \< 31-63% O N 95-99% g’
HO o S /7N
Y 7\
oo [0 Je]
R= aryl, alkyl

(S,5)+-Binaphane= LD O O
T &

="

Scheme 2.8. Synthesis of 1,2-cyclic sulfamidates via asymmetric hydrogenation of cyclic N-

sulfinyl imines.

As previously mentioned, the most studied reactivity of cyclic sulfamidates
is their nucleophilic ring-opening reaction. Nucleophilic attack takes place
regioselectively and stereospecifically at the oxygen-bearing carbon, since
the O—SO,N fragment is a much better leaving group than the N—SO3 moiety.
This process occurs via bimolecular nucleophilic substitution (Sx2) with
complete inversion of configuration to deliver a N-sulfate intermediate, which
may then be hydrolyzed under either protic or Lewis acidic conditions to

afford the final product (Scheme 2.9).
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R = alkyl, acyl
Scheme 2.9. Regio- and stereoselective ring-opening of cyclic sulfamidates and subsequent

N-sulfate cleavage.

Five-membered sulfamidates can be easily obtained from conveniently
protected a-hydroxyamino acids (Ser or Thr) by treatment with thionyl
chloride followed by Ru-catalyzed oxidation. The nucleophilic ring-opening
of these amino acid sulfamidates with a large variety of nucleophiles has
produced a plethora of B-substituted-o-amino acids, as demonstrated mainly

by the groups of Lubell and others (Scheme 2.10).4
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NHPhF 2) 1 M KH,PO, CO.Me / NHPhF
—~ z 90%

52%

O_ _NPhF
A
oo
1) , DME
1) ; , NaH 80°C,18 h
DME, 60 °C, 18 h 2) 1 M KH,PO,
2) 1 M KH,PO, 86% 85%
COgMe CO,Me
NHPHE NHPhF

Scheme 2.10. Some examples of ring-opening reactions on L-serine sulfamidate with

different nucleophiles.



However, these serine/threonine sulfamidates are known to undergo
competitive B-elimination due to the acidic character of their a-hydrogen.
This undesired pathway may lead to a mixture of stereoisomers by a
subsequent Michael-type addition to the o,B-unsaturated carbonyl
intermediates. To overcome this issue, Lubell and co-workers used large
protecting groups at either the sulfamide or carbonyl ends to hamper the
access of the base thus reducing the appearance of B-elimination products.*
Of note, this drawback is not observed for sulfamidates derived from [3-
hydroxyamino acids, such as isoserine,*® which provide an straightforward
entry to enantiopure o-substituted--amino acids without competitive

reactions (Scheme 2.11).

Ry COR, CO,R,
—'H CO,R, <
Serine/ __, O_ /N‘Rg —_— R1/k( K - NHR
Threonine o NHR3 1 3
a-amino acids dehydroamino acids
CO,R,
Ri<
Isoserine—_ o _N__0O H/\:/
1 0,,3\\0 CO,R,

B-amino acids

Scheme 2.11. Synthesis of a- or B-amino acids from cyclic sulfamidates. Nu: nucleophile.

Our group has developed a robust methodology to synthetize multiple p>*-
amino acids from cyclic a-methylisoserine sulfamidates. The ring-opening

of these sulfamidates proceeds with total inversion of the configuration at the

49,50

quaternary carbon (Snx2 mechanism) with sulfur,*’*? oxygen,*~° carbon,’!

fluoride®! and nitrogen®>~*

nucleophiles. Further acid hydrolysis of the
sulfamic acid intermediates afforded the corresponding enantiomerically pure

B%2-amino acids in good yields (Scheme 2.12).



Me0,CHN. "¢ o,me

o
sV,
MeOZCHN\)/’(

ae 96% R;= alkyl
s))/
MeO,CHN. Z7c 0 me o
> %e 0 K
7% /_(""/< CsF
(R) ,Cs
RZN\S/O R, c, e MeO,CHN ©
N 99% <
oo cO,Me
/ R,= amide, ester
P R,=acyl
- 2= acy 3 c ;6‘9@
MeO,CHN )7 LN
CO,Me
R;= aryl ae |97y R,HN_ ()

2, -0
R3= aryl, alkyl I/
Ry

MeO,CHN_ (5)]
“co,Me

Scheme 2.12. Ring-opening reaction of the a-methylisoserine sulfamidate with oxygen,
sulfur, fluoride, nitrogen and carbon nucleophiles. a) DMF, rt, 1-12 h. b) 70-80 °C, 48 h. ¢)
DMF, 50 °C, 1-12 h. d) CH3CN, reflux, 48 h. ¢) 20% H>SO4/ CH,Cl (1:1), rt, 12 h. PNBOH:

p-nitrobezoic acid; TBAF: n-tetrabutylammonium fluride.

These sulfamidates were also ring-opened with a number of a- and B-1-
thiocarbohydrates,> including mono- and disaccharides, to obtain a new type

of glycoconjugates, namely o/p-1-thioglycosyl-B**-amino acids (Figure

2.3).

o} 1) ,DBU,
W, O— DMF, 50 °C, 1 h A
S N 2) 20 % H,S0,/CH,CI, (1:1) L_0
Y \ i, 8 h
MeO,C~ "~g” >88% MeO c’NH/N\OMe
77y 2
oo
L__o “L__o “L__o
NH N_ _NH N_ _NH _N_
MeO,C” - “OMe MeO,C -~ “OMe MeO,C < “OMe
95% 93% 88%

Figure 2.3. Synthesis of a-methylisosysteine glycoconjugates.



Following the same strategy, our group has recently reported the synthesis of
dipeptides incorporating the a-methylisoserine sulfamidate, and their
corresponding ring-opening reaction with [(-1-thioglucose, affording S-

glycosylated hybrid o/p>2-dipeptides (Scheme 2.13).%

1)

DBU, DMF, 50 °C, 30 min
2) 20 % H,SO,4/CH,Cl, (1:1)

rt, 30 min
3) TFAICH,,Cl, (1:2)

rt, 15 min (o) fo)

R /(0 4) Ac,0/Pyridine (1:2) /\)j\ /\:)L

e rt,1h R N 3
(s) NHMe
BocHN N (R)o NHMe 5) NaOMe/MeOH, rt, 1 h NHACH
>s? 30-37%

0 do

R= Ph, 3-indoyl, H

Scheme 2.13. Hybrid a/p?>?-S-glyco-dipeptides.

As briefly introduced in the previous section, the ring-opening of cyclic
sulfamidates has been used to synthetize enantiomerically pure orthogonally
and protected derivatives of the bis-o-amino acids lanthionine and

57-59 and

methyllanthionine as an alternative to the ring-opening of lactones
aziridines.®*%> These bis-a-amino acids play a key role in crosslinking
polypeptide antibiotics known as lanthibiotics.®® In this sense, Vederas and
Cobb reported the use of the cyclic sulfamidates derived from serine and
threonine to obtain orthogonally protected lanthionines or -
methyllanthionines, respectively.®* Analogously, Zervosen and co-workers
synthesized unprotected lanthionines by ring-opening serine sulfamidates in

aqueous medium.®® The versatility of these sulfamidates has allowed to obtain

several lanthionine structural analogs.?”*¢ Our group synthesized enantiopure



and orthogonally proteced a-methylnorlanthionine, using o-methylisoserine

sulfamidate.*® (Scheme 2.14).

1) , Cs,C0;
DMF, rt, 20 h
MeO,C, 2) nPrSHIBF3-Et,0,
N/ \,  CHClLm16h Me0,C.
PMB~"~g7 5% NHPMB
A o
o0 Lanthionine
1) , Cs,CO;3
DMF, rt, 18 h .
MeOZC,” 2) nPrSH/BF;-Et,0, Meozc\/:\
CH,C, rt, 18 h H
NHPMB
pma-N-g-° 79% o
0// \‘0 B-methyllanthionine
1) ,DBU,
o DMF, 50°C,1h o)
/_,k.u/( 2) 2 M HCIICH,Cl, (1:1) _O\N s
N-O . 10h NN
_N_ O
Me0,C~ " ~g” 08%
d Yo NHCO,Me

a-methylnorlanthionine
Scheme 2.14. Synthesis of enantiopure and orthogonally protected lanthionine, -

methyllanthionine and a-methylnorlanthionine derivatives from cyclic sulfamidates. PMB:

p-methoxybenzyl.



Bearing this background in mind and as a logical continuation of our research
group’s work , we envisioned the incorporation of cyclic sulfamidates into
biologically relevant peptides, and the subsequent study of their
conformational properties and reactivity by combining experimental (NMR,
gas-phase IR) and theoretical (Quantum Mechanics, Molecular Dynamics)

techniques.

A computational and experimental study on the influence of the sulfamide
and carbonyl substituents in the reactivity of o-methylisoserine cyclic

sulfamidates is presented in chapter 3.

Throughout chapter 4, the coupling of several a-amino acids in solution to
both sulfamidate termini is described. Then, the subsequent ring-opening
reaction with a soft nitrogen nucleophile such as pyridine is evaluated to
afford positively charged o/p>*-hybrid di- and tri-peptides. The
conformational space of those hybrid peptides is studied combining NMR

spectroscopy experiments and Molecular Dynamics simulations.

The solid-phase incorporation of a-methylisoserine sulfamidate in longer
peptides is addressed in chapter 5. Then, different peptides with biological

potential as B-amyloid aggregation disrupters are synthesized and evaluated.

Chapter 6 is focused on the solid-phase intermolecular late-stage ring-
opening reaction of the sulfamidate with different nucleophiles, with the goal

of chemically and fluorescently labeling the corresponding peptides on a solid



support. Additionally, and due to the particular chemistry of these peptides, a

new cleavable linker for drug release is developed.

Intra- and intermolecular ring-opening reactions of sulfamidate-containing
peptides are described in chapter 7, aiming to obtain analogs of cytolysin S

(CylLs), a well-known lantipeptide with antimicrobial activity.

Finally, a brief summary of the most relevant results obtained during an
international short-term stay at van der Donk’s group (University of Illinois

at Urbana-Champaign, USA) will be summarized in chapter §.
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As previously discussed in chapter 2, chiral five-membered sulfamidates are
prevalent in organic chemistry due to their high versatility and their efficient
enantiomeric synthesis.! Their ring-opening reaction is an efficient pathway
to obtain natural products*”’ and different biomolecules.®!* This type of
reaction has been previously reported using different families of sulfamidate

derivatives, !>

which offers a broad variety of synthetic compounds with
different characteristics. A survey in the literature revealed that most of the
reported ring-opening reactions of five-membered sulfamidates, including
metal-catalyzed?>-?° variants, need N-protection, since these substrates are
more reactive than their unprotected analogues.?’” However, this behavior
remains unexplained. There is only one exception, reported by Halcomb and
co-workers,?® in which the ring-opening reaction was achieved using
unprotected sulfamidates incorporated in amino acids and peptides derived

from L-serine and L-threonine , with B-1-thiocarbohydrates as nucleophiles in

aqueous solution (Figure 3.1).

R cosH 1) Aq NaHCO, pH 8
2) Aq HCI R,
O__NH + I —— -
00 H,N CO,H
R1=Hor CH3

Figure 3.1. Ring-opening reaction of unprotected sulfamidates derived from L-serine and L-

threonine with B-1-thiocarbohydrates.

Our research group has lately been focused on sulfamidates featuring the o-
methylisoserine substructure. In the course of these investigations, we

frequently observed that N-unprotected substrates never reacted under typical



nucleophilic ring-opening (Sx2) conditions, not even after increasing reaction

temperatures or reaction times (Scheme 3.1).

.1COR

HN\S/O + Nucleophile *»

d"

R= OMe, NHMe

Scheme 3.1. N-unprotected sulfamidates derived from o-methylisoserine does not undergo

ring-opening reaction with nucleophiles.

Besides the influence of the N-terminus, we have also observed quite dramatic
changes in the chemoselectivity of the competitive ring-opening (Sx2) and
bimolecular elimination (E2) reactions depending on the substituents at the
C-terminus.?** Intrigued by the special behavior of these sulfamidates, we
decided to perform a thorough study of their reactivity, combining quantum
mechanics and ring-opening experiments. For this purpose, pyridine was
selected as a nucleophile, since it is quite convenient for both theoretical and
experimental studies. Pyridine is a slightly basic liquid which can be used as
a solvent thus achieving pseudo-first-order conditions, and simply removed
under vacuum once the reaction is completed. On the other hand, it is a small,
neutral molecule, which reduces computational cost and facilitates geometric

optimization (Scheme 3.2).
m . RZ\N/>,/
/__(\com V $0,/ COR,
so
XN |
Ry COR,

Scheme 3.2. Competitive ring-opening (Sx2) and biomolecular elimination (E2) reactions on

quaternary sulfamidates.



The key step to synthesize a-methylisoserine sulfamidates (Scheme 3.3) is
the Sharpless’ asymmetric dihydroxylation were the chirality of the scaffold
is established.>!3? This reaction is carried out on the methacrylic acid Weinreb
amide (olefin B), previously synthesized from commercially available
methacryloyl chloride (olefin A), in the presence of a chiral osmium catalyst
(AD-mix a), enantioselectively affording diol C. This diol is then reacted
with the Burgess reagent to give sulfamidate D. Finally, different functional
group transformations at both termini can be performed to obtain different

sulfamidate building blocks (E, F, G, H, I).2%3-34



Me(MeO)NH, Et;N AD-mix o, MeSO,NH,

o} DoM O/  'BuOHM,0 0\_N/
Clrt,24n N 0°C,24h %
— > 0_ —
85% g;:ﬁ, Ho/ (R) :OH
A B b ee C
N\ /
o0 ,/ B R t N MeNH SONHMe
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Nl THF N/ @\ THF un ®
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F E I
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\
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Scheme 3.3. Synthesis of the sulfamidate derivatives E-I.

For this study, we considered combinations of unprotected sulfamidate (NH),
acetyl (NAc) and methyl carbamate (NCO2Me) groups at the N-terminus, and
methyl ester (CO2Me) and methylamide (CONHMe) groups at the C-
terminus, corresponding to sulfamidates E, F, G, H and I. Sulfamidate I,
which bears N-acetyl and methylamide groups, would simulate the behavior
of the sulfamidate in a peptide context. Sulfamidates E-I were reacted using
pyridine as a solvent at the temperatures and reaction times summarized in
Table 3.1. Once the reaction was finished, as judged by TLC, the solvent was
removed under vacuum, and an acidic workup using aqueous 2 M HCI or

aqueous 20% H>SO4 in DCM (1:1) was performed.



Table 3.1. Ring-opening and elimination reactions of a-methylisoserine sulfamidates E-I.

&
E-I 1-3 4
Sulfamidate Ri R: TCC) Time (h) Sn2P E2P
E? OMe  CO:Me 25 12 1(>99%)  nd.
F OMe H 60 24 n.d. n.d.
G* OMe COMe 25 12 2 (>99%) n.d.
H NHMe H 60 24 n.d. n.d.
I NHMe  COMe 60 16 3(83%)  4(17%)

Previosly described by our research group.3*3* *Yields after column chromatography. n.d.:

not detected.

As deduced from the experimental data, the presence of carbonyl groups at
the N-terminus (sulfamidates E, G and I) activates the Sn2 pathway.
Additionally, sulfamidate I, which bears a methylamide group at the C-
terminus, activates the E2 pathway. However, unprotected sulfamidate
derivatives (F and H) are unreactive even at high temperatures and after long
reaction times. In both cases, starting materials were fully recovered,
irrespective of the protecting group at the C-terminus. On the other hand,
compounds E and G bearing a methyl ester at the C-terminus showed higher
reactivity and yielded exclusively the ring-opening products 1 and 2,
respectively, after 12 hours at room temperature. Methylamide sulfamidate 1
needed 60 °C and 16 hours to achieve high substrate conversions and yielded
a mixture of the ring-opening compound 3 (83%) and elimination compound

4 (17%). The terminal alkene a-methylidene-f-alanine was observed as the



unique elimination product, since only the B-hydrogens at the tertiary methyl
group can be arranged in an antiperiplanar disposition with respect to the
leaving OSO>N group. This kind of reactivity was reported previously by our
research group using basic nucleophiles, such as fluoride or phenoxides

(Scheme 3.4).%

O\
N— p
rl..u\ko MeO,C. H 0
1) NBu,F or Na N 8 o—
Me0,c-Ng-© H /% N + Meoc™" N~
oy 2) 20 % H,S0,/ 7N\ 2
oo CH,Cl, (1:1) o o
S\2 E2
NBu,4 32% 68%
Na 50% 25%

Scheme 3.4. Sulfamidate reactivity previously observed with fluoride or phenoxide

nucleophiles.

Pseudo-first-order kinetics for both the ring-opening and elimination
reactions of sulfamidate H and I in pyridine-ds were analyzed by 'H NMR
spectroscopy (Figure 3.2). Sulfamidate H remained unchanged, as previously
observed. On the other hand, sulfamidate I showed a competitive Sx2 (3’) and
E2 (4°) profile, without detecting any intermediate or transient species. The
experimental activation barrier for the pseudo-first-order nucleophilic ring

opening of sulfamidate I at 60 °C was estimated to be AG* = 20.0 kcal mol™.
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Figure 3.2. Pseudo-first order kinetics for the ring-opening (Sn2) and elimination (E2)
reactions of sulfamidate I in pyridine-ds at 60 °C. Sulfamidate H remained unreacted under
the same conditions. The integrations of the peaks corresponding to one of the H of

sulfamidates H, I and compounds 3’ and 4’ were used to determine the molar ratio.

Therefore, we demonstrated that the reactivity at the sulfamidate quaternary
carbon (Sn2 or E2) can be completely controlled depending on the

substituents at both termini.



Quantum mechanics (QM) performed at the PCMpyridine/M06-2X/6-
31+G(d,p) level satisfactorily explained the experimental observations
described above (Figure 3.3). It should be noted that using equimolecular
amounts of pyridine and sulfamidate (second-order conditions) afforded low
conversions and yields in the experiments. Conversely, using pyridine as a
solvent (pseudo-first-order conditions) allowed complete conversions in
reasonable reaction times. Hence, the calculated second-order activation free
energies cannot be directly related to the experimental pseudo-first-order
activation barriers. However, computed activation enthalpies gave a better
representation of the experimental reaction rates due to the neglect of entropy,
which is of great importance in biomolecular reactions. Thus, the activation
enthalpy calculated for the ring-opening reaction of sulfamidate I at 60 °C
was AH*= 22 kcal mol™!, which was in line with the experimentally measured
activation barrier at the same temperature, AG*ex,= 20 kcal mol™.

According to the theoretical calculations, ester-substituted sulfamidates E and
G predominantly undergo Sn2-type ring-opening reactions, whilst the
elimination pathway is disfavored by at least 5 kcal mol! (Figure 3.3),
despite P-hydrogens at the methyl group seem more accessible to the

nucleophile/base than the quaternary carbon.



Figure 3.3. Lowest energy structures for the reactant (left) and transition states (TS) for the
concerted ring-opening (Sx2, middle) and elimination (E2, right) reactions calculated for

sulfamidates E (top), and G (bottom). Wp = Torsion angle around the ester group in degrees.

On the other hand, amide-substituted sulfamidate I is theoretically able to
undergo both reaction pathways, substitution and elimination. Activation
barriers for both processes were calculated to be almost identical, since the
activation energy of the Sx2 pathway increased around 3-4 kcal mol! and the

activation energy for the E2 pathway decreased about 2 kcal mol! with



respect to those calculated for the ester-substituted sulfamidates E and G

(Figure 34).

Figure 3.4. Lowest energy structures for the reactant (left) and transition states (TS) for the
concerted ring-opening (Sx2, middle) and elimination (E2, right) reactions calculated for

sulfamidate I. yp = Torsion angle around the amide group in degrees.

The reason for this trend was not easily attributable to electronic or inductive
effects, considering that the atomic partial charge at the quaternary carbon in
sulfamidate I was slightly more positive (gnso= +0.18 €") than sulfamidate G
(gnBo= +0.16 €"). The calculated trend was better explained by the higher
distortion of the amide moiety with respect to the ester upon planarization of
the quaternary carbon at the nucleophilic attack. This planarization of the a.-
carbon seems to impose an important energy penalty when the geometry of

the reactant distorts into that of the Sn2 transition structure (TS) (Figure 3.5).



Figure 3.5. Potential energy scan around the torsion angle yp in sulfamidates G and I,

calculated with PCMpyrigine/M06-2X/6-31+G (d, p).

The calculated torsion profiles around the Co—CO bonds (yp dihedral) for
both N-acetyl sulfamidates G and I show that amide-substituted sulfamidate
I has a higher barrier associated with the rotation of the more polarized amide
group, which requires about 4 kcal mol™! to distort into the TS geometry. The
origin of this higher rotational barrier is the loss of a hydrogen bond between
the amide NH and the sulfamidate endocyclic O atom. On the other hand, it
is easier for the ester group of sulfamidate G to adopt the TS geometry, with
a smaller penalty of 1.5 kcal mol!. For E2-type reactions, the rotation around
the Ca-CO bond is minimal for the corresponding TS of sulfamidate I,
imposing no energy penalty with respect to the reactant’s geometry. This is
because the hydrogen bond between the amide N—H and the sulfamidate
endocyclic oxigen, which was lost in the Sn2 TS for this sulfamidate, is
maintained.

In the cases of N-unprotected sulfamidates F and H, the absence of the

carbonyl group raises the calculated activation barriers for both reactions (Sn2



and E2) by around 3 kcal mol™!, slowing down the reactions about 100 times

(Figure 3.6).

Figure 3.6. Lowest energy structure for the reactants (left) and transition states (TS) for the
concerted ring-opening (Sx2, middle) and elimination (E2, right) reactions calculated for
sulfamidates F (top) and H (bottom). yps = Torsion angle around the ester and amide groups

in degrees.

This deactivation was calculated to be even stronger if a pyridine molecule is

bound to the sulfonamide NH (H*py), which increases the activation barrier



for the ring-opening reaction by 4 kcal mol™! with respect to the unsolvated
sulfamidate H, making the calculated reaction rate 500 times lower.
Similarly, if this sulfamidate is totally deprotonated (H’) the calculated
activation barrier is much higher (AG* = 54 kcal mol™!), which translates into

millions-fold lower reaction rates (Figure 3.7).

Figure 3.7. Summary of substituent effects on the calculated activation barriers (AG* in kcal
mol!) for the ring-opening reactions (Sx2) of a-methylisoserine-derived sulfamidates. &’

values correspond to the computed relative second-order rate constants.

This theoretical prediction for deprotonated sulfamidate H’ was studied
experimentally. A titration experiment was performed on sulfamidate H by
monitoring the corresponding 'H NMR spectrum in CDCls. In the absence of
pyridine, the NH signal appears as a pseudo-triplet due to a weak J-coupling
to the vicinal CH> hydrogens, whose signals appears as two doublets of
doublets. Addition of only 0.1 equivalents of pyridine led to a NH signal
shape change into a broad singlet and a downfield shift of around 1 ppm.
Vicinal CH» signals also changed to two doublets. Addition of increasing
amounts of pyridine caused a more marked broadening and downfield shift
of the NH signal, which finally disappeared (Figure 3.8). This experiment
strongly suggested that pyridine is somehow interacting with the NH group

of the N-unprotected sulfamidates, thus decreasing their reactivity.



Figure 3.8. Titration of sulfamidate H with pyridine monitored by 'H NMR in CDCl;.

The absence of the N-carbonyl group avoids delocalization of the partial
negative charge generated in the NSO3; moiety upon Co—Oendo bond cleavage
when the sulfamidates are ring-opened. This loss of thermodynamic driving
force is revealed by the later character of the Sx2 and E2 transition structures
(1.e. shorter Npyridine**Cot and Npyridine'*-H forming bond distances). On the
other hand, the accumulation of additional electron density on the same NSO3
moiety either by partial or full deprotonation of the N—H group strongly
disfavors charge transfer from pyridine to the breaking C---Oendo bond at the

transition state.



An explanation of the reactivity observed for sulfamidates derived from o-
methylisoserine has been provided, combining experiments and theoretical
calculations. This study indicates that changing the substituents attached to
the N- and C-terminus of the sulfamidate allows controlling reactivity (Sn2
vs. E2). If the N-terminus has a hydrogen atom attached, the reactivity at the
quaternary carbon towards either Sn2 or E2 reactions is completely silenced.
However, when this position is functionalized with a carbonyl group, the
reactions at the quaternary carbon are triggered. On the other hand, the C-
terminus allows fine tuning the chemoselectivity (Sn2 vs. E2). As will be
described in the incoming chapters of this thesis, this modulation capability
will be very useful for the synthesis of peptides incorporating this scaffold,
since further transformations can be performed without undesired ring-
opening reactions by using the unprotected sulfamidate as a building block,
and the ring-opening pathway can be subsequently activated when needed

(Figure 3.9).

o
|

N

N O Modulates
A yd
Triggers 58 SN2 vs E2
reactivity at (o)

quaternary center

Figure 3.9. Summary of the substituent effects on the reactivity of the o-methylisoserine

sulfamidates.

These results have been published in the Journal of Organic Chemistry (J.
Org. Chem. 2017, 82, 13250-13255).
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4. Synthesis of mixed positively charged o/B>2-peptides

Noncovalent interactions'* have shown to be relevant in diverse areas of
chemistry, from materials design to molecular biology. These interactions can
be found alone or in combination with others stabilizing the structure of the
host-guest complex. One of the most common interactions are hydrogen
bonds,>”’ which are electrostatic attractions between hydrogen atoms and
electronegative atoms such as nitrogen, oxygen or fluorine. Hydrophobic
interactions between non-polar molecules or residues within polar solvents
such as water are also commonly observed. On the other hand, there are salt
bridges interactions, consisting of a combination of non-covalent hydrogen
bonds and ionic bonds interactions. Finally, X-m interactions (X= CC, CH,
NH, OH, SH, cation, anion or halogen), which are interactions between
aromatic rings, polarized hydrogens and charged atoms, have also been
observed. All of them are already known to provide stability and specificity
to the folded structure of proteins among other things. Among these, two
major interactions have been attracting a great deal of interest in recent
years,®? m-m stacking (non-covalent interactions between aromatic rings,
containing 7 bonds) and cation-m (non-covalent interactions between a cation
and a 7 system), since they are important for controlling the structure and
function of macromolecules. Throughout this chapter, we will focus on these

type of interactions (Figure 4.1).
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Figure 4.1. Noncovalent interactions.

Noncovalent cation-m interactions take place when a positively charged entity
interacts with a neutral w system. This interaction may be even stronger than
hydrogen bonds, since the electrostatic attraction between an ion and a neutral
molecule is stronger than between two neutral molecules, especially when
the neutral molecule is easily polarizable.!* '3

The first cation-nt interaction, was reported by Kebarle and co-workers in
1981. They demonstrated that K" ion preferred to bind to benzene rather than
to a water molecule.'* Since this discovery, many research groups have been
interested in these interactions, studying them with different ions and &
systems.

Cation-rt interactions are relevant in different fields, such as host-guest
complexes, > to study molecular recognition between artificial or synthetic
receptors and small guest molecules; materials science, to obtain new

20-26

nanosystems; and catalysis and organic synthesis, to study their reaction

mechanisms (Figure 4.2).27’28’374‘6’29"‘7’30’36
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Figure 4.2. Host-Guest chemistry (a),'” materials science (b)?® and catalysis (c)?’ examples

in which cation-7 interaction are relevant.

However, in this chapter we are interested in biological systems, in which
Dougherty’s group pioneered the study of these systems.* In this field,
peptides, proteins, enzymes, and antibodies have been studied. In the cases of

4852 and proteins,>>>*637155°62 the interactions between side chains

peptides
are very important because they play an important role in the stabilization of
their secondary and tertiary structures. One remarkable example was the
geometric analysis of 33 refined protein crystal structures performed by
Burley and Petsko. These studies showed that the cation-n interactions
between protonated or very polar sidechains (Lys, Arg, Asn, Gln or His) and
aromatic rings (Phe, Trp or Tyr) can stabilize the folded structure of
proteins.”?

Kallenbach and co-workers showed that the pair Trp/Arg formed a cation-nt

interaction on the surface of a peptide, contributing to the stabilization of an
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a-helix.”® In the case of proteins, Gasymov et al., discovered a cation-m
interaction, which stabilized the conformation of a loop, in the pair Phe/Lys
of tear lipocalin present at the ocular surface.”

On the other hand, some research groups have been focused on the possibility
of studying the protein functions and enzymatic activities in which cation-nt
interactions may be relevant, combining X-ray structural elucidation and site-
directed mutagenesis.”>’68336.77-84 I this sense, Goldstein and co-workers.
determined the crystal structure of the enzyme phosphatidylinositol-specific
phospholipase C from Staphylococcus aureus, where a cation-n was found to
be essential for activity.?’

These interactions are also crucial for the binding profiles of several
antibodies®® °? to their corresponding antigens or of bioactive drugs to

biological receptors (Figure 4.3).%°
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Figure 4.3. Peptides (a),’? proteins (b),”* enzymes (c)*’ and antibodies (d)°! examples

showing cation-m interactions.

On the other hand, antimicrobial peptides usually have a net positive charge,
which allows preferential binding to the negatively charged outer surface of

bacteria.”>**

Taking into account the importance of aromatic interactions, such as cation-
n and m-7t, the main goal of this chapter is to study such attractions in small
o/B*-peptides. For this purpose, di-, tri-peptides containing cyclic o-
methylisoserine sulfamidates will be synthesized. The corresponding ring-
opening reaction of the cyclic sulfamidate moiety will be studied using

neutral nucleophiles so that the peptide becomes cationic upon ring-opening.



m 4. Synthesis of mixed positively charged o/B>2-peptides

We selected pyridine as the nucleophile, since it is a small neutral molecule
and can be used as a solvent, considerably reducing reaction times (Scheme
4.1). Finally, the conformational space of some of the resulting positively
charged peptides will be evaluated combining NMR experiments (2D-
NOESY) and Molecular Dynamics (MD) simulations.

IRV N

(R) H —_— H H
D5 SR G e/

o &%

Scheme 4.1. Ring opening reaction of a-methylisoserine cyclic sulfamidate in peptides with

pyridine as a nucleophile.

4.1 Peptide synthesis

As an extension of a previous study from our group,” a small library of
a/B*2-hybrid dipeptides was synthesized by coupling o-amino acids to the N-
unprotected sulfamidate H. Then, we extended the library by coupling o-
amino acids at the sulfamidate C-terminus. To this aim, we used sulfamidate

amino acid J obtained quantitatively from sulfamidate D after basic

hydrolysis (Scheme 4.2).

o / o ./
N—NH N—N . CO,H
5 MeNH B \o__ LiOH'H,0 s
o) THE 2 " MeOH:H,0 (3:2) ®
HN O r.t., 3 days MeOZC‘N\szo rt,24h e’
d o 85% do 96% o
H D J

Scheme 4.2. Synthesis of sulfamidate building blocks H and J.
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Coupling a-amino acids at the N-terminus of the different starting materials
and intermediates was achieved by using TBTU as the coupling agent in
dichloromethane at -20 °C. The use of low temperatures and non-polar
solvents was key to avoid the undesired ring-opening of the sulfamidate with
nucleophiles present in the coupling cocktail such as benzotriazoles, once the
peptide bond is formed.

Coupling a-amino acids at the C-terminus of the sulfamidate J did not work
well under these conditions. Several other coupling reagents were tested, the
best yields being achieved using PyBOP and HOAt. After coupling for 18
hours at room temperature, no ring-opening byproducts were observed, and
the target compounds were obtained generally in good yields. These results
agree with the observations described in chapter 3, namely that N-terminus
unprotected sulfamidates cannot undergo ring-opening reactions.

These dipeptides were elongated at either their N- or C-terminal positions,
following the conditions described above. The resulting di- and tripeptides
were capped at their N-termini as an acetamide to simulate one last peptide
bond, and to promote the sulfamidate ring-opening reaction. All these

procedures are summarized in Scheme 4.3.
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Scheme 4.3. Generation of a small library of hybrid a/B>?-peptides by coupling o-amino

acids at both terminal positions of a-methylisoserine sulfamidates H and J.

To investigate the occurrence of aromatic interactions, o-amino acids bearing
aromatic substructures were selected (Phe, and Trp) as coupling partners
(Scheme 4.4 and Table 4.1). In order to couple a following amino acid at the

i+2 position, a deprotection step was necessary (Table 4.1, entry 7).
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R
\CONHMe BocHN” >CO,H R CONHMe
HN_ O M BocHN N__O coupling at (i-1) position
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Scheme 4.4. Coupling of different o-amino acid at the N- or the C-terminus of a-

methylisoserine sulfamidates.
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Table 4.1. Yields obtained for the di- or tripeptides 5-13.

Entry a-ami-no acid Sulfamidate oc-am.ino acid a-am.ino acid Final c?mpound
(i-1) (i+1) (i+2) (yield)?
1 Boc-Phe-OH H - - 5(79%)
2 Boc-Trp-OH H - - 6 (80%)
3  Boc-Ser(OBn)-OH H - - 7 (50%)
4 - J Ala-OMe - 8a (71%)
5 - J Phe-OBn - 9a (87%)
6 - J Trp-OMe - 10a (75%)
7 - J Ala-OMe Trp-OMe 11a (34%)
8 Boc-Phe-OH J Phe-OBn - 12 (87%)
9 Boc-Trp-OH J Phe-OBn - 13 (81%)

%Yield after column chromatography.

Then, compounds 8a, 9a, 10a and 11a were acetylated using pyridine/Ac2O
(2:1) at room temperature for 1 h, affording compounds 8b, 9b, 10b and 11b
with good yields (Scheme 4.5).

R4 R,
o] R
XLNS\“ 2 T S\«Rz
/J( H O Pyridine/Ac,0 (2:1) SN
HN o) rt,1h H o
Sa?
S N. 0O
g A
O oo
8a-11a

8b: R;=H, R,=OMe (59%)
9b: R4=Ph, R,=0Bn (92%)

10b: R4= Indol, R,=OMe (81%)
11b: R4= H, Ry=Trp-OMe (58%)

Scheme 4.5. Acetylation of compounds 8a-11a to obtain peptides 8b-11b.

Nucleophilic ring-opening reactions were performed on all of the synthetized
peptides (5-7, 8b-11b, 12 and 13) using neat pyridine as nucleophile at 60 °C
for 12 h. Ring-opened Boc-protected peptides were further deprotected by
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treatment with TFA/CH>Cl; (1:1) and acetylated using pyridine/Ac2O (2:1),
affording compounds 14-23 in good yields (Figure 4.4 and Table 4.2).

\ cl NH ) A cl
n +
n Me N — / \Cl o] H Me N7
o)
N \)\ﬂ/ > P NOX N )LN oy~ S
(o] N (s) ~ H o} o
H o o
14 15 16
HMe N7y @ HMe N H\)?\
N_ X _Nys N NS
\)\rr N G - G ) gt
o = o o =
SPh
18 19
0 ¢ B NH 7\
HMe N* o} N cl o Pho = o
(S) _ HMe ¥ H H Me /!
N N (S) S) N NS)
\)\n/ (0) \n/ S - NTS) ~ )LN S \_)I\OB
) o °: H =
Ph
21 2

Figure 4.4. Structure of positively charged hybrid peptides 14-23. In blue is shown the i-1
residue, in green, the substructure corresponding to the previous sulfamidate H or J, in red,

the i+1 residue, in pink, the i+2 residue, in purple, the acetamide group and in orange, the

pyridinium side chain.
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Table 4.2. Yields obtained for positively charged hybrid peptides 14-23.

Entry aa-H Ac-J-aa Ac-J-aa-aa aa-J-aa Final peptide (yield)®
1 5 - - - 14 (62%)°
2 6 - - - 15 (51%)°
3 7 - - - 16 (45%)°
40 7 ] ; - 17 (49%)°
5 - 8b - - 18 (60%)
6 - 9b - - 19 (70%)
7 - 10b - - 20 (52%)
8 - - 11b - 21 (53%)
9 - - - 12 22 (30%)¢
10 - - - 13 23 (33%)°

3Global yields after column chromatography. ®3-Methyl-pyridinium as a nucleophile was

used. °Yields obtained after ring-opening, Boc-deprotection and acetylation.

Dipeptides 14-16 (entries 1-3, Table 4.2) were obtained in moderate yields
after 4 reactions steps. Peptide 7 was ring-opened with 3-methyl-pyridine
under the same conditions to give a/B**-dipeptide 17 in a similar yield (entry
4, Table 4.2). Analogously, o/p*?-dipeptides (18-20) and a a/p**-tripeptide
(21) were also prepared in good yields (entries 5-8 in Table 4.2). However,
and a/p>*-tripeptides 22 and 23 (entries 9 and 10) were obtained in low yields
after 4 reaction steps. In all the cases, the ring-opening reaction took place
with total inversion of configuration at the quaternary center. Small amounts
of elimination byproducts (15°, 16’, 18’-23") were also observed in some cases

as predicted by QM calculations in chapter 3 (Figure 4.5).
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Figure 4.5. o/B-unsaturated peptides obtained as by-products of sulfamidate ring-opening.
In blue the i-1 residue, in green the part corresponding to the previous sulfamidate H or J, in

red the i+1 residue, in pink the i+2 residue and in purple the acetamide group.

4.2 Conformational Analysis

The conformational preferences of hybrid peptides 14 and 15 in water were
investigated by NOE experiments and MD-tar simulations. The direct
interpretation of NOE data in small molecules may lead to the generation of
high-energy virtual conformations in terms of a single conformer, since the
NOE peaks can correspond to the average of several conformations co-
existing in solution. Therefore, and following our reported protocol,’® the
NMR spectroscopic data were combined with time-averaged restrained

molecular dynamics (MD-tar) simulations, aiming to obtain a distribution of



4. Synthesis of mixed positively charged o/B>2-peptides

low-energy conformers able to quantitatively reproduce the NMR
spectroscopic data. This procedure overcomes the limitations inherent to both
techniques, namely NMR analysis and unrestricted MD simulations, and
provides a robust method to consider molecular flexibility in the
interpretation of spectroscopic NMR data.

Experimental distances were deduced from 2D-NOESY cross-peak
intensities and were used as restrains in MD-tar simulations using explicit
water. The distances obtained from the simulations agreed reasonably well
with the experimental ones, confirming that the MD-tar simulations
represented in a proper manner the behavior of these peptides in water

solution (Table 4.3).

Table 4.3. Comparison of the experimental and theoretical distances (in A) derived from 100

ns MD-tar simulations for compounds 14 (left) and 15 (right).

The most relevant dihedral angles were judged by the Ramachandran plots
obtained from the MD simulations. The natural aromatic residues (Phe or Trp)
adopt a distribution of extended and folded conformations in both
compounds, whereas the B>2-amino acid is quite rigid, with 0 and g values

around 180° (Figures 4.6 and 4.7).
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Figure 4.6. Distributions of some relevant torsional angles obtained for peptides 14 and 15

from 100 ns MD-tar simulations in explicit water.

Figure 4.7. Calculated conformational ensembles for peptides 14 and 15 derived from 100
ns MD-tar simulations. Aromatic side chains are shown in pink, and the pyridinium side

chain in purple. Root-mean squared deviations (rmsd, average + standard deviation) are given

in A.
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The spatial disposition of the backbone in peptides 14 and 15 allows the
appearance of persistent aromatic interactions between the neutral aromatic
(phenyl/indolyl) and charged pyridinium moieties. Such interactions are
observed around 25% of the total simulation time and their existence is
demonstrated the appearance of NOE cross-peaks between inter-residue

aromatic protons (Figure 4.8).

Figure 4.8. Distribution of the distances between the centroids of the aromatic groups in
peptides 14 and 15 derived from 100 ns MD-tar simulations in explicit water (top), and the
corresponding aromatic hydrogens regions of the 2D-NOESY spectra (bottom).
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4.3 Conclusions

A library of o/f*%-hybrid di- and tri-peptides incorporating an o-
methylisoserine sulfamidate has been synthesized. Some of these
oligopeptides were activated for sulfamidate ring-opening by capping its V-
terminal position as a sulfonylacetamide and were able to undergo the ring-
opening reaction with total inversion of the configuration at the quaternary
carbon using pyridine as a nucleophile. The use of pyridine provided
positively charged o/p??-hybrid di- and tri-peptides in good yields. MD
simulations and 2D-NOESY experiments confirmed that these positively
charged peptides engage in noncovalent aromatic interactions between the
aromatic ring of the i-1 amino acid and the pyridinium moiety. These findings
offer new opportunities to access and stabilize novel architectures not
previously observed in o- or B-peptides, with potential applications in

molecular recognition and drug discovery.

These results have been published in the journal Organic Letters (Org. Lett.
2015, 77, 5804-5807).
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5. Inhibition of amyloid fibrillation with sulfamidate-modified BSBP

Alzheimer’s disease (AD) is one of the main causes of dementia and a leading
cause of death in the world.! It was firstly described by the German
psychiatrist Alois Alzheimer in 1906, when he psychoanalyzed a patient, who
had several strange symptoms and short-term memory losses.> When the
patient died, Alzheimer examined the brain in collaboration with two Italians
doctors and detected amyloid plaques and neurofibrillary tangles. These brain
anomalies would become identifiers of what later became known as
Alzheimer's disease. AD is a progressive and devastating neurodegenerative
disorder characterized by memory loss and a variety of cognitive

disabilities,>* such as problems with language or disorientation (Figure 5.1).

Figure 5.1. Brain cross-sections (left: healthy brain, right: Alzheimer’s disease-affected

brain).

To date, this disease has no cure or effective treatment. Only certain drugs
have been developed to mitigate the symptoms. These symptoms usually
appear in people between 60 and 70 years old. Many experts believe that this

disease is an inevitable consequence of aging and every elder person will
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show some of the symptoms from 90 years old on. However, other risk factors
such as depression, hypertension or head injuries may accelerate the process

(Figure 5.2).

Figure 5.2. Alzheimer disease of different patients vs age.>¢

Nowadays, the research lines to find a cure for this disease are focused on two
possible mechanisms. One of them is based on the so-called 7au proteins and,

the other, on the so-called S-amyloid protein.

Tau proteins

Healthy neurons are composed of a cytoskeleton formed by microtubules.
These act as rails that guide nutrients and other biomolecules from the
neuronal body to the ends of the axons, and vice versa. Tau proteins are
responsible for stabilizing these microtubules. However, when this protein is
hyperphosphorylated, due to eventual chemical changes within the cell, they
form aggregates, creating neurofibrillary tangles, and disintegrating the
transport system of the neuron. As a consequence, neurons begin to die and

the disease shows the first symptoms (Figure 5.3).”
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Figure 5.3. Tau protein neurodegeneration mechanism (reproduced from

https://www.nia.nih.gov/health/what-happens-brain-alzheimers-disease)

B-amyloid

On the other hand, the amyloid precursor protein (APP) located in the cell
wall of the neurons is crucial for their growth, survival and regeneration.
Eventually, this protein undergoes proteolysis by the y- and B- secretases
generating, among other products, the so-called S-amyloid protein (BA), a
peptide formed by 36 to 42 amino acids (amino acid sequence in humans:
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA)
whose biological functions include protection against oxidative stress and
antimicrobial activity. Mutations in the gene coding for APP induce an
increase in the production of B-amyloid, causing aggregation into oligomers,
then fibrils and, if production rises high enough, plaques which eventually
cause cell death (Figure 5.4).3
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Figure 5.4. f-amyloid neurodegeneration  mechanism  (reproduced  from
https://commons.wikimedia.org/wiki/File: Alzheimers_disease-Beta-

amyloid plaque formation.png)

There are many research groups focused on the study of this last mechanism
and the development of new strategies to avoid P-amyloid accumulation.
Some of this strategies consist of interfering on the formation and deposition
of fibrils:*!!

- Screening of chemical compounds libraries and the search for

endogenous cellular factors capable of binding to BA.

- Passive and active immunization.

- Design of small organic ligands able to specifically bind to BA.

- Inhibition of the - or y-secretase enzymatic activity.

- Activation of BA degradation pathways.
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- Inhibition of other effects of the disease, such as inflammation and
oxidative stress, that may be directly associated with the formation of

fibrils.

The identification of compounds able to stabilize the BA o-helix native
structure or to destabilize the non-native B-sheet structure that proceeds fibril
aggregation is one of the most recent research therapeutic lines for the
treatment of amyloidogenic pathological conditions.”!%1%13

One of the most promising strategies was developed by Soto and co-workers
and is based on using small peptides able to bind to native B-amyloid
monomer without participating on the B-sheet structure. Thus, the bonds
between oligomers are destabilized, preventing the formation of plaques and
ultimately neuron death. These peptides called B-sheet breaker peptides
(BSBP) incorporate a single mutation -valine into proline- in the B-amyloid

hydrophobic core (LVFF) responsible for fibril formation (Figure 5.5).141°

Figure 5.5. 3-sheet breaker peptides mechanism.
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Based on the same strategy, other research groups have developed different
candidates by modifying Soto’s small peptide. Some of these modifications
include: N-methylation of one of the two phenylalanines,'®!” thus impeding
the formation of the hydrogen bond through the corresponding amide group;
incorporation ~ of  two  a,B-unsaturated  phenylalanines (o[-
dehydrophenylalanines),'® thus rigidifying and changing the motif’s three-
dimensional structure; substitution of the unnatural proline (natively a valine)
by aspartic acid,!” which generates a breaker element in situ resulting in a
kink into the peptide backbone; fluorination of hydrophobic amino acids
(valine, phenylalanine or proline),?® thus changing the polarization of the
C-H geminal bonds. Finally, retro-inverse analogues of the motif generated
by substituting the L-amino acids for D-counterparts and reversing the

sequence, have been also used (Figure 5.6).2!*
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Figure 5.6. B-sheet breaker peptides incorporating natural a-amino acids.



5. Inhibition of amyloid fibrillation with sulfamidate-modified BSBP

In order to increase the resistance to proteolysis of these natural candidates,
non-proteinogenic amino acids, such as o-aminobenzoic acid,?® azetidin-2-
carboxylic acid, 3-phenyl derivatives, B-homoproline or B-sulfonylproline
have also been proposed. N-terminal sulfonamide derivatives have also been
investigated since they could form atypical hydrogen bonds, due to the

presence of two oxygen atoms bound to sulfur (Figure 5.7).2426
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Figure 5.7. 3-sheet breaker peptides incorporating unnatural amino acid residues.
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Taking into account all of these ideas, we aimed to synthesize new BSBPs
based on the B-amyloid hydrophobic fragment LVFF. The valine residue will
be replaced by a B>?-amino acid, namely a-methylisoserine sulfamidate,
which can be regarded as a proline mimic. We hypothesized that the endo-
and exocyclic oxygen atoms present in the sulfamidate scaffold, in addition
to its cyclic structure, would create new patterns of interactions, giving rise
to a novel type of folded structures and, ultimately, inhibiting the aggregation

of the B-amyloid. (Figure 5.8).

Figure 5.8. Figure of our B-sheet breaker peptides based on Soto’s motif (Ac-Leu-Pro-Phe-
Phe-Asp).
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5.1 Synthesis of new BSBPs

To confirm this hypothesis, we designed and synthesized peptides based on
Soto’s motif by Solid-Phase Peptide Synthesis (SPPS), incorporating our -
methylisoserine sulfamidate. Keeping in mind our experience and challenges
in the synthesis of small peptides incorporating sulfamidates in homogeneous
phase,?’ for this work, the coupling of this scaffold in longer peptides was
developed and optimized using the more convenient microwave-assisted
SPPS (MW-SPPS). The main advantages of incorporating amino acids using
a solid support are the higher purity of the final peptide and the possibility of

synthesizing longer peptides, in comparison to homogeneous phase synthesis.

Solid Phase Peptide Synthesis

The concept of solid phase synthesis was developed in 1963 by Merrifield.?®
In modern SPPS, the instrument is equipped with a channel system to
automatically perform pumping, mixing, and removal of solutions. The
automated peptide synthesizer contains bottles for all chemicals (amino acids,
solvents, activator and base) and ensures adequate delivery and disposal of
the solutions.

SPPS needs an insoluble solid support, called resin, which contains a linker
capable to liberate the peptide in the last step. In this type of synthesis, the
carboxylic acid of the first amino acid is coupled to the resin. Resins consist
of polymer particles that bind to the C-terminus of the growing peptide and
protect it from potential side-reactions during the process.

In order to get better results and increase the reaction yield, the N-terminal
group and reactive side-chain moieties of amino acids must be blocked. N-
terminal protecting groups must be removed specifically after each successful

coupling step, while the side-chain protecting groups and the resin linkage
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keep protected against unwanted side-reactions. Additionally, the carboxyl
groups of the sequentially added amino acids must be activated by coupling
agents to increase their electrophilicity towards the formation of the new
peptide bond. After loading of the resin, the N-terminal protecting group of
the first amino acid is removed and the next activated amino acid can be
coupled. These alternating steps of terminal N-deprotection, activation and
coupling are repeated until the desired peptide is obtained. As the next step,
it is desirable to simultaneously remove the side-chain protecting groups and
liberate the peptide from the resin. This process is called “cleavage”, and in

our case, it will be performed under acidic conditions (Scheme 5.1).

Scheme 5.1. Scheme of a general SPPS route.
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The crude product can be easily separated from the resin by filtration and
purified by standard chromatographic methods such as HPLC. The correct
peptide signal can be identified by mass spectrometry (MS) with soft
ionization techniques such as ESI or MALDI-TOF.

Coupling a-methylisoserine sulfamidate (J) to H-[peptide]-resin

The sequence Phe-Phe-Asp was selected as a benchmark for optimizing the
coupling step to obtain peptide 24 [J-Phe-Phe-Asp-NH:]. Different
temperatures, times and coupling reagents were tested. The influence of
microwave assistance was also assayed using a CEM Liberty-Blue instrument
(Table 5.1). When coupling was attempted manually without microwave
assistance, no coupling product was detected after 18 h at room temperature
and only starting material (Phe-Phe-Asp-NH>) was recovered after final
cleavage (Table 5.1, entries 1-5). Instead, microwave assistance was needed
for the coupling reaction to work successfully in just a few minutes (Table
5.1, entries 6-8), the best conditions being summarized in entry 8 of Table
5.1. Of note, there was no need to protect the N-terminus of sulfamidate J due
to its unreactive sulfonamide character, which additionally precludes ring-

opening during the peptide coupling step.?’
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Table 5.1. Optimization of sulfamidate J peptide coupling through its C-terminus.

\\/,0
/—(\\ﬁ\OH HzN\)L \)L . goonudﬁtl:ggs \)L \)LNHZ

Cleavage

HN_ O
7\
(o0 fBuo HO

J H-[Phe-Phe-Asp]-resin 24
J-Phe-Phe-Asp-NH,

Entry Mode Coupling Base Solvent Time Temperature  Conversion
reagents (°C) (%)*
1 PyBOP/HOAt DIPEA DMF 18 h 25 0
2 HBTU DIPEA  DMF 18h 25 0
3 Manual HOAYDIC - DMF 18 h 25 0
4 HOBt/DIC - THF 18h 25 0
5 HOBt/DIC - CH;CN 18h 25 0
6 HBTU/HOBt DIPEA  DMF 20 min 75 62
7 Microwave- HBTU/HOBt  DIPEA DMF 10 min 90 64
8 assisted, Oxyma/DIC DMF 20 min 75 87
automatic
9 Oxyma/DIC ~ ----- DMF 10 min 90 80

*Estimated by HPLC in the crude mixture.

Coupling amino acids at the N-terminus of H-J-[peptide]-resin

Once the coupling of the sulfamidate J to the growing peptide was optimized,
the coupling of another amino acid at the N-terminus of the sulfamidate was
attempted. In this sense, the sequence Ac-Leu-J-Phe-Phe-Asp-NH> was
selected for solid-phase coupling optimization (Scheme 5.2). Initially,
Oxyma Pure® and DIC were used as coupling reagents in DMF using
microwave assistance (75 °C) for 20 min since it showed the best conversion
ratios for coupling sulfamidate J to resin-supported peptide 24 (Table 5.1,
entry 8). However, the desired peptide was not obtained after Fmoc removal
from terminal Leu, subsequent N-acetylation and final cleavage reactions.
Instead, ring-opening of the sulfamidate moiety and incorporation of

unexpected functional groups into the peptide structure was detected by MS.
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This was also observed when using HBTU and HOBt as coupling agents and
DIPEA as a base (Scheme 5.2). These results indicate that the coupling
reagent is not innocent in this unusual coupling, since using nucleophilic
coupling reagents, such as oximes or N-hydroxybenzotriazoles leads led to
undesired ring-opening reactions at the cyclic sulfamidate affording peptides
25 and 26, respectively. Such undesired ring-opening side-reactions during
peptide coupling with N-carbonyl-derived sulfamidates —in contrast to the N-

unprotected analogues— were previously described by our research group.?’

1) Coupling conditions
2) 20% piperidine, DMF
\)J\ \)J\ 3) Ac,O/pyridine
4) Cleavage N
—_—
FmocHN \/i |]/ \/U\ \)LNH
OH
rBuO 0 \© \ﬂ/
24-resin
Fmoc-Leu-OH H-[J-Phe-Phe-Asp]-resin /@
NC
m*o/\ i

N, N-N
o]

wRe j RS
Scheme 5.2. Undesired ring-opening reactions of cyclic sulfamidate by oximes and

benzotriazoles present in the coupling reagents.

In order to minimize the occurrence of side-reactions and determine the
conversion ratios of the coupling reaction, different coupling conditions were
assayed and the cleavage reaction was performed right after the coupling
reaction to obtain Fmoc protected peptide 27 [Fmoc-Leu-J-Phe-Phe-Asp-
NH:] from resin-supported peptide 24. The ring-opening reaction by N-
hydroxybenzotriazole using TBTU was effectively minimized performing the
coupling process at low temperatures (Table 5.2, entry 1). However, this
methodology could be automated due to technical limitations. Alternatively,
non-nucleophilic DIC and DIPEA as the coupling reagent and base,

respectively, were tested at different temperatures and reaction times for the



5. Inhibition of amyloid fibrillation with sulfamidate-modified BSBP

microwave-assisted automated coupling (Table 5.2 entries 2-6). These
improved conditions solved the aforementioned problem and led to high
coupling conversions. The protocol described in entry 6 was selected for

subsequent automated syntheses.

Table 5.2. Optimization of amino acid coupling at sulfamidate J N-terminus.

\\/,
o 0 ,/0
LSI/N\)J\ \)J\ 1) Coupling conditions FmocHN\)\N o0
2) Cleavage
FmocHN \( \_S( \)J\ \)J\NH2

P OH
BuO \© \ﬂ/
24-resin 27

Fmoc-Leu-OH H-[J-Phe-Phe-Asp]-resin Fmoc-LounJ-Phe-Pho-Asp-NH,
Entry Mode Coupling Base Solvent  Time Temperature Conversion
agents “C) (%)*

1 Manual TBTU DIPEA DCM 30 min -20 88

2 DIC DIPEA DMF 15 min 25 69

3 Microwave- DIC DIPEA DMF 2 min 90 70

4 assisted, DIC DIPEA DMF 15 min 90 76

5 automatic DIC DIPEA DMF 25 min 75 87

6 DIC DIPEA DMF 20 min 75 90

*Estimated by HPLC in the crude mixture.

However, although several Fmoc-protected amino acids such as leucine and
alanine could be coupled at the N-terminus of resin-supported peptide 24
containing sulfamidate J under the aforementioned optimized conditions, the
selective cleavage of the N-terminal Fmoc group necessary to elongate the
peptide chain and/or acetylate this position could not be achieved under any
of the multiple tested conditions including different solvents (DMF,
acetonitrile, chloroform), bases (piperidine, morpholine, DBU, DIPEA),
concentrations and reaction times. Instead, peptide 24 was fully recovered in
all cases after cleavage from the resin, thus revealing the high instability of
the amino acid-sulfamidate amide bond. As an alternative approach to obtain

the target sequence, N-acetyl-leucine was directly coupled to the sulfamidate
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N-terminus of resin-supported peptide 24 using DIC/DIPEA at room
temperature for 16 h (Scheme 5.3). In this case, microwave assistance was
not used to avoid side-reactions. Although this strategy did allow obtaining
peptide 28 [Ac-Leu-J-Phe-Phe-Asp-NHz] in a moderate global yield (43%),
two epimers in a 1:3 ratio at the terminal leucine were detected. Although
such diastereomers could be separated by HPLC, their absolute configuration
could not be determined. This racemization process is frequently observed
when coupling N-acetylated amino acids using carboxylate group activators
via oxazol-5(4H)-one formation.*® Additionally, when peptide 28 was
dissolved in aqueous PBS buffer (pH 7.5), its N-terminal leucine residue was

again cleaved to give peptide 24 according to the NMR, MS and HPLC data.

\\//
AcHN
\)L \)J\ 1) DIC/DIPEA, rt, 16 h \_Kr( \)I\ \)J\
2) Cleavage NH,

AcHN \@ \n/OH
'BuO

24-resin
Ac-Leu-OH H-[J-Phe-Phe-Asp]-resin Ac-L/D-Leu-J-Phe-Phe-Asp-NH, (1:3)

o _,0
Ny’ / PBSpPH7.5
HN" O W © 7 °
B N N
N \)Lu ok,

o o OH
O
24 °

J-Phe-Phe-Asp-NH,

Scheme 5.3. Non-stereoselective coupling of N-acetyl amino acids to sulfamidate peptides

and subsequent N-terminal residue cleavage in aqueous buffer.

Therefore, and although this compound would be directly comparable to
Soto’s motif (Ac-Leu-Pro-Phe-Phe-Asp), it was finally discarded for further
studies due to the lack of complete stereochemical assessment and, more

importantly, its instability in solution.
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Synthesis of BSBPs candidates

For the synthesis of BSBPs candidates and subsequent amyloid protein
aggregation studies, a small peptide library comprising the minimal
sequences Xxx-Phe-Phe-Yyy (Xxx = Pro or sulfamidate J; Yyy = Asp or Ala-
Glu) was built. The potential structural-biological consequences of
acetylating the sulfamidate N-terminus, as well as extending the motif’s
length and changing the nature of the negatively charged residue (Asp in
Soto’s original design vs. Ala-Glu in native B-amyloid) was evaluated by
synthesizing the following peptides: 29: [Ac-Leu-Pro-Phe-Phe-Asp-NH:]
(Soto’s original BSBP; reference), 30: [Ac-Pro-Phe-Phe-Asp-NH:] (shorter
version of Soto’s BSBP), 31: [ Ac-J-Phe-Phe-Asp-NH:], 24: [J-Pro-Phe-Phe-
Asp-NH2] (described above), 32: [Ac-Pro-Phe-Phe-Ala-Glu-NH»] (longer
version of Soto’s BSBP), 33: [Ac-J-Phe-Phe-Ala-Glu-NH:], 34: [J-Phe-Phe-
Ala-Glu-NH3].

MW-SPPS standard optimized conditions were used for the construction of
the natural and pre-sulfamidate sequences, using Oxyma Pure®/DIC as
coupling reagents and 20% piperidine in DMF for Fmoc deprotection. a-
Methylisoserine sulfamidate (J) and the subsequent amino acid (Fmoc-Leu-
OH) were coupled to H-[peptide]-resin using the optimized methodologies
described above (Table 5.1, entry 8 and Table 5.2, entry 6), and acetic
anhydride/pyridine (1:2) were used for the final N-terminal acetylation
reaction where necessary. After treatment with TFA/H,O/TIS (95:2.5:2.5) for
simultaneous deprotection of the peptide side chains and peptide cleavage
from the resin, followed by purification by HPLC and lyophilization, peptides

24 and 29-34 were used in the subsequent structural and biological studies.
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5.2 Conformational studies

Structural studies in aqueous solution by circular dichroism

The conformational preferences of these peptides in aqueous solution were
first studied by circular dichroism (CD). CD is a spectroscopic absorption
technique, which provides information about the structure of biological
macromolecules in solution, allowing the detection of the most frequent
secondary structures, such as B-sheets, o-helices, turns or random coils in
proteins.

The corresponding CD spectra for either natural or unnatural peptides
comprising the Phe-Phe-Ala-Glu sequence, showed a slightly better-defined
structure than the peptides incorporating the shorter Phe-Phe-Asp sequence.
Notably, the characteristic B-sheet profile was not observed for any of them.
Instead, a polyproline-II helix-like conformation seems to be preferred for
these peptides. Not showing a B-sheet-like structure themselves is a pre-
requisite for the candidate peptides to behave as potential anti-amyloidogenic

BSBPs (Figure 5.9).

Figure 5.9. Circular dichroism spectra of synthetized BSBP candidates 24, 30 and 31-34.



5. Inhibition of amyloid fibrillation with sulfamidate-modified BSBP

Structural studies in aqueous solution by NMR and Molecular Dynamics
simulations

NMR experiments and Molecular Dynamics simulations with time-averaged
restraints (MD-tar) were combined to obtain a more detailed representation
of the secondary structure of peptides 24, 31, 33 and 34. Unfortunately, the
same type of analysis could not be repeated with reference peptides
incorporating a Val (as in the natural B-amyloid hydrophobic core) or a Pro
(as in Soto’s BSBP) residues in place of our sulfamidate, due to their very
poor solubility in the used aqueous medium at the concentration required for
the 400 MHz 'H NMR experiments (around 20 mM). 2D-NOESY
experiments were registered for each peptide dissolved in a 9:1 mixture of
phosphate buffered saline (PBS, pH=5.7) in H2O/D>0 at 298 K. Experimental
distances were deduced from 2D-NOESY cross-peak intensities and were
used as geometrical restrains in the MD-tar simulations using explicit water.
The average distances obtained from the simulations were consistent with the
experimental ones, confirming that such calculations are able to correctly
capture the structural behavior of these peptides in water solution (Figure
5.10). Of note, the experimentally measured °Jxn-no coupling constants
(6.1-8.3 Hz) suggest that these peptides are quite flexible without adopting a

clearly defined, predominant conformation in solution.*!-*>
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Figure 5.10. Comparison between experimental and MD-tar-derived H-H distances obtained
from 500 ns simulations in explicit water for peptides 24, 31, 33 and 34. Experimental
distances were semi-quantitatively determined by integrating the volume of the

corresponding NOESY cross-peaks. All distances are given in A.

The preferred conformations for the most relevant backbone dihedral angles
(yp, for sulfamidate B*2*-amino acid, see Figure 5.11; ¢o, Yo, for a-amino

acids, see Figure 5.12) of peptides 24, 31, 33 and 34 were evaluated and
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represented as Ramachandran-type plots in which conformer populations
have been translated into their relative energies (AE) through Boltzmann
distributions at 298 K. In the case of the sulfamidate B>*-amino acid moiety,
the canonical Ramachandran plot (¢, o) cannot be used.

The strong conformational restrictions imposed by the tertiary o-methyl
group of our (R)-a-methylisoserine sulfamidate, lock the yp dihedral angle
between —120° and —150° and, as result, a conserved interaction between the
amide N—H of the (i + 1) residue (Phe) and the endocyclic oxygen (Oendo) of
the sulfamidate is formed (averaged distance in all peptides ~2.4 A)* (see
Figure 5.11 panels b and ¢ for peptide 24 as an example). Variable-
temperature 'H NMR experiments suggested that such interaction might not
be a canonical hydrogen bond, in agreement with its geometrical features
derived from the MD simulations. The terminal N-acetylsulfonamide in
peptides 31 and 33 is locked into a cis amide bond disposition as confirmed
by medium NOE (Ac—Hpror and Ac—Hpros) (see Supplementary Information
II: Tables & Figures, chapter 5, Figures S2 and S3), which differs from the
normal trans preference in a-proline, and resembles the behavior observed

for B-proline. >3-4
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Figure 5.11. a) Chemical structure for peptides 24, 31, 33 and 34 highlighting the dihedral
angle yp . b) Relative population of the yp angle obtained from the 500 ns MD-tar simulation
in explicit water for peptide 24. ¢) NHPhe2—OendoJ distance distribution derived from the
500 ns MD-tar simulation in explicit water for peptide 24. Distances are given in angstrom
(A). Similar distributions were observed for peptides 31, 33 and 34 (see Supplementary
Information II: Tables & Figures, chapter 5, Figure S1).

The conformational bias impossed by the cyclic sulfamidate is transferred to
the adjacent amino acids. Particularly, the (i + 1) Phe residue predominantly
displays in all the studied peptides a folded polyproline-II helix conformation
(PPIL, @o ~ —60° yo ~ +150°), with minor populations of extended B-sheet
conformations (B, @a ~—150° y, ~ +150°) as shown in Figures 5.12 to 5.15.
These conformational preferences resemble those described for residues
adjacent to cyclic amino acids such as residues preceding a proline.*®

In both the N-unprotected (24) and N-protected (31) shorter peptides (Figures
5.12 and 5.13, respectively), the (i + 2) Phe residues exhibit increasingly more

folded conformations with significant population of the left-handed a-helix

conformation in peptide 31 (0w, Qo ~ +60°, Yo ~ +45°) and a minor presence
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of the right-handed a-helix (or, @~ —60°, Yo ~—45°). . The predominance of
such folded arrangements is even more evident for the C-terminal (i + 3) Asp

residue.

Figure 5.12. Per-residue Ramachandran plots derived from 500 ns MD-tar simulations for
the backbone dihedral angles of peptide 24. Explored conformations are shown as colored
regions ranging from highly populated (i.e. stable, AE < 0.0-1.0 kcal mol™, red-green dots)
to poorly populated (i.e. unstable, AE > 1.0-2.0 kcal mol!, blue-white dots) structures.
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Figure 5.13. Per-residue Ramachandran plots derived from 500 ns MD-tar simulations for
the backbone dihedral angles of peptide 31. Explored conformations are shown as colored
regions ranging from highly populated (i.e. stable, AE < 0.0-1.0 kcal mol!, red-green dots)
to poorly populated (i.e. unstable, AE > 1.0-2.0 kcal mol’!, blue-white dots) structures.

Longer peptides 33 and 34 (Figures 5.14 and 5.15, respectively) showed
conformational preferences similar to those found for shorter peptides 24 and

31. The (i + 1) and (i + 2) Phe residues display a predominantly folded
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polyproline-II helix conformation (PPIL, ¢q~—60°, v, ~ +150°), with a minor
presence of extended B-sheet conformations (B, @o ~ —150° yo ~ +150°). No
a-helix conformations are observed for the (i + 2) Phe residues in these cases.
Although (i + 3) Ala residues are able to adopt a-helix conformations (o, Qa
~—60° yo ~—45° and or, Pa~ +60°, Yy, ~ +45°), they exhibit a preference for
polyproline II as well (PPII, ¢o ~ —60° wyo ~ +150°). However, a-helix
conformations are preferred by the C-terminal (i + 4) Glu residues, reflecting
the lack of conformational bias exerted by the sulfamidate residue at remote
positions of the peptide chains (i.e. the propensity to adopt PPII-type
conformations decreases as the distance to the N-terminal sulfamidate

increases).
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Figure 5.14. Per-residue Ramachandran plots derived from 500 ns MD-tar simulations for
the backbone dihedral angles of peptide 33. Explored conformations are shown as colored
regions ranging from highly populated (i.e. stable, AE < 0.0-1.0 kcal mol*!, red-green dots)
to poorly populated (i.e. unstable, AE > 1.0-2.0 kcal mol™!, blue-white dots) structures.
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Figure 5.15. Per-residue Ramachandran plots derived from 500 ns MD-tar simulations for
the backbone dihedral angles of peptide 34. Explored conformations are shown as colored
regions ranging from highly populated (i.e. stable, AE < 0.0-1.0 kcal mol!, red-green dots)
to poorly populated (i.e. unstable, AE > 1.0-2.0 kcal mol™!, blue-white dots) structures.

MD-tar simulations showed that the four peptides have a large propensity to
adopt various folded conformations, in good agreement with the circular
dichroism (CD) experiments, which showed a preponderance of folded PPII-

like conformations in water solution (Figure 5.9). These conformational
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preferences preclude the formation of B-sheet structures such as those
occurring at the LVFF hydrophobic core of the B-amyloid protein, which
subsequently lead to oligomerization and fibrillation. Not only the cyclic
nature of the a-methylisoserine sulfamidate itself, which replaces the Val
residue in the natural B-amyloid and the Pro residue in Soto’s anti-
amyloidogenic BSBP, but the very strong conformational bias imposed by
this B%2-amino acid to the adjacent (i + 1) residue transmitted through the g
dihedral to the rest of the peptide chain are responsible for this special
structural behavior. The novel turn observed in our BSBP candidates is likely
stabilized by a electrostatic interaction between the amide N—H of the (i +
1) residue (Phe) and the endocyclic oxygen (Oecndo) of the sulfamidate

appearing as a result of the highly conserved g values.

Structural studies in the gas phase by infrared double resonance ion-dip
(IRID) spectroscopy

In an attempt to elucidate the intrinsic conformational preferences of our anti-
amyloidogenic candidates in a desolvated environment more closely
resembling the hydrophobic surrounding of a B-amyloid fibrils or aggregates,
we studied the structural properties of the minimal motif J-Phe-Phe-NH; in
the gas phase. For this purpose, we synthesized this peptide through SPPS
and studied its structural features in the gas phase using spectroscopic
techniques based on infrared double resonance ion-dip (IRID), in
collaboration with the group of Dr. Emilio Cocinero at the Biofisika Institute
(CSIC — UPV/EHU).3¢38

The well-stablished protocol for IRID-based structural determination consists
on deconvoluting the information encoded in the gas phase experiment
through a careful examination of the whole conformational space of the

analyzed compound with quantum mechanics and the subsequent calculation
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of the vibrational frequencies for each low-energy conformer. Then, an
averaged theoretical spectrum is predicted by weighting the intensities of each
individual vibration with the calculated population for each conformer.
Finally, this theoretical spectrum is compared with the experimental IRID
one, and if a good agreement is obtained, the nature of the experimental
absorption bands and ultimately the tridimensional structure of the molecule
at the atomic level (i.e. the low-energy conformational ensemble) can be
accurately assessed.

This technique requires the presence of aromatic moieties in the molecule for
conformational monitoring and selection through UV-Vis absorption
spectroscopy. Since the sulfamidate-based BSBP consensus sequence J-Phe-
Phe-NH> already has two aromatic phenylalanines as constituent residues,
and is a sufficiently small molecule, thus being computationally tractable, it
was considered an appropriate substrate for this kind of analysis.

The gas phase IRID spectrum of this peptide corresponding to the N-H
stretching vibrations, which provide fingerprint information about the
characteristic hydrogen bond network pattern, and thus folding, of the low-
energy conformation(s) of the molecule shows an intense absorption band at
around 3150 cm’!, three overlapping bands in the 3350-3450 cm™! region and
one distinct band at around 3500 cm™ (Figure 5.17a). The presence of well-
resolved and separated bands suggests that only a few conformations engaged
in a distinctive hydrogen bond network are dominant in the gas phase.

The whole conformational space of peptide J-Phe-Phe-NH> was analyzed
quantum mechanically by fully optimizing 1152 starting structures with M06-
2X/6-31+G(d,p) in the gas phase (Figure 5.16).
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Figure 5.16. Quantum mechanical exploration of the conformational space of peptide H-J-

Phe-Phe-NH; in the gas phase with M06-2X/6-31+G(d,p). The systematically analyzed
dihedral angles are shown in red and those maintained in the initial conformation are shown
in blue. The backbone atoms used to define dihedral angles are highlighted with grey circles.
The plot shows the relative energy (AE) of the different conformations after full geometry
optimization, ordered from lower to higher energies. The red square shows the fraction of

low-energy conformations selected for further geometry optimization at higher theory levels.

Then, the 20 lowest-energy conformers with a relative energy (AE) within the
0-5 kcal mol! range accounting for ~98% of the structural population as
calculated through a Boltzmann distribution at 298 K, were re-optimized at
B3LYP-GD3BJ/6-311++G(2d,p). Vibration frequencies were calculated at
the same theory level using the harmonic oscillator approximation and using
pre-defined scaling factors.** The superior capability of this dispersion-

corrected functional to correctly distinguish the most stable conformation of
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medium-sized flexible molecules in which both polar and van der Waals
interactions are important, particularly in the context of gas phase
spectroscopy, has been recently reported.>®

Conformation I is the lowest-energy one and its calculated infrared
frequencies match almost perfectly those measured experimentally,
indicating that such conformer is very likely the most populated one in the
gas phase, contributing predominantly to the experimental IRID spectrum
(Figure 5.17). The five lowest-energy conformations I-V account for ~95%
of the whole conformational population and are all very similar both
structurally (i.e. all are folded) and spectroscopically (Figure 5.17¢ and
5.17d), conformation II being the most different due to the absence of an
intramolecular hydrogen bond between sulfamidate N-H and peptide
backbone C=0 groups. These residual conformations are likely responsible
for the band broadening observed in the experimental IRID spectrum.
Conformation I shows a completely folded secondary structure as a result of
an intricate hydrogen bond network involving the o-methylisoserine
sulfamidate N—H, S=Oex, and S—Oecnao atoms. As previously reported®® and
observed also in the MD simulations described above, the tertiary a-methyl
group of our (R)-a-methylisoserine sulfamidate plays a decisive role to lock
the sulfamidate amide bond in a very stable and unusual arrangement (yp =
—137°). As a result of this conformational lock, the Phe residue attached to
the sulfamidate (i + 1 position) is stabilized in an a-helix conformation (@4 ~
—62°, Yo ~ —34°) through the direct N-H to S—O.nso intereaction persistently
observed in solution for all peptides (see previous section), and the
consecutive terminal Phe (i + 2 position) folds into an inverse y-turn
conformation through hydrogen bonds between its C=0 and N—H groups with

sulfamidate N-H and S=O.., groups, respectively. The non-extended
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orientation of the two Phe side chains (g, '« = +50° for Phel; g*, y'o = —62°
for Phe2) create a hydrophobic patch through aromatic C—H/zn interactions
between the two nearly perpendicular phenyl rings which encapsulate one the

two sulfamidate S=Oex, groups.
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Figure 5.17. Experimental IRID (a) and conformationally-averaged theoretical IR (b) spectra
(N-H vibrations region) of peptide J-Phe-Phe-NH, in the gas phase. c¢) Calculated N-H
vibrations for lowest-energy conformations I-V. The high correspondence between
calculated and observed bands is highlighted with red dotted lines. d) Three-dimensional
structures, relative energies (AE) and populations at 298 K (p) calculated for conformations
I-V with B3LYP-GD3BJ/6-311++G(2d,p). Non-polar hydrogens are omitted for clarity
Hydrogen bonds are highlighted with blue dotted lines and distances are shown in angstrom

A).

119




5. Inhibition of amyloid fibrillation with sulfamidate-modified BSBP

The nature of the observed IRID absorption bands was assessed through the
calculated vibrations for the largely predominant, minimum-energy
conformation 1. The intense band at ~3150 cm™ corresponds to the
sulfamidate N—H and it is the most characteristic absorption of peptide J-Phe-
Phe-NH,, separated from other amide vibrations in the molecule. Most
notably, the sulfamidate N—H:--C=0 hydrogen bond lowers the frequency of
this vibration by ~165 cm™! with respect to that calculated in conformation II
in which this hydrogen bond is absent. The three overlapping bands in the
3350-3450 cm™! region correspond to N—H vibrations of the second Phe amide
bond, terminal amide and first Phe amide bond, respectively. Finally, the band
at ~3500 cm™! corresponds to an additional vibration of the terminal amide.

This observation confirms our initial hypothesis that this densely
functionalized five-membered cyclic amino acid confers strong bias towards
novel non-extended conformations to small peptides in which it is
incorporated, with high potential for disrupting extended B-sheet structures

such as those present in amyloid fibrils.

5.3 Biological studies

Thioflavin-T (ThT) fluorescence assay

To study the ability of sulfamidatecontaining peptides to behave as BSBPs, it
is crucial to study the aggregation of the B-amyloid peptide in the presence of
these candidates. One of the most used strategies in this regard is the
monitorization of the fluorescence intensity of thioflavin T (ThT).*°
Thioflavin T is a benzothiazole salt, which is used as a dye to visualize and
quantify the presence of protein aggregates such those occurring in B-
amyloid. It was firstly used as a fluorescent marker of amyloid in 1959.

Vassar and Culling groups observed a dramatic increase in fluorescence
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brightness when ThT selectively localized to amyloid deposits.*! A few
decades later, Naiki and LeVine groups demonstrated that ThT displays a
dramatic large shift of the excitation maximum from 385 nm to 450 nm and
the emission maximum from 445 nm to 482 nm when bound to the fibrils.
Additionally, the increase observed for the fluorescence intensity upon fibril
binding, makes it a rarely sensitive and effective marker, which allows
monitoring fibril aggregation in real time and in solution.***

Wu et al. studied the mechanism of amyloid-dye interactions, demonstrating
that ThT binds parallelly to the long axis of the fibril surface in grooves
formed by side-chain ladders. Furthermore, ThT prefers to interact with

channels formed by aromatic residues, such as the Val-Phe motif (Figure

5.18). 4547

Thioflavin-T

Figure 5.18. ThT structure (left) and structural rationale for fibril-ThT interactions (right).*~

47

ThT assays of BA aggregation typically display a sigmoidal curve divided in
three phases: lag phase (lack of mature fibrils), growth phase (rapid increase
of fibrils concentration) and equilibrium phase (predominance of mature

fibrils) (Figure 5.19).
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Figure 5.19. Typical graph of BA aggregation monitored by ThT fluorescence assays.

The kinetics of amyloid agglomeration in the presence of our sulfamidate-
based BSBP candidates were monitored by time-dependent ThT fluorescence
assays. Positive control peptide 29 (Soto’s Pro-based BSBP) and peptides 24,
30, 31, 32, 33 and 34 were each co-incubated with B(1-40)-amyloid in an
aqueous phosphate buffered saline (PBS, pH 7.4) at 37 °C for 24 hours with
continuous shaking (200 rpm) using a 96-well black plate. In order to
investigate the dose dependence, 2-, 5- and 10-fold molar excess of the
BSBPs were used for each experiment. ThT was added and the fluorescence
intensity (442 nm for excitation and 482 nm for emission) was recorded with
10 minutes reading intervals and 5 seconds shaking before each reading. All
the samples were measured three times and the average value was used.

The kinetic aggregation assay of BAi-40)alone showed a steadily increase in
the fluorescence intensity (brown line in Figure 5.20), which is a
characteristic property of the fibrillar nature of the peptide and correlates to
the amount of fibrils present.*® The other colored curves in Figure 5.20

correspond to the PB-amyloid co-incubated with the BSBP candidates at
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different concentrations, exhibiting a similar profile than untreated BA(i-40).
Some of the experiments showed a decrease in the fluorescence intensity
between the growth phase and the equilibrium phase, indicating that those
peptides may act as inhibitors of amyloid aggregation. In general, candidates

32, 33 and 34 showed better inhibition properties than peptides 24, 30 and 31.

Figure 5.20. ThT fluorescence assays (fluorescence intensity vs. time for the monitoring of
amyloid (15 pM) fibrillation in the presence of peptides 24, 30 and 31 (left) and in peptides
32, 33 and 34 (right). Peptide 29 is used as a positive control. The molar ratios between the

amyloid and BSBP candidate are shown in parentheses).
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In order to quantify the fibrillation of B-amyloid in the presence of the BSBP
candidates, the maximum value of each curve between the growth phase and
the equilibrium phase was taken, using as a reference the one obtained for the
isolated amyloid, to which an arbitrary value of 1 was assigned (Figures 5.21

and 5.22).

Figure 5.21. Relative maximum fluorescence intensities obtained from the ThT fluorescence
assays for the amyloid alone (orange) and co-incubated with peptides 24 (blue), 30 (black),
31¢( ), and Soto’s BSBP 29 ( ). The molar ratios between the amyloid and BSBP

candidate are shown in parentheses).
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Figure 5.22. Relative maximum fluorescence intensities obtained from ThT fluorescence
assays for the amyloid alone (orange) and co-incubated with peptides 32 (red), 33
(turquoise) and 34 (pink) and Soto’s BSBP 29 ( ). The molar ratios between the

amyloid and BSBP candidate are shown in parentheses).

In the case of using 2 equivalents of BSBPs with respect to the 3-amyloid, it
is generally observed that longer peptides (Figure 5.22) inhibit fibrillation
better than shorter ones (Figure 5.21) and show superior properties than the
one reported by Soto. When using 5 equivalents, longer peptides 33 and 34
display the best inhibition properties. Finally, with 10 equivalents all the
longer peptides inhibit fibrillation.
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In view of these results, it can be concluded that compound 33, which
incorporates the acetylated sulfamidate in the longer sequence (Ac-J-Phe-
Phe-Ala-Glu), shows the best inhibition properties at all the studied

concentrations, being even better than the one reported by Soto.

Circular dichroism for BA (1-40) co-incubated with BSBPs

Another way to qualitatively study amyloid fibrillation is by analyzing its
circular dichroism (CD) spectrum.*’ The conformation of the amyloid after
incubation in the absence and presence of the breaker peptides was analyzed
through CD.

The spectra obtained for freshly prepared, untreated amyloid at zero time
(gray) and after 24 h of incubation at 37 °C (gold) are shown in Figure 5.23.
As can be seen, at time zero when the amyloid is not aggregated, the spectrum
shows a pattern typical of random coil structures with a pronounced minimum
around 200 nm. However, after incubation, the spectrum shows a pattern
typical of B-sheet arrangemets, with a soft minimum around 220 nm. These
control experiments clearly indicate that $-amyloid fully aggregates during

the experiment time.

Figure 5.23. Circular dichroism spectra of f-amyloid (15 uM) for freshly prepared (in grey)
and after 24 h incubation at 37 °C.
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Analogous CD analyses were performed after incubating the amyloid in the
presence of 2 equivalents of the BSBPs at 37 °C for 24 hours. Limited
amounts of the inhibitors were used to avoid interference with the
measurements. The CD spectra of BA in the presence of BSBPs (24, 32, 33
and 34) significantly differ from that of the untreated amyloid sample (Figure
5.24), suggesting the inhibition of B-fibrils formation and preservation of the
protein disordered. These results are consistent with the ThT fluorescence

experiments.

Figure 5.24. Circular dichroism B-amyloid (15 pM) at 37 °C for 24 h with peptides 32, 33
and 34 (1:2) (left) and circular dichroism B-amyloid (15 uM) at 37 °C for 24 h with peptides
24, 30 and 31 (right).

After incubating the samples at 37 °C for a prolonged period (7 days) the same
trend is maintained. These observations demonstrate that our sulfamidate-
based peptides persistently inhibit the amyloid aggregation, likely targeting

and stabilizing its monomer helical structure. (Figure 5.25).
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Figure 5.25. Circular dichroism spectra of f-amyloid (15 puM) after incubation at 37 °C for
7 days in the presence of peptides 32, 33 and 34 (1:2 BA:BSSP ratio) (left) and peptides 24,
30 and 31 (1:2 BA:BSSP ratio) (right).

5.4 Conclusions

A new class of conformationally restricted BSBPs based on the hydrophobic
core of B-amyloid has been developed. These BSBPs incorporate a five
membered cyclic sulfamidate derived from a-methylisoserine, which confers
a conformational rigidity to the adjacent residues. The resulting peptides
adopt mostly folded conformations, as determined by CD, NMR, MD-tar and
IRID experiments. We have proven that peptides incorporating this
sulfamidate are able to modestly inhibit B-sheet agglomeration of the -
amyloid protein in vitro, which prevents amyloid fibril formation. Peptide 33
has shown to be the best BSBP candidate as judged by ThT fluorescence and
CD experiments, even after one-week amyloid incubation. This new family
of rationally designed BSBPs may be promising for the development of new
drugs for the treatment of Alzheimer’s and other neurodegenerative diseases
by targeting the native folded structure of the B-amyloid monomer in solution.
The capability of these candidates to disrupt the amyloid fibril agglomeration

will be evaluated in cells.
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6. Synthesis of chemically active o/B-peptides

Mucins are a family of high molecular weight glycosylated proteins present
in mucus, which play a key role in several biological processes.'™ To date,
21 different mucins have been discovered, all of them having a variable
number of tandem sequences rich in proline, serine and threonine residues.
The MUCI is one of the most studied mucins and is constituted by 20 to 125
tandem-type repeats of a core sequence of 20 amino acids:
HGVTSAPDTRPAP PA.*7 This sequence has three important
regions, GVTSA, where the GalNAc transferases enzymes® start the
glycosylation process, PDTRP, recognized by anti-MUCI antibodies’ and
related to several types of cancer and , recognized by anti-Tn antigen

antibodies'’ (Figure 6.1).

Figure 6.1. Sequence of MUC1 showing the three recognition regions in different colors.

The main goal of this chapter is the synthesis of analogs of the MUCI1 protein
epitope recognized by anti-MUCI1 antibodies, incorporating our o-
methylisoserine cyclic sulfamidate as a mimic of the initial serine residue
(SAPDTRP). In order to modulate the conformations or introduce active
compounds, the reactivity of the cyclic sulfamidate in a peptidic context will
be studied by assaying several ring-opening reactions both in solution and on

a solid support. Finally, we will investigate the ability of this sulfamidate to
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release cargos attached to the N-terminal position of the peptides in a

controlled manner.

6.1 Sulfamidate ring-opening reactions in solid phase

Performing chemical reactions on a solid support has considerable advantages
with respect to solution chemistry. Reaction mixtures are commonly cleaner,
lower purification steps are needed, and, in a peptide context, it allows the
controlled elongation of the peptide chain. However, reaction monitoring
under heterogeneous conditions may be difficult. Several types of reactions'!
using a solid support, in addition to prototypical amide bond formation, have
been already described, such as cross-coupling (Heck, Stille, Suzuki),'>"!’
cycloadditions (Diels-Alder, 1,3-dipolar),'®?* enzymatic couplings,?'?
Michael additions,?* or nucleophilic substitution (N-, O-, C-, S-alkylations,
glycosylation).'*>3? As an example, Boguslavsky’s®® or Albericio’s*
groups have recently reported 1,3-dipolar reactions between azides and

alkynyl derivatives on a solid support catalyzed by copper(I) salts (Scheme
6.1).

Cu(l)

N
_ N3 _ Culh \
R— + | N
—Q £
Cu(l N
e S0 - Nl g
Scheme 6.1. Copper-catalyzed azide-alkyne cycloadditions using a solid support.

However, to date, only a few cases of heterogeneous reactions using cyclic

sulfamidates have been reported. Halcomb introduced the sulfamidates
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derived from L-serine and L-threonine in peptides and carried out a ring-
opening reaction in resin, using f-1-thioglucose as a nucleophile to obtain
thioglycopeptides.*

In contrast, Lubell performed sulfamidate ring-opening reactions using a

peptide bound to the resin to obtain lactams (Scheme 6.2).%¢38
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Scheme 6.2. Examples of ring-opening reactions of sulfamidates in solid phase.
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Following the strategies developed by our group for the ring-opening of
cyclic sulfamidates with different nucleophiles in homogenous phase, either

alone or incorporated in small peptides,®**

we decided to expand this
reactivity to longer peptides using a solid support. For this purpose, a slightly
longer version of the well-known epitope of the MUCI protein including the
preceding serine (SAPDTRP) was selected. The initial serine of this sequence
was substituted by our a-methylisoserine sulfamidate with the double goal of
testing its ring-opening reaction at the quaternary carbon in a solid support
and within a true peptide context but, more importantly, to probe the
possibility of late-stage synthesis of chemically labelled and active hybrid
a/B*?-peptides using the MUCI antibody recognition epitope as a
biologically relevant proof of concept. The azide anion, 7-mercapto-4-
methylcoumarin and protected B-1-thioglucose were selected as nucleophiles
in order to chemically tag, fluorescently label and glycosylate the
corresponding peptides as examples of site-selective peptide modification.
We first synthesized by SPPS and purified the precursor peptides 35 (Ac-J-
APDTRP-NH», 78% global yield) and peptide 36 (J-APDTRP-NH, 86%
global yield) using the optimized sulfamidate coupling protocol described in
the previous chapter.

The azide group (N3) has lately been attracting a great deal of interest in
bioorthogonal chemistry and protein labelling® using copper-catalyzed and
strain-promoted 1,3-dipolar cycloadditions. This kind of reactions 1is
extensively utilized and studied in bioconjugation. For example, Ting and co-
workers labelled specific cell surface proteins using an azide-tagged protein
and a very reactive strained cyclooctyne-fluorophore in the absence of

cytotoxic metal catalysts (Scheme 6.3).4
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Scheme 6.3. Copper-free strain-promoted azide-alkyne cycloaddition in peptide

bioconjugation.46

The ring-opening reaction of peptide 35 using the azide anion as a nucleophile
was evaluated, both in homogeneous and in solid phases with comparative
purposes. In homogeneous phase (after cleaving the sulfamidate peptide from
the resin), we used 20 equivalents of NaN3 in H>O. The reaction was
monitored by HPLC (Figure 6.2), observing the fast consumption of the
starting material and the appearance of two new signals after 2 h,

corresponding to the N-deacetylated peptide 36 and the targeted peptide 37’.
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Figure 6.2. Ring-opening of sulfamidate-containing peptide 35 with azide anion in
homogeneous phase monitored by HPLC. HPLC analyses were performed using linear
gradient of 1 % to 31% B solvent in 37 min. Solvent A: H,O containing 0.1% TFA

(v/v); solvent B: acetonitrile.

We then attempted the ring-opening reaction in solid phase, using 20
equivalents of NaN3 in DMF at room temperature for 3 hours. After cleaving
the peptide from the resin using TFA/TIS/H,0 (95:2.5:2.5), the SO3™ group

was concomitantly removed. Of note, N-deacetylation of the sulfamidate was



6. Synthesis of chemically active o/B-peptides

not observed and the desired azide-labelled peptide 37 was obtained in a 31%
global yield after HPLC purification.

From these results, we can conclude that the heterogeneous ring-opening
reaction of sulfamidate is highly convenient compared to its homogeneous
version, since it minimizes undesired side reactions with the nucleophile or
the unprotected peptide side chains and allows much easier pre-purification
prior to semi-preparative HPLC (i.e. removal of salts and high-boiling point
solvents by simple filtration). Notably, the ring-opening products are
diastereomerically pure, which strongly suggests that the Sn2-type
mechanism with complete inversion of configuration at the quaternary carbon
demonstrated early on for small-molecule tertiary sulfamidates also operates
in a peptide context.***

Then, we studied the reactivity of this azide-labelled peptide towards 1,3-
dipolar cycloaddition reaction. Hence, peptide 37 (1 equiv.) and the racemic
cyclooctyne strained bicyclo[6.1.0]non-4-yn-9-ylmethanol (2 equiv.) were
dissolved in a HO/CH3CN (1:3) mixture and allowed to react at 25 °C, the
reaction being monitored by HPLC. As shown in Figure 6.3, nearly all
peptide 37 was consumed after 30 min, and two new diastereomeric products,
38 and 38’, were cleanly generated in a 1:1 ratio. After 2 hours, the starting
material reacted completely. The reaction mixture was then lyophilized and

purified by HPLC obtaining the diastereomers 38 and 38’ in a combined 77%
yield.
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Figure 6.3. Strain-promoted 1,3-dipolar reaction of peptide 37 with a cyclooctyne tag
monitored by HPLC. HPLC analyses were performed using a linear gradient of 5% to
65% B in 27 min. Solvent A: H,O containing 0.1% TFA (v/v); solvent B:

acetonitrile.
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On the other hand, fluorescent molecules are very important in pharmacology
and biochemistry, since they can be used as detection labels for direct
visualization of proteins or cells.*® Hence, we selected 7-mercapto-4-
methylcoumarin (Coum) as a nucleophile, which would confer luminescent
properties to the peptide, after the ring-opening reaction considering the
results just described for the azide anion. The reaction was performed on solid
support only, using 10 equivalents of Coum and 9 equivalents of DIPEA as
base in DMF at 25 °C for 1.5 hours. After cleavage from the resin and HPLC
purification, a unique compound 39 corresponding to the labelled peptide was
obtained in a moderate yield (45%) (Scheme 6.4). The fluorescence spectra
of peptide 39 were acquired, obtaining an excitation maximum (Aexc) at 331
nm and an emission maximum (Aem) at 399 nm in DMSO, which are slightly

blue-shifted with respect to those of Coum (Figure 6.4).
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Scheme 6.4. Ring-opening reaction on-resin of peptide 35 with Coum to obtain peptide 39.
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Figure 6.4. Excitation and emission spectra for Coum (top) and peptide 39 (bottom) in

DMSO.

Finally, glycosylation is one of the most prevalent post-translational
modifications (PTM) of peptides and proteins, with a defining impact on its
structure and function.*” This PTM is present in biologically active peptides

such as antimicrobial sublancin.’® Glycosylamino acids and glycopeptides
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can be prepared by different methodologies. The most common one involves
the use of carbohydrates as electrophiles and amino acids as nucleophiles, as
in the Koenigs-Knorr’! or Schmidt>?°? reactions. On the other hand, our group
has worked on a different methodology, using carbohydrates as nucleophiles
and amino acids — in our case activated as cyclic sulfamidates— as
electrophiles.>

Here, we used this methodology to perform a glycosylation reaction using a
protected [(-1-thioglucose as a sulfur nucleophile. Tetra-O-acetyl-p-1-
thioglucose (10 equiv.) and DIPEA (9 equiv.) were reacted with resin-
supported peptide 35 for 1.5 h. After deprotection of the carbohydrate acetyl
groups using 70% hydrazine in methanol, cleavage from the resin and HPLC
purification, a unique glycosylated peptide 40 was obtained in a moderate
global yield (16%) (Scheme 6.5). Notably, the acetyl group at the peptide N-
terminus was removed during the process instead of the SO3™ moiety, which
is normally cleaved upon acidic treatment. This finding confirms the high
reactivity of carbonyl groups attached to N-sulfamic moieties such as those in
either cyclic or ring-opened sulfamidates towards certain nucleophiles or
bases such as hydrazine, as described before for the treatment of peptide 35

with sodium azide where significant N-deacetylation was observed.

(0]

o} 1) , DIPEA ',:}v"—.g\APDTRP
I DMF, rt, 1.5 h HO,8”

'APDTRP  2) 70% H;N-NH, in MeOH

}]/N\ 0 3) Cleavage
o o’/ \b 16%

W

35 40

Scheme 6.5. On-resin thioglycosylation of sulfamidate peptide 35.
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6.2 Drug release using sulfamidate as cleavable linker

The ability to cleave chemical bonds between two entities in a controlled
manner can be an effective tool to regulate the release of chemical
functionalities. This feature has been used in organic synthesis® and, more
recently, in chemical biology>® including proteomics,’”*® imaging,*>** DNA

6162 and drug development.®~%° These linkers must be resistant to

sequencing
the synthesis and purification processes, as well as compatible with biological
molecules and environments, but are also required to be labile under certain
conditions. In the case of drug delivery, prodrugs generally consist of two
elements: the active agent (inactive drug) and a “carrier” bound through a

cleavable linker, usually triggered by enzymatic hydrolysis or chemical

conditions specific to the diseased tissue (Figure 6.5).

Figure 6.5. Schematic representation of controlled prodrug release.

In cancer treatment, using peptides or proteins as carriers is one of the most
common strategies for drug delivery.®® These peptides need to have high,
selective affinity to target receptor over-expressed on cancer cells, and to
trigger internalization process. On the other hand, the cleavable linker need

to be stable out of the cell and released very fast intracellularly.
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The goal in this section is to develop a new cleavable linker, based on the
sulfamidate derived from o-methylisoserine.

As described through many examples throughout this thesis, we have
observed that some functional groups, especially carbonyl groups (i.e.
carbamates and amides) attached to the nitrogen of a-methylisoserine
sulfamidate are quickly released under certain conditions. As observed in
chapter 5, i-1 amino acid attached to the sulfamidate was cleaved during the
Fmoc deprotection step, using 20% piperidine (a strong nucleophile and base)
in DMF. In this same chapter, we described N-deacetylation of cyclic
sulfamidates with azide anion and hydrazine. A similar behavior has been
observed in linear sulfonamides, which have been used as linkers for SPPS of

thioester peptides (Scheme 6.6).57-63

H

Bu 0O ./MOH
R,SH

Boc—Peptidg SR, ﬁ Boc—{Peptidg/
iolysis

Trt

activation

Bu 0 o)
o, ,0 0 HO. ,O
W72 N\
>s Fmoc-SPPS ) S\/\)j\
HoN \/\)LN/\O ; Boc—(Peptidg H H/O
Trt

Scheme 6.6. Fmoc-based peptide thioester synthesis on the sulfonamide ‘safety-catch’ resin.

Inspired by this concept, we decided to deeply study this particular behavior
of our sulfamidate attached to oligopeptides. Therefore, we decided to turn
this apparent drawback into an advantage, envisioning this cyclic sulfamidate

as a chemically labile carrier of biologically relevant molecules (Figure 6.6).
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Figure 6.6. Sulfamidate as a labile cargo carrier.

First, we synthesized peptide Fmoc-A-J-APDTRP-NH; (41), following the
conditions described in chapter 5. We observed that treatment with 20%
piperidine in DMF (typical Fmoc-deprotection conditions) instantaneously
cleaved the sulfonamide peptide bond, affording uniquely peptide 36, J-
APDTRP-NHo. In fact, after treatment with much less aggressive Fmoc-
deprotection reagents such as 2% DBU, 50% morpholine, or 20% DIPEA +
1.6% DBU in DMF, we observed again the fast clean cleavage of the Fmoc-
Ala residue, obtaining always peptide 36 (Figure 6.7). These results
demonstrate that even poorly nucleophilic bases trigger sulfamidate N-
defunctionalization, suggesting that a base-promoted mechanism might

operate in this transformation.

Figure 6.7. Reactivity of peptide 41 under different Fmoc deprotection conditions.
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Therefore, combining both strategies (APDTRP sequence recognition and
sulfamidate cleavage), we have designed a molecule that would recognize
anti-MUC1 tumor antibodies specifically, and would release the cargo
molecule attached to the sulfamidate due to pH variations across different
cells, organelles or media.

The molecules that we used for this study as a proof-of-concept were biotin,
which is a water-soluble vitamin involved in several metabolic processes as
an enzyme cofactor,’ and chlorambucil, which is a well-known
chemotherapy drug frequently used for the treatment of some types of cancer,
such as ovarian carcinoma and lymphomas.’® Both molecules were on-resin
coupled to sulfamidate-containing peptide 36 through their carboxylic group
using TBTU/DIPEA at -20 °C for 45 min in DMF. As described in chapter 5,
performing the coupling at low temperature is essential to avoid cleavage of
the newly formed sulfonamide bond and/or the ring-opening reaction with
nucleophiles in the mixture. After peptide cleavage and purification by
HPLC, peptides 42 and 43 were obtained in 62% and 33% yields, respectively
(Scheme 6.7).

1) Biotin or chlorambucil ’0 ”\
(o] TBTU, DIPEA, DMF W WY
| -20 °C, 45 min o APDTRP N/ LO APDTRP
o 'APDTRP 2) Cleavage N\S/O o’
HN\ ,0 o 0’/\\0 6/\\0
//S\\ Biotin
oo
35 B Chlorambucil
HN
o= S N-_-ClI
N
42 (62%) 43 (33%)CI

Scheme 6.7. SPPS synthesis of sulfamidate peptides 42 and 43 labelled at their N termini.
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A kinetic study of pH-dependent chlorambucil release from peptide 43 was
performed in different media. Peptide 43 was dissolved in PBS buffer (pH
7.4) simulating the physiological medium of a healthy cell environment, and
another sample was dissolved in slightly acidic water (pH 6.3), simulating
cancer cells media, which usually have an average pH around 6. Aliquots
were taken periodically and then monitored by HPLC, observing a typical
exponential decay. Notably, acidic medium accelerates the cleavage of
chlorambucil by nearly 4-fold (k3 = 0.23 h'’; k7.4 = 0.06 k™). This implies
that the cytotoxic drug would remain attached to the sulfamidate peptide for
longer times in healthy cells and it would be released faster in cancer cells.
The very different lipophilicity of the peptide-attached and free chlorambucil
(bearing a carboxylic acid), combined with the different ability of healthy and
cancer cells to recognize and internalize the APDTRP sequence, might act
synergistically to confer selective chemotherapy properties to peptides, such
as 43. These results suggest that this sulfamidate has a potential application
for pH-dependent drug release (Figure 6.8). We plan to further extend this
study by performing cytotoxicity assays with different known tumor-

targeting peptide sequences in cancer cells in the near future.
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Figure 6.8. a) Graph representation of peptide 43 concentration vs. time measured at two
different pH values. b) Graph representation of peptide 43 logarithm concentration vs time
measured at two different pH values, which probes the first or pseudo-first order of the cargo

release process.
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6.3 Conclusions

We first demonstrated that the cyclic a-methylisoserine sulfamidate can be
ring-opened on-resin as well as in homogeneous phase with various
nucleophiles when incorporated in peptides, but with the advantage that the
reaction is cleaner and less purification steps are needed under hetereogenous
conditions. This methodology allows readily obtaining longer mixed o,B**-
peptides with different properties depending on the nucleophile selected.
However, the high lability of the peptide bonds involving sulfamidate
nitrogen precludes peptide chain elongation at the N-terminus..

Then, a new pH-dependent cleavable linker for controlled cargo release was
developed, taking advantage of the lability of the peptide bonds at the N-

terminus of the a-methylisoserine sulfamidate.
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Lanthipeptides' are broad spectrum antimicrobial ribosomally synthesized
and post-translationally modified peptides containing sulfur cross-linked
lanthionine (Lan) and/or methyllanthionine (MeLan). These residues are
formed by a Michael-type addition reaction of a cysteine (Cys) to a
dehydroalanine (Dha) or dehydrobutyrine (Dhb), respectively, previously
formed by dehydration of Ser or Thr residues (Figure 7.1).*

O
2 JH(\ 'Aulj\!)(\ ALV\ /J;‘)\

MeLan

o Ala” Met
Gly/ \I O
1 e o
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Ois—\ - e

S lo) o
§° '
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Figure 7.1. Structures of dehydroalanine (Dha), dehydrobutyrine (Dhb), lanthionine (Lan)

and methyllanthionine (MeLan) and nisin.

The number of lanthipeptides described has increased in the last decades,
from 26 in 1997 to more than 100 characterized peptides in 2015 (Figure
7.2).> This emphasizes the great deal of interest that lanthipeptides are

attracting.




7. Chemical synthesis of a cytolysin analog

Figure 7.2. Characterized lanthipeptides over the years.’

One of the most common methodologies to obtain and study lanthipeptides is
protein production using bacterial systems (E.coli).>® This technique is quite
useful since it allows quickly obtaining relatively high amounts of product
and, combined with directed mutagenesis, provides access to large libraries
of analogs and derivatives. However, this technique has some drawbacks.
First, the DNA sequence of every enzyme participating in the biosynthesis of
a certain lanthipeptide has to be known. Even if the gene sequence is known,
its correct expression might be problematic, since different factors such as
solubility in the expression media, appropriate folding or ligand binding play
crucial rules. Moreover, if a specific step of the biosynthesis is to be studied
separately, this may not be the most appropriate approach. In this sense, SPPS
is an alternative to chemically synthesize lanthipeptides which has had an
enormous impact over the last decades.!® The first total synthesis of a
lanthipeptide (nisin), was developed by Shiba and co-workers,!! although in
a very low global yield (0.003%). Most recent examples involving SPPS have
achieved higher global yields (0.01-2.5%) and include the synthesis of
lactocin S,'2!* Jacticin 3147,'5'® analogs of epilancin 15X, lacticin 481 and

its analogs,? or cytolysin S (CylLs) analogs®' (Table 7.1).
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Table 7.1. Some examples of chemically synthesized lanthipeptides, analogs and mimics.>

Lanthipeptides, analogs or mimics Global yield number of  Average yield

(%) steps per step (%)
Nisin'" 0.003 ND 70
Lactosin S'# 10 71 97
Lacticin 3147'8 1.0-1.4 >50 >95
Lacticin 4812° 1.3 52 92
Epilacin 15X 1.6 59 93
DAP-substituted ring A of lactocin S'3 2.5 >71 93
Norleucine substituted lactocin S'2 0.8 >70 ND
Nle, DAP-substituted lactocin S'2 1.8 >70 ND
N-terminal oxazole lactocin S'? 0.3 >70 ND
Alkene substituted lacticin 3147 Ltnp!” 0.5 53 76
Oxygen-substituted lacticin 314716 0.3 53 90
Bis(desmethyl)lacticin 31471 1.3 >50 84
LL-diastereomers of lacticin 4812 1.3 >53 92
N-truncated variant of Epilancin 15X 1.9 45 92
Cytolysin S2! 0.01 45 83

ND= not determined

Cytolysin?*? is produced by Enterococcus faecalis and is a two-component
lanthibiotic formed by the post-translationally modified peptides cytolysin L

24,25 and

(CylLL) and cytolysin S (CylLs). It is toxic to Gram-positive bacteria
is the only lanthibiotic that shows hemolytic activity against eukaryotic
cells.?® Van der Donk’s group recently described the SPPS synthesis of two
structural analogs of CylLs (Figure 7.3) in which Dhb2 is mutated to Dha
(Dhb2Dha) and the absolute configuration of one methyllanthionine

lanthiresidue was changed from DL-MeLan to LL-MeLan?! (see Table 7.1).
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Figure 7.3. Structures of natural CylLs (top) and two CylLs analogs: CylLs- Dhb2Dha, LL
A ring, DL B ring (middle), and CylLs- Dhb2Dha, DL A ring, DL B ring (bottom).

Bearing this background in mind, the main goal of this chapter is the
stereocontrolled SPPS synthesis of a CylLs analog. Structural modifications
will be introduced in ring A by substituting the native 2-aminobutyric acid
(Abu) by the p*?-amino acid a-methyl-B-alanine (aMefBAla). The key step
of this protocol will be the chemo-, regio- and stereoselective intramolecular
nucleophilic ring-opening reaction of our a-methylisoserine sulfamidate by a
conveniently deprotected cysteine leading to norlanthionine mimics. This

post-synthetic maturation step will overcome the important limitation of non-
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stereoselective sulfa-Michael additions to dehydroamino acids in native

sequences under non-enzymatic conditions (Figure 7.4).
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Figure 7.4. Structures of native CylLs (top) and our modified CylLs analog (bottom).

7.1 Intramolecular ring-opening reactions

Before proceeding with the SPPS of the full-length CylLs analog, the ability
of our o-methylisoserine sulfamidate to undergo chemoselective
intramolecular ring-opening with a cysteine thiol in the presence of other
nucleophilic sidechains was tested. Hence, peptide 44 (FmocA-J-AHNCG-
NH>) and its N-deacylated variant 45, both bearing highly polar residues such
as histidine and asparagine and a nucleophilic target cysteine, were
synthesized following the methodology described in chapter 5. In order to
monitor the reaction by NMR, which allows obtaining more detailed

structural information of the process than HPLC, peptide 44 was dissolved in
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570 pL of a mixture of CD3CN/D20 (96:4) and Et3N (1.6 equiv.) was added
as a base to activate Cys. Immediately, the solution became cloudy and after
a few seconds it became transparent again. At this time, the 'H NMR spectrum
of the crude mixture showed a unique product, whose signal pattern was quite
different from that of the starting material and closely resembling the
spectrum of N-deacylated 45, although clearly preserving the Fmoc-Ala
fragment (Figure 7.5). The signals corresponding to the tertiary methyl and
CH» groups of the sulfamidate shifted to slightly lower ppm values, while
maintaining their usual J-coupling pattern, suggesting that sulfamidate did

not undergo ring-opening and that no amino acid was present at the N-

terminus.
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O Hs CH, sulfa /
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Figure 7.5. '"H NMR spectra for peptide 44 (bottom) and after treatment with Et;N (middle).
N-deacylated peptide 45 (top) is shown as a reference.
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HPLC analysis of the mixture also showed a unique signal at a retention time
similar to that of the starting peptide (Figure 7.6). The new peptide showed
the same mass (M= 956.30 amu) than the starting material (peptide 44)
confirming that both compounds contain the same residues. These results
suggest that the FmocAla residue had been transferred from the nitrogen atom
of the sulfamidate to the sulfur atom of the cysteine via intramolecular
(N—S)-transacylation (i.e. acyl shift or migration) to give peptide 46, instead
of the cysteine undergoing sulfamidate ring-opening. This result
demonstrates again the highly activated character of the carbonyl groups

attached to that position, as seen on previous chapters.

Figure 7.6. HPLC analysis of the reaction of peptide 44 before (top) and after treatment with
Et3N yielding peptide 46 (bottom). HPLC analyses were performed using a linear gradient of
1% to 71% of solvent B in 35 min. Solvent A: H,O containing 0.1% TFA (v/v); solvent B:

acetonitrile.
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This type of reactivity is also observed in class II intein-like peptides, where
a (N—S)-acyl shift followed by a trans(thio)esterification takes place before
Asn-mediated protein splicing to cleave the intein and extein fragments (all

reactions are catalyzed by enzymes in this case) (Scheme 7.1).%

Scheme 7.1. (N—X) acyl shift involved in the mechanism of protein splicing in inteins.

Usually X is the thiol group (SH) of a nucleophilic cysteine.

To test the influence that the distance between the sulfamidate and the
nucleophilic cysteine could have on the chemoselectivity of the process
(transacylation vs. ring opening), different analogous sequences with the
cysteine placed at different positions of same-length and shorter motifs were

analyzed. Hence, peptides 47 (FmocA-J-AHCNG-NHz), 48 (FmocA-J-
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AHNGC-NH») and 49 (FmocA-J-HNCG-NH) were synthesized, using the
methodology described in chapter 5. They were separately dissolved in a
mixture of CD3CN/D20 (96:4) and EtsN (1.6 equiv.) was then added to each
sample. The same variations were observed in the 'H NMR spectra of all
mixtures (Figure 7.7), suggesting that instantancous and complete

transacylation takes place regardless the position of the nucleophile.
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Figure 7.7. '"H NMR spectra showing the (N—S) transacylation reactions of peptides 47-49
to give 50-52.
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Other nucleophilic amino acids were also evaluated by changing the Cys
residue to Ser (peptide 53), Thr (peptide 54) or Lys (peptide 55) in the original
sequence. Under the same conditions (i.e. addition of 1.6 equiv. of EtzN in
CD3CN/D20O (96:4)), the transacylation reaction took place in the Lys-
containing peptide (55) also in a few seconds as in the case of Cys. However,
for the peptides containing Ser (53) and Thr (54), the reaction was not
completed after 3 hours, due to the much lower nucleophilicity of the
hydroxyl group compared to the thiol group of Cys or the amino group of Lys
(Figure 7.8).
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Figure 7.8. "H NMR spectra showing the (N—0) and (N—N) transacylation reactions of

peptides 53-55 to give 56-58.
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Treatment with a large excess of N-ethylmaleimide (NEM) was performed on
S-free and S-acylated peptides to test whether the thiol group of the cysteine
was unprotected or not, as a confirmation of the occurrence of the
transacylation reaction. Peptide 45 and transacylated peptide 46 were reacted
with 15 equiv. of NEM in PBS buffer (50 mM, pH 7.4). After reacting for 2
hours at room temperature, the reaction mixtures were ziptiped and analyzed
by ESI-MS (Figure 7.9). Cysteine of peptide 45 showed to be completely
blocked by NEM. We also observed a small signal corresponding to the
addition of a second NEM molecule, which may have reacted with either the
NH of the sulfamidate or the histidine sidechain via N-Michael addition
reaction. On the contrary, the main signal observed for transacylated peptide
46 after the NEM assay corresponded to the starting material, confirming that
its cysteine was already acylated. Similar to what described for peptide 45, a
small signal corresponding to the addition of one molecule (likely to His

sidechain or sulfamidate NH) was also detected.
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Figure 7.9. ESI-MS spectra of peptides 45 (top) and 46 (bottom) before (spectrum (a)) and
after (spectrum (b)) treatment with N-ethylmaleimide (NEM).

The discovery of this (N—X; X = S, N, O)-transacylation reaction, which is
unprecedented and arises from the now well-known high reactivity of
carbonyl substituents at the N-terminus of our a-methylisoserine sulfamidate,
offer potentially interesting possibilities for fast and efficient peptide
sidechain modification. However, it completely precludes the desired
intramolecular ring-opening reaction necessary to achieve the last-stage

thioether formation leading to lanthipeptides such as the target CylLs analog.



7. Chemical synthesis of a cytolysin analog

In an attempt to avoid undesired inter- or intramolecular cleavage of N-
carbonyl groups attached to the sulfamidate, while maintaining the necessary
N-activation of the sulfamidate described in chapter 3, we explored the
unreported substitution of N-carbonyl by N-sulfonyl functionalization. To
this end, we selected the dansyl group (Dns), which, in addition to providing
sulfamidate activation, would confer luminescence properties to the peptides.
To the best of our knowledge, this type of sulfamidate functionalization has
never been explored before. Following the optimized conditions described for
sulfamidate N-acylation, but using dansyl chloride, peptide 59 (Dns-J-
AHNCG-NH») was obtained in a good yield (42%) after HPLC purification
(Scheme 7.2).
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Scheme 7.2. Synthesis and structure of peptide 59.

Then, peptide 59 was dissolved in CD3;CN/D>0 (96:4) in a quartz NMR tube
and EtsN (1.6 equiv.) was added. The reaction mixture became cloudy
immediately after adding the base and the NMR signal profile changed. The
signals corresponding to the Ho of Asn and Ho of Cys shifted upfield and the
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CH: of Asn changed its J-coupling pattern and shifted downfield. More
importantly, the CH> of sulfamidate shifted downfield and the H-H coupling
constant increased from 10.3 to 15.5 Hz, strongly suggesting that a ring-

opening reaction had took place (Figure 7.10).

Figure 7.10. NMR spectra of peptide 59 before (top) and after (bottom) treatment with Et;N.

HPLC analysis of the reaction was also carried out, revealing the fast and
clean generation of a unique new compound with a lower retention time
(Figure 7.11). This change in retention time, not observed when the (N—-S)
transacylation took place in the same peptide (Figure 7.6), suggests that the
new peptide 60 is more polar than starting peptide 59, again suggesting the
occurrence of the desired intramolecular ring-open reaction, since a negative

charge corresponding to the sulfamic group (N-SOs3’), would have been
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generated. Much to our delight, ESI-MS analysis confirmed that the pursued
cyclization had indeed took place, given that the mass of peptide 60 coincided
with the predicted one (M= 894.234 amu). Peptide 60 was obtained in
excellent yield (84%) after HPLC purification.

Figure 7.11. HPLC analysis of the reaction of peptide 59 before (top) and after treatment
with Et;N yielding peptide 60 (bottom). HPLC analyses were performed using a linear
gradient of 1% to 71% of solvent B in 35 min. Solvent A: H,O containing 0.1% TFA (v/v);

solvent B: acetonitrile.

Strikingly, a dramatic increase of fluorescence was observed in peptide 59
upon cyclization to peptide 60 (Figure 7.12). Apparently, the fluorescence of
the dansyl group in sulfamidate peptide 59 is quenched, and fluorescence is

recovered upon sulfamidate ring-opening. This unexpected finding allows
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direct visualization of the reaction progress, and offers the potential to using

this type of a-methylisoserine peptides as pH sensors in cells.

Figure 7.12. a) Luminescence under white light of peptide 59 (left) and peptide 60 (right) in
CD3CN/D>0. b) Luminescence under UV-light (366 nm) of peptide 59 (left) and peptide 60
(right) in CD3;CN/D;0.

7.2 Synthesis of a CylLs ring A analog

After discovering that N-sulfonyl substituents are able to trigger the desired
sulfamidate intramolecular ring-opening reaction, we evaluated the feasibility
of performing this key reaction on a more complex amino acid sequence and
leading to a modified version of CylLs ring A incorporating a 3*?-amino acid.
To this aim, a variation of van der Donk’s synthetic route towards CylLs using
a sulfonyl-protecting group such as 4-nitrobenzyl sulfamate (N—Ns), was then

attempted (Figure 7.13).
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Figure 7.13. Strategy for the synthesis of a CylLs analog incorporating a f>2-amino acid in
ring A (R = sulfonyl).

Before attempting the sulfamidate ring-opening, the electrophilic
dehydrobutyrine (Dhb) residue present in the sequence needed to be masked
to allow sequence elongation and to avoid potential competition with the
sulfamidate through the S-Michael addition of cysteine. To this end and
inspired by van der Donk’s work,?®*3" we selected Se-phenyl-p-
methylselenocysteine as a synthetic equivalent, which can be easily converted
to Dhb by oxidative elimination. Non-commercially available building block
63 was obtained from L-threonine after five steps in 16% global yield
(Scheme 7.3). First, threonine was orthogonally protected to obtain Fmoc-
Thr-OMe. Tosylation of the alcohol group afforded compound 61 (67%
yield), which was reacted with phenylselenide to obtain compound 62 in good
yield (70 %). Finally, a selective hydrolysis of the methyl ester in the presence
of the Fmoc group was carried out to obtain selenocysteine derivative 63 in

good yield (83%).
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Scheme 7.3. Synthesis of building block 63.

Linear peptide 64 was then synthesized using Rink Amide MBHA resin,
HATU as a coupling reagent and DIPEA as a base for natural amino acids.
Building block 63 was coupled following the conditions described by van der

Donk’s group,?-3¢

using HOAT and DIC as coupling reagents at room
temperature for two hours. Once building block 63 was coupled, the Fmoc
group was removed using optimized deprotection conditions (20% piperidine
in DMF, 3 x 1 min). This careful Fmoc deprotection was done to prevent
epimerization of selenocysteine. Then, sulfamidate J was coupled using the
conditions described on chapter 5, and its N-terminus was protected with the
nosyl (4-nitrobenzenesulfonyl, Ns) group, using a double coupling strategy
with NsCl (6 equiv.) and DIPEA (6 equiv.) in DMF at -20 °C for 45 min.
Finally, the peptide was cleaved from the resin with TFA:TIS:H,O:DODT
(94:1:2.5:2.5) at room temperature for 1 hour, affording peptide 64 in a

moderate global yield (18%) (Scheme 7.4).
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Scheme 7.4. SPPS synthesis of peptide 64.

The ring-opening of the nosyl-activated sulfamidate with unprotected thiol of
cysteine was performed using the conditions described in the previous section
(1.6 equiv. of EtsN in CD3CN/D;O (96:4)). The reaction progress was
monitored by 'H NMR, confirming that the reaction was completed after 30
minutes, and affording peptide 65 as a unique diastereomerically pure
compound. This was also confirmed by ESI-MS and HPLC analysis of the
reaction mixture, showing that the retention time of the initial signal
decreased around 8 minutes, corresponding to the formation of a more polar
compound. The reaction mixture was then purified through a solid-phase
extraction (SPE) C18-cartridge and cyclic peptide 65 was dissolved ina2 M
HCI/CH3CN (1:1) mixture to remove the SOs™ moiety. After stirring for 30
minutes at room temperature, the reaction mixture was lyophilized, cleanly
obtaining cyclic peptide 66, as confirmed by ESI-MS and HPLC. Finally,

oxidative elimination of Se-phenylselenocysteine with NalO4 to form the Dhb
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residue quantitatively yielded peptide 67 after flash purification through a

SPE C18-cartridge (Scheme 7.5 and Figure 7.14).
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Figure 7.14. HPLC analysis of the mixtures of the reactions sequence starting from peptide
64 throughout 67. HPLC analyses were performed using linear gradient of 1% to 65%
of solvent B in 64 min. Solvent A: H,O containing 0.1% TFA (v/v); solvent B:

acetonitrile.

As can be inferred from the HPLC chromatograms, intermediate peptides 65
and 66, as well as final peptide 67 were obtained with high purity indicating
the absence of secondary reactions. Unfortunately, all attempts to remove the

nosyl group with different thiols and bases were unsuccessful, so we decided
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to maintain the sulfonyl-type tag at the N-terminus of the final peptides
prepared through this methodology. Particularly, and in view of the
preliminary results described in the previous sections, the dansyl group will
be used as both a sulfamidate ring-opening promoter and a fluorescent label
installed at the synthetic lanthipeptide analogues to visualize their cellular

localization.?!

7.3 Synthesis of a fluorescent full-length CylLs analog

The successful synthesis of cyclic peptide 67 encouraged us to attempt the
synthesis of the full-length CylLs analog. To this aim, the orthogonally
protected DL-Lan building block 69 was synthesized following the
methodology described by van der Donk’s group.'®2!*? The key step of this
protocol is the nucleophilic substitution reaction between the bromoalanine
derivative 68 and the in situ formed Fmoc-Cys-O'Bu derivative under phase-

transfer catalysis conditions (Scheme 7.6).

1) AllocCl, Na,CO3

H,O, CH,CN
rt,8h CBr,, PPh; B
OH 2) AllBr, NaHCO, O CH,Cl, '
__DMF, Ar,rt, 15h - OAll _Ft.25h - OAIl
59 % T rae. AllocHN 78 % AllocHN
(0]
L- Ser 68
1) 'BuOAc, HCIO, 1) BusP, THF, H,0
rt., 19 h rt,25h
\é/z 2) Fmoc-OSu \é/z 2) 68, NBu,Br, NaHCO,
NMM, THF EtOAc, H,0 FmocHN
rt, 19 h rt, 18 h NHAlloc
OH — __.— =~ O'Bu
HoN 79 % FmocHN 7% It
S S BuO OAll

TFA, PhSiH,
CH,Cl,, rt., 2 h| Guant.

FmocHNI\ /INHAIIOC
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Scheme 7.6. Synthesis of building block 69.



7. Chemical synthesis of a cytolysin analog

Once building blocks 63 and 69 were obtained, the CylLs analog was
synthesized at the 0.05 mmol scale by SPPS, using the HMPB ChemMatrix
resin in order to obtain the C-terminus as a carboxylic acid. The first
lanthionine bis-amino acid building block 69 was coupled using DIC and
DMAP as coupling reagents. The next residues (Phe, Lys, and Ala) were
coupled using HATU as a coupling reagent and DIPEA as a base.
Deprotection of allyl ester and allyl carbamate groups was achieved using
palladium tetrakis-(triphenylphosphine) and morpholine in DMF, and the
macrolactamization reaction to form CylLs cycle B was performed using
PyAOP, HOAt and collidine, following the conditions described by van der
Donk’s group.?! The next amino acids (IGLGVGALF) were automatically
coupled using Oxyma-Pure® and DIC as coupling reagents under microwave
radiation. Building-block 63 was then manually coupled following the
aforementioned conditions for peptide 64. In order to avoid racemization of
selenium- containing residues, Fmoc group was removed using 20%
piperidine in DMF (3 x 1 min). This deprotection protocol was used for all
the remaining amino acids in the sequence. Next, Phe, Cys, Ala and Pro were
manually coupled using HATU and DIPEA as a coupling reagent and a base,
respectively. Then, another masked Dhb selenocysteine building block 63
was coupled, and sulfamidate J was finally coupled using the conditions
described in chapter 5. The sulfamidate N-terminus was fluorescently tagged
with a dansyl group, using dansyl chloride (6 equiv.) and DIPEA (6 equiv.)
in DMF at -20 °C for 45 min. Finally, peptide cleavage and protecting groups
removal was performed using TFA:TIS:H,O:DODT (94:1:2.5:2.5) at room
temperature for 1 hour, affording peptide 70 as confirmed by MALDI-TOF
analysis. Despite the low signal-noise ratio in the HPLC chromatogram, we

determined that peptide elutes at 20.2min (Figure 7.15).
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Figure 7.15. Structure of peptide 70 (top). HPLC chromatogram for peptide 70 (middle),
obtained using a linear gradient of 5% to 95% of solvent B in 37 min. Solvent A: H,O
containing 0.1% TFA (v/v); solvent B: acetonitrile. MALDI-TOF spectrum of an HPLC-
purified sample of peptide 70 (bottom).



7. Chemical synthesis of a cytolysin analog

To perform the post-synthetic sulfamidate ring-opening cyclization leading
to our modified version of CylLs cycle A, unpurified peptide 70 was dissolved
in DMSO and 3.2 equiv. of EtsN were added. Peptide 71 was obtained
quantitatively after 30 min, as judged by MALDI-TOF analysis of the
reaction mixture and the appearance of a new signal in the HPLC

chromatogram (t= 29.154 min) (Figure 7.16).
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Figure 7.16. Structure of peptide 71 (top). HPLC chromatogram of peptide 71 (middle),
performed using a linear gradient of 5% to 95% of solvent B in 37 min. Solvent A: H,O

containing 0.1% TFA (v/v); solvent B: acetonitrile. MALDI-TOF (bottom).



7. Chemical synthesis of a cytolysin analog

Finally, a mild oxidation of unpurified peptide 71 using DMSO and
concentrated HCI (final HCI concentration: 0.6 M) at room temperature for 3
hours was performed to simultaneously unmask the Dhb residues and remove
the sulfamic moiety (SO3"), cleanly obtaining the target CylLs analog 72
(Figure 7.17). Thus, we serendipitously discovered that DMSO in acidic
conditions is able to readily oxidize Se-phenylselenocysteine, without using

NalO4, which shortens the reactions sequence and increases the global yield.

Asjudged by HPLC analysis (retention time t = 31.433 min), a unique peptide
was quantitatively obtained after the two steps, namely cyclization and

oxidation.
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Figure 7.17. Structure of peptide 72 (top). HPLC chromatogram of peptide 72 (middle),
performed using a linear gradient of 5% to 95% of solvent B in 37 min. Solvent A: H,O

containing 0.1% TFA (v/v); solvent B: acetonitrile. MALDI-TOF (bottom).



7. Chemical synthesis of a cytolysin analog

In view of the good results obtained for this CylLs analog, three additional
analogs will be synthesized in the near future following this methodology.
One of them will have the opposite configuration at the aMepAla residue, so
that the S enantiomer of the a-methylisoserine sulfamidate will be used. The
other two analogs will respectively incorporate both enantiomers of o-
methylalanine (aMeaAla), by coupling and ring-opening the corresponding
sulfamidates derived from o-methylserine (MeSer). The corresponding
hemolytic and antimicrobial assays of all CylLs analogs will be carried out in

collaboration with van der Donk’s group.

7.4 Conclusions

In this chapter, we have studied the intramolecular ring-opening reaction of
a-methylisoserine sulfamidate incorporated into oligopeptides. We observed
that if the N-terminus is functionalized with carbonyl groups, a transacylation
reaction is favored instead of the ring-opening reaction. However, if the N-
terminus is protected with sulphonyl groups, such as dansyl or nosyl groups,
the intramolecular ring-opening reaction is favored. Through this strategy, we
were able to synthesize a full-length fluorescent analog of CylLs, which

incorporates an a-methyl-B-alanine (aMefAla) B>*-amino acid.
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8.1 LahT150

Lanthipeptides are peptides synthesized and post-translationally modified by
bacteria that have sulfur-cross-linked lanthionine and/or methyllanthionine
and that are being widely studied due to their antimicrobial properties.!™
These peptides are expressed as inactive precursor peptides comprising a
leader peptide and core peptide. The leader peptide is selectively recognized
by several enzymes that then carry out the corresponding post-translational
modifications on the core peptide. Then, the leader peptide is recognized by
a protease, which cleaves both fragments, releasing the modified biologically

active core peptide (Figure 8.1).

Figure 8.1. Biosynthesis of lanthipeptides.

LahT150 is a protease discovered by van der Donk’s group, which stands out
for its promiscuity, that is, for its ability to perform proteolysis in different

types of lanthipeptides. It has been recently discovered that only a few amino
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acids of the /eader peptide are needed for recognition by LahT150, namely
the sequence NLSDDELEGVAGG, which is common in many
lanthipeptides recognized by LahT150. However, the three-dimensional
structure of LahT150 and particularly its active site remain unknown. Since
previous attempts to crystallize the enzyme in complex with the substrate
were not satisfactory, we proposed as main goals for the short-stay at van der
Donk’s lab (University of Illinois at Urbana-Champaign, USA) an alternative
method, namely synthesizing analogs of the leader peptide able to bind
covalently to it and inhibit its activity. In this way, we would be able to obtain
information about the enzyme structure, and the interaction mode with the

lanthipeptide (Figure 8.2).

Figure 8.2. Enzymatic proteolysis of precursor peptides to cleave leader and core peptides

and inhibition reaction proposed for obtaining an X-ray structure.
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It is known that Laht150 is a Cys-based protease. Aldehydes and Michael
acceptors were hence selected as inhibitors, since they form covalent bonds
with cysteine.** These inhibitors are glycine derivatives, located at the C-
terminus of the leader peptide. Once the inhibitor warheads were synthesized,
they were coupled at the C-terminus of the recognized peptide
(NLSDDELEGVAG), previously synthesized by solid phase peptide
synthesis and purified by HPLC (Figure 8.3).

+ |Electrophil
SPPS 3
c—Q) — . (NLSDDELEGVAG-OH) —pyaon,~ [NLSDDELEGVAG)(Electrophild

N-methylmorpholine

HzN\/\)I\O/

o

HZN\)LH

Figure 8.3. Synthesis of LahT150 inhibitors.

The enzymatic reaction with LahT150 was then optimized by evaluating
different concentrations of the protein and the substrate. MALDI analysis
confirmed that the inhibitors bound to the enzyme. To verify that the
inhibitors bound in a specific manner to the active site, a competition study a
known lanthipeptide was carried out with. The results obtained were similar
to those observed when the cysteine of the active site was suppressed by
directed mutagenesis, thus confirming the correct union of the inhibitors. The
structure of the inhibitor-bound complex was then able to be solved by X-ray
diffraction analysis, confirming the identity of the catalytic triad (Cys-His-
Asp) (Figure 8.4).
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Figure 8.4. Inhibition of LahT150 for obtaining an X-ray structure. In the X-ray image, the
inhibitor peptide and LahT 150 are shown in green and pink, respectively.

These results have been published in the journal eLife (eLife 2019, 8:e42305).
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Throughout this Doctoral Thesis several experimental and theoretical results

have been presented, allowing to establish these conclusions:

1. Combining experiments and computations, we have been able to
control the reactivity of cyclic sulfamidates featuring the o-
methylisoserine substructure, which depends on the substituents
attached to their N- or C-termini. If the N-terminus is unprotected
(NH), SN2 or E2 reactions are deactivated due to total or partial
deprotanation of the sulfamidate NH and the accumulation of negative
charge at the transition state. However, when the NH moiety is
protected with carbonyl groups (amide or carbamate), the quaternary
carbon is activated to undergo either Sn2 or E2 reactions. On the other
hand, the substituents at C-terminus allow fine tuning the
chemoselectivity, favoring the Sn2 ring-opening when an ester is

attached, and enabling E2 in the case of amides.

2. We were able to couple a-amino acids at both termini of the
sulfamidate in solution, obtaining a small library of o/B**-hybrid di-
and tri-peptides. Some of these peptides were activated by capping the
N-terminal position of the sulfamidate as an acetamide. The ring-
opening reaction with a soft nucleophile (pyridine) was carried out,
affording positively charged a/B*?-hybrid di- and tri-peptides. MD
simulations and 2D-NOESY experiments confirmed that these

positively charged peptides show noncovalent aromatic interactions



between the aromatic rings of the a-amino acids coupled to the

sulfamidate and the quaternary pyridinium moiety.

We were able to incorporate the sulfamidate, via solid phase peptide
synthesis, in longer peptides of biological interest. Once the coupling
conditions were optimized, we developed a new class of
conformationally restricted P-sheet breaker peptides based on the
hydrophobic core of B-amyloid protein (BA), incorporating the o-
methylisoserine sulfamidate. These peptides have shown to act as
inhibitors of BA aggregation as confirmed by thioflavin-T (ThT)
fluorescence assays and circular dichroism (CD). This new family of
BSBPs may be promising for the development of new drugs for the

treatment of Alzheimer’s and other neurodegenerative diseases.

We demonstrated that our cyclic sulfamidates can undergo ring-
opening reactions on resin as well as in homogeneous phase, with the
advantage that the reaction on solid support is cleaner and purification
is much easier. In this sense, we were able to obtain chemically
fluorescently, labelled and glycosylated o/B>-peptides, in some cases

ready for subsequent click chemistry functionalization.

. Wedesigned a new cleavable linker, taking advantage of the reactivity

of the a-methylisoserine sulfamidate at the N-terminus to dissociate
carbonyl groups attached to it. We demonstrated that pH and the
presence of nucleophiles in the medium enhance this reactivity, which

can be used for controlled cargo release.



6. We studied the intramolecular ring-opening reaction of the a-
methylisoserine sulfamidate, finding that carbonyl groups attached to
its N-terminus favor N—S transacetylation instead of ring-opening
reactions. However, sulfonyl groups, such as dansyl or nosyl, activate
the intramolecular nucleophilic ring-opening reaction. This
methodology was used to synthesize a new fluorescently labeled
analog of lanthipeptide CylLs, in which its cycle A incorporates the

B%2-amino acid o-methyl-B-alanine (aMeAla).

7. During an international short-term research stay at Wilfred van de
Donk’s group (University of Illinois at Urbana Champaign, USA), we
designed and synthesized protease inhibitors to covalently bind to
protease LahT150. These inhibitors are based on a short sequence of
the so-called leader peptide modified with an aldehyde or a Michael
acceptor at the C-terminus. The structure of the enzyme-inhibitor
complex was solved through X-ray diffraction analysis, providing
information about the active site structure and peptide substrate

recognition.

A lo largo de esta Tesis Doctoral se han presentado varios resultados

experimentales y tedricos, que permiten establecer estas conclusiones:

1. Se ha estudiado la reactividad de sulfamidatos que presentan o-
metilisoserina en su estructura combinando técnicas experimentales y
calculos computacionales. Se determind que se puede controlar dicha

reactividad dependiendo de los sustituyentes que tenga el sulfamidato



en la posicion N- o C- terminal. Si la posicion N-terminal del
sulfamidato no se encuentra protegida, las reacciones de tipo SN2 y E2
no tienen lugar. Sin embargo, cuando este se encuentra protegido con
grupos carbonilo (carbamato o amida), se activa la reactividad en el
carbono cuaternario y el grupo metilo terciario. Por otro lado,
dependiendo del grupo que ocupe la posicion C-terminal (ester o
amida) se puede controlar la quimioselectividad de la reaccion (Sn2

vs E2).

Se han conseguido acoplar a-aminoacidos en los extremos carboxilo
y sulfonamida del sulfamidato en fase homogénea, obteniendo asi una
pequeiia libreria de o/B>2-di- y tri-péptidos hibridos. Algunos de ellos
fueron activados protegiendo la posicion N-terminal del sulfamidato
en forma de acetamida y se llevaron a cabo reacciones de apertura con
un nucleofilo débil empleado como disolvente (piridina),
obteniendose  o/p??-di- 'y tri-péptidos  hibridos  cargados
positivamente. Los experimentos de 2D-NOESY y simulaciones de
dinamica molecular, confirmaron que estos péptidos cargados
positivamente muestran interacciones aromaticas no covalentes entre
el anillo aromatico de los a-aminodcidos acoplados al sulfamidato y

el grupo piridinio cuaternario.

Se ha conseguido incorporar el sulfamidato en fase so6lida para
sintetizar péptidos de mayor tamafio y de interés bioldgico. En primer
lugar se exploraran diferentes estrategias para incorporar el
sulfamidato como building block en fase solida y se disefiaron una

nueva clase de rompedores de laminas beta (BSBP, en inglés)



conformacionalmente restringidos basados en el core hidrofobico de
la proteina P-amiloide (BA), incorporando el sulfamidato de o-
metilisoserina. Los péptidos que incorporan el sulfamidato son
capaces de inhibir la agregacion del BA, tal y como se confirmo
mediante analisis de fluorescencia de tioflavina-T y dicroismo
circular. Esta nueva familia de BSBPs pueden ser prometedores para
el desarrollo de nuevos medicamentos para el tratamiento de

enfermedades neurogenerativas como el sindrome de Alzheimer.

Se han conseguido llevar a cabo reacciones de apertura en fase solida
sobre péptidos que contienen nuestro sulfamidato, presentando la
ventaja de que la reaccidn es mas eficiente y genera menos
subproductos, simplificando el proceso de purificacion. De esta
manera, se han obtenido o,B*2-péptidos etiquetados quimicamente,
pre-funcionalizados para llevar a cabo quimica click y glicosilados

con buenos rendimientos.

Hemos disefiado un nuevo linker 1abil, aprovechando la capacidad que
posee el sulfamidato de a-metilisoserina para liberar los sustituyentes
de tipo carbonilo unidos a su posicion N-terminal. Se ha demostrado
que la presencia de determinados nucleéfilos en el medio o el pH del
mismo afectan de manera significativa a esa reactividad, pudiendo ser
usada esta estrategia para la liberacion de farmacos y moléculas de

interés bioldgico de forma controlada.

Se han estudiado reacciones de apertura intramolecular de péptidos

que contienen el sulfamidato de a-metilisoserina, observando que



grupos carbonilo unidos a su extremo N-terminal favorecen
reacciones de N—S§ transacilacion en lugar de apertura. Sin embargo,
la presencia de grupos sulfonilo, como dansilo o nosilo en la misma
posicion, activa la reaccion de apertura nucleodfila intramolecular. Esta
metodologia fue usada para la sintesis de un nuevo andlogo
fluorescente del lantipéptido citolisina, CylLs, en el cual su anillo A

incorpora el p>?-aminoécido, a-metil-B-alanina (acMefAla).

Durante mi estancia breve de investigacion en el grupo del profesor
Wilfred van der Donk (Universidad de Illinois en Urbana-Champaign,
EEUU), se disefiaron y sintetizaron inhibidores de proteasas, basados
en una breve secuencia de consenso reconocida por la enzima para
liberar los denominados leader peptides, antes de la excrecion de
lantipéptidos antimicrobianos al espacio extracelular. Estos péptidos
se funcionalizaron con aldehidos y aceptores de Michael en su
extremo C-terminal con el propdsito de unirlos covalentemente a la
enzima LahT150. La estructura del complejo enzima-inhibidor se
resolvio cristalograficamente, proporcionando informacion sobre el
sitio activo y el modo de union y reconocimiento del sustrato

peptidico.
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10.1 Reagents and general procedures

Commercially available reagents were used without further purification. All
the solvents were purified using standard procedures. Thin-layer
chromatography (TLC) was performed on silicagel plates (Polychrom SI
F2s4), using UV-light, phosphomolybdic acid, potassium permanganate or
ninhydrin as stains. Column chromatography was performed using silica gel
(0.04-0.06 mm, 230-240 mesh). Melting points were determined on a Buchi
B-545. Mass spectrometry analyses were performed on a HP 5989B, using
electron impact ionization (EI). Electrospray-mass spectrometry (ESI-MS)
were performed on the same equipment with HP 59987A interface and were
registered in positive ion mode. A Bruker Microtof-Q spectrometer was also
used. Sodium formate was used as external reference for high-resolution mass
spectroscopy (HRMS). Optical rotation angles were measured on a Perkin-
Elmer 341 polarimeter, using a sodium lamp (A =589 nm) at 25 °C in 1.0 dm
long cells (0.35 or 1.0 mL).

10.2 Quantum mechanical calculations

QM calculations were performed at Memento cluster (BiFi, University of
Zaragoza) and Beronia cluster (University of La Rioja). Full geometry
optimizations were carried out with Gaussian 09! using the M06-2X hybrid
functional® and 6-31+G (d,p) basis set with ultrafine integration grids. Bulk
solvent effects in pyridine were considered implicitly through the IEF-PCM
polarizable continuum model.? The possibility of different conformations was
considered for all structures. All stationary points were characterized by a
frequency analysis performed at the same level used in the geometry

optimizations from which thermal corrections were obtained at the reaction
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temperature (333.15 K). The quasiharmonic approximation reported by
Truhlar and co-workers was used to replace the harmonic oscillator
approximation for the calculation of the vibrational contribution to enthalpy
and entropy.* Scaled frequencies were not considered. Mass-weighted
intrinsic reaction coordinate calculations were carried out by using the
Gonzalez and Schlegel scheme®® to ensure that the transition structures
indeed connected the appropriate reactants and products. Gibbs free energies
(AG) of the lowest energy conformers were used for the discussion on the
relative stabilities of the considered structures, unless otherwise stated.
Electronic energies, entropies, enthalpies, Gibbs free energies, and lowest
frequencies of the calculated structures are available in Chapter 11:

Supplementary Information.

10.3 Unrestrained Molecular Dynamics simulations

Molecular dynamics simulations were carried out at the Finis-Terrae cluster
of the Centro de Supercomputacion de Galicia (CESGA) and at an in-house
GPU cluster. Parameters for the f>2-amino acid residues were generated with
the antechamber module of Amber12 using the general Amber force field
(GAFF) for the rest of the molecule, with partial charges set to fit the
electrostatic potential generated with HF/6-31G(d) by RESP’ The charges
were calculated according to the Merz-Singh-Kollman scheme using
Gaussian 09! Each peptide was immersed in a water box with a 10 A buffer
of TIP3P® water molecules. The systems were neutralized by adding explicit
counter ions (CI). All subsequent simulations were performed using the
f03.r1 force field” A two-stage geometry optimization approach was
performed. The first stage minimizes only the positions of solvent molecules

and ions, and the second stage is an unrestrained minimization of all the atoms
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in the simulation cell. The systems were then heated by incrementing the
temperature from 0 to 300 K under a constant pressure of 1 atm and periodic
boundary conditions. Harmonic restraints of 30 kcal/mol were applied to the
solute, and the Andersen temperature coupling scheme'® was used to control
and equalize the temperature. The time step was kept at 1 fs during the heating
stages, allowing potential inhomogeneities to self-adjust. Water molecules
were treated with the SHAKE algorithm such that the angle between the
hydrogen atoms is kept fixed. Long-range electrostatic effects were modeled
using the particle-mesh-Ewald method."' An 8 A cutoff was applied to
Lennard-Jones and electrostatic interactions. Each system was equilibrated
for 2 ns with a 2 fs timestep at a constant volume and temperature of 300 K.
Production trajectories were then run for additional 100 ns under the same

simulation conditions.

10.4 Molecular Dynamics simulations with time-averaged
restraints (MD-tar)

MD-tar simulations were performed with the pmemd.cuda module of
AMBER 12 (parm99 force field), which was implemented with GAFF
parameters. Distances derived from the NOE interactions were included as
time-averaged distance restraints. A <r®>% average was used for the
distances. Final trajectories were run using an exponential decay constant of

8000 ps with a dielectric constant € = 80 or in explicit TIP3P water molecules.

10.5 Coupling of a-methylisoserine sulfamidate to peptides

by solid phase peptide synthesis (SPPS)

Solid phase peptide synthesis was performed on a Liberty Microwave (CEM
Corporation, Mathews, NC). Rink amide MBHA (1.0 equiv.) was used as
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resin, DIC and Oxyma pure as coupling agents, a 20% (v/v) solution of
piperidine in DMF for Fmoc deprotection and a 1:2 mixture of AcoO/Pyridine
for the final acetylation. Natural Fmoc-protected amino acids (5 equiv.) were
coupled using the standard protocol.

Sulfamidate building block J (5.0 equiv.) was coupled using Oxyma (1.10
equiv.), DIC (20.0 equiv.) in DMF (2 mL) assisted by microwaves at 75 °C
for 20 min. The following (i+1) amino acid (5.0 equiv.) was coupled using
DIC (20.0 equiv.), DIPEA (1.1 equiv.) in DMF (2 mL) under microwaves at
75 °C for 20 min. Biotin and chlorambucil (5.0 equiv.), were manually
coupled using TBTU (4.95 equiv.) and DIPEA (20 equiv.) in DMF (2 mL) at
-20 °C for 45 min. Dansyl chloride and nosyl chloride (6.0 equiv.) were
manually coupled with DIPEA (6 equiv.) in DMF (2 mL) at -20 °C for 45
min.

Final cleavage from the resin and removal of the protecting groups were
performed using cocktail A: TFA (1900 uL), TIS (50 pL) and H>O (50 uL)
or cocktail B: TFA (1880 pL), TIS (20 uL), H>O (50 uL) and DODT (50 puL).
The cocktail B was used only for peptides containing a thiol, whereas cocktail
A was used for the rest of the peptides. The mixture was stirred for 1 h. At
this point, cold EtcO was added producing a precipitate that isolated by
centrifugation and decantation of the supernatant. The final crude was

purified by reverse phase semi-preparative HPLC.

10.6 Thioflavin T (ThT) Fluorescence assays

ThT Fluorescence assays were conducted in 96-well black plate at 37 °C with
continuous shaking (200 rpm) in a TECAN SPARK 10M instrument. ThT
fluorescence was recorded with 10 minutes reading intervals and 5 seconds

shaking before the read (442 nm excitation, 482 nm emission). At least three
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independent experiments were carried out for each ThT assay. Each well
contained 20 mM PBS buffer solution (pH 7.4), 20 uM ThT and 15 pM BA
(1-40) with and without BSBPs (30 uM 1:2, 75 uM 1:5, 150 uM for a 1:10
BA:BSSP ratio) in a total volume of 200 pL.

Preparation of buffered ThT stock solution. Commercially available ThT was
purchased from Sigma Aldrich and a stock solution of concentration 1 mM in
PBS (50 mM, pH 7.4) was freshly prepared and stored at 4 °C with a dark

cover to prevent degradation from light.

10.7 Circular Dichroism (CD) assays

BSBP candidates:

Purified solid peptide samples were dissolved in PBS (50 mM, pH 7.4) to
obtain a 500 uM stock solution. 600 pL of the sample were taken in a cuvette
(1 mm pathlength). Spectra were recorded from 190 nm to 260 nm on an
Applied Photophysics Chirascan instrument. Measured ellipticity for a N-mer
peptide (mDeg) was converted to mean residue molar ellipticity (0) using the

equation [1]:

Ellipticity(mDeg) - 10°
Pathlength(mm) - [Protein](uM) - N

0(deg cm? dmol™1) =

Equation 1. Equation to calculate the ellipticity (0)

BSBPs co-incubated with A (1-40):

BA (1-40) (15 uM) was separately co-incubated with the BSBPs at different
molar ratios (30 pM, 75 uM and 150 uM) at 37 °C for 24 hours and 7 days in
PBS (20 mM, pH 7.4). 600 pL of the sample was taken in a cuvette (I mm
pathlength). Spectra were recorded from 190 nm to 260 nm on an Applied
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Photophysics Chirascan instrument. Measured ellipticity (mDeg) for a N-mer

peptide was converted to mean residue molar ellipticity (0) using equation [1]

10.8 Experimental setup for registering the IRID spectra in
the gas phase

The analyzed peptide provided two chromophore groups (phenylalanines)
required for detection through mass-selected ultraviolet (UV)
photoionization. The peptide was mixed with carbon nanotubes (Multi-
Walled Carbon Nanotubes, purity >90%, 10-30 mm diameter, Sun NanoTech
Co Ltd) and were deposited in a cylindrical sample holder (4.5 mm diameter,
15 mm long) by pressing the cylinder against the desired mixture. The sample
was vaporized by laser desorption (1064 nm, Quantel Ultra) into an expansion
supersonic jet of argon before passing through a 4 mm skimmer to create a
collimated molecular beam which then intersected tunable UV and IR laser
beams in the extraction region of a linear time-of-flight (TOF) mass
spectrometer (Jordan Inc.). One color mass-selected photoionization spectra,
recorded using a frequency-doubled pulsed Nd:YAG-pumped dye laser
operating at 10 Hz, were followed by conformer-specific spectroscopy in the
IR using IR-UV ion dip (IRID) double resonance spectroscopy. The tunable
IR radiation was provided by an OPO/OPA laser system (LaserVision). The
delay between the pump and the probe laser pulses was ~150 ns in the IRID

double resonance experiments (see figures below).
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Figure 10.1. Experimental setup for registering the IR-UV spectra in the gas phase. Ar
was used as carrier gas to create the expansion at typical pressures of 10 bar. The valve was
equipped with a nozzle of 0.5 mm diameter. The diameter of the skimmer was 4 mm.

Voltages applied to send the ions to the detector were A1: 4000V; A2: 3700V; A3: grounded.

REMPI 1+1
ionisation wavelength 277 nm

400 -

200

signal (mV)

04 isolated Sulf-Phe-Phe

—T T T T 1 T T T 1
265.0 2655 266.0 266.5 267.0 2675 268.0 268.5 269.0

26I00 2800 3000 3200 3400 3600 38I00 400¢

Figure 10.2. Experimental data registered for J-Phe-Phe-NH: peptide in the gas phase.
In the upper part, the Resonance-Enhanced MultiPhoton Ionization (REMPI) spectroscopy
at several resolutions is presented and the selected ionization frequencies used to obtain the

IR-UV spectra is highlighted. At the bottom, the IR-UV ion-dip (IRID) spectrum is shown.
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10.9 Optimization of the theoretical method to elucidate the
structures from IRID experiments

The whole conformational space of peptide J-Phe-Phe-NH> was analyzed
quantum mechanically by fully optimizing 1152 starting structures with M06-
2X/6-31+G(d,p) in the gas phase. The degrees of freedom considered for the
structural sampling included four backbone and three sidechain plausible
conformations for each of the two Phe residues: right-handed a-helix (or, Qo
~ —45° yq ~ —45°), B-sheet (B, ¢ ~ —150°, yo ~ +150°), polyproline-II helix
(PPIL, @ ~ —75°, yo ~ +150°), inverse y-turn (y, @o ~ —80°, yo ~ +70°), trans
(¢, x'a ~ 180°), gauche” (g*, y'a ~ —60°) and gauche (g, x'« ~ +60°); two
rotamers around the sulfamidate amide bond (yp ~ +60°, —110°);'? two twist
(T, 6p ~ +80°) and envelope conformers of the sulfamidate five-membered
ring (E, 6p ~ +[130-145°]); and two configurations of the sulfonamide
nitrogen atom accessible through fast pyramidal inversion (R, @p ~ +[70—
160°]; S, g ~ —[70-160°]). For all amide bonds (NH—CO) the most stable
trans conformation (wq, ~180°) was only considered. Then, the 20 lowest-
energy conformers with a relative energy (AE) in the 0-5 kcal mol™! range
accounting for ~98% of the structural population as calculated through a
Boltzmann distribution at 298 K, were re-optimized at higher levels of theory
using different density functionals with and without empiric dispersion (i.e.
van der Waals) corrections such as M06-2X, wB97X-D, B3LYP-GD3BJ,
B3PWO91-GD3BJ and the bigger basis set 6-311++G(2d,p). Vibration
frequencies were calculated at the same theory levels using the harmonic
oscillator approximation and using pre-defined scaling factors.'

Since the frequencies and intensities of infrared vibrations calculated with
different density functionals are normally quite similar, the most decisive

factor determining the accuracy of the theoretical spectrum, and thus its
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coincidence with the experimental one, is the relative energy, which translates
into population at a given temperature, of the low-energy conformers. A
consistent trend was observed in our case within all the tested methods, the
same two conformations being dominant in all cases and amounting 80-95%
of the conformational population. The relative stability of these conformers
varies from one method to another and is in the range of £0.2-1.5 depending
on the method and type of energy examined (electronic energy, E; zero-point
corrected electronic energy, Ezpg; enthalpy at 298 K, H»og; free energy and
298 K, Ga9g). BALYP-GD3BJ/6-311++G(2d,p), for which conformation I is
the lowest-energy one, was selected as the most appropriate method for

deriving the theoretical IR spectrum.

10.10 Methodology for N-ethylmaleimide (NEM) assay

Maleimides react with sulthydryls at pH 6.5-7.5 to form stable thioether
bonds. Peptides to be blocked in were dissolved in PBS buffer, pH 7.4 (7
mg/mL). A 12.5 mg/mL stock solution of N-ethylmaleimde (NEM) was
prepared in ultrapure water, and a minimum of a 15 equiv. of NEM (56 pL)
per sulfhydry groups to be blocked were added, and the reaction stirred for 2

h at room temperature. The reaction progression was analyzed by ESI-MS.



226

10. Experimental section

10.11 NMR experiments

'H (*3C) NMR experiments were performed at 300 (75), 400 (100) and 500
(125) MHz. '°F NMR experiments were performed at 376 MHz. 2D COSY
and HSQC experiments were carried out to assist on signal assignment.
NOESY experiments were recorded at 298 K and pH = 6.0-6.5 in H,O/D,0O
(9:1) using phase-sensitive ge-2D NOESY with WATERGATE for H,O/D>0O
(9:1). NOE:s intensities were normalized with respect to the diagonal peak at
zero mixing time. Distances with structural information were semi-
quantitatively determined by integrating the volume of the corresponding
cross-peaks. Chemical shifts are given in ppm (8) and coupling constants (J)
in hertz (Hz). Chloroform, with TMS as internal reference, methanol and
water were used as deuterated solvents. The results of these experiments were

processed with MestReNova software.

10.12 Luminescence assays

Luminescence spectra were recorder at room temperature with a Jobin-Yvon
Horiba Fluorolog 3-22 Tau-3 spectrofluorometer. Data was analyzed with the

Origen 6.1 program.
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10.13 Synthesis

Methyl ($)-3-((methoxycarbonyl)amino)-2-methyl-2-(114-pyridin-1-yl)

propanoate, chloride salt [1]

@ o Compound 1’ (50 mg, 0.15 mmol) was dissolved in a
H MegN= 1:1 mixture of 2 M HCI/DCM. After stirring for 30
Me0,C"\ ~"Co,Me
1 minutes at room temperature, the layers were
separated, and the aqueous phase was lyophilized, affording compound 1
quantitatively (43 mg, 0.15 mmol). [a]3° = -8.5 (¢ 1.00 in H,O). HRMS (ESI)
m/z = 253.1183, calculated for C12H17N204 (M) = 253.1183. 'H NMR (400
MHz, D;0) & (ppm): 2.03 (s, 3H, CH3), 3.37 (s, 3H, NHCO.CHs3), 3.75-3.90
(m, 4H, CO,CH3, NHCH>C), 4.06 (d, 1H, J = 15.3 Hz, NHCH>C), 7.98-8.07
(m, 2H , Pymeta), 8.50-8.60 (m, 1H, Pypara), 8.87-8.97 (m, 2H, Pyorto).
NMR (100 MHz, D;O) & (ppm): 20.2 (CH3), 47.4 (NHCH:C), 52.7
(NHCO2CH3), 54.6 (CO:CH3), 76.7 (NHCH2C), 127.8 (Pymeta), 143.5
(Pyorto), 147.3 (PYmeta), 159.0 (NHCO,CH3), 170.1 (CO2CH3).

(8)-3-Acetamido-N,2-dimethyl-2-(114-pyridin-1-yl)propanamide,
chloride salt [3] and 2-(acetamidomethyl)-NV-methylacrylamide [4]

_ Compound I (40 mg, 0.20 mmol) was
/N ci
y Me{N:Z dissolved in pyridine (2 mL) and stirred

N\)s\n/N\ H 0
DG \n/ NN at 60 °C for 12 hours. After
o 3 o

concentration, the resulting crude was

dissolved in a mixture of DCM and 2 M HCI aqueous solution (1:1, 2 mL)
and allowed to react for 30 minutes at room temperature. Finally, water was

added and washed with CHCl3/PrOH (3:1), concentration of the aqueous
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phase and purification by HPLC in reversed-phase afforded compound 3 (40

mg, 83%) and compound 4 (4 mg, 17 %) both as viscous colorless oils.

Semi-preparative HPLC gradient (tr 3 = 18.05, tr 4 = 19.18)

(1)
Time (min) Flow (mL/min) H%%: ?(%1) )A) Acetonitrile (%)
0 10 100 0
5 10 100 0
25 10 70 30
30 10 100 0

[a]3®= -9.5 (¢ 1.00 en H,0). HRMS (ESI) m/z = 236.1397, calculated for
C12HisN30," (M") = 236.1394. 'H NMR (400 MHz, D>0) & (ppm): 1.75 (s,
3H, CH3), 1.99 (s, 3H, Ac), 2.73 (s, 3H, CONHCHs), 3.78 (d, 1H, J = 14.8
Hz, NHCH:C), 4.09 (d, 1H, J = 14.6 Hz, NHCH:C), 7.97-8.07 (m, 2H,
Pymeta), 8.50-8.62 (m, 1H, Pypara), 8.85-8.94 (m, 2H, Pyoro). °C NMR (100
MHz, D;O) & (ppm): 20.9 (Ac), 21.3 (CHs), 26.5 (CONHCH3), 45.7
(NHCH:20), 76.8 (NHCH2C), 128.0 (Pymeta), 143.5 (Pyorto), 147.3 (PYmeta),
170.1, 174.8 (CO). HRMS (ESI) m/z = 179.0798, calculated for
C7H12N20,Na* (MNa*) = 179.0791. '"H NMR (400 MHz, D,0) § (ppm): 2.01
(s, 3H, Ac), 2.78 (s, 3H, CONHCHs3), 4.00 (s, 2H, NHCH:C), 5.51 (s, 1H,
CCHb>), 5.76 (s, 1H, CCH,). *C NMR (100 MHz, D>20) § (ppm): 24.2 (Ac),
28.3 (CONHCH3), 42.8 (NHCH:C), 122.8 (CCH»), 142.1 (CCH), 173.0,

176.7 (CO).
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Tert-butyl ((S)-1-((R)-5-methyl-5-(methylcarbamoyl)-2,2-dioxido-1,2,3-
oxathiazolidin-3-yl)-1-oxo-3-phenylpropan-2-yl)carbamate [5]

. N-Boc-L-phenylalanine (341 mg, 1.29 mmol) was
Phj\w /7‘&0‘ conmite dissolved in dry CH2Cl; (24 mL) in a schlenk under
BocHN ™™ argon atmosphere at room temperature. Then, DIEA
(0.81 mL, 4.29 mmol) and TBTU (413 mg, 1.29
mmol) were added and allowed to react for 5 minutes. The temperature was
lowered to -20 °C, sulfamidate H (208 mg, 1.07 mmol) was added and stirred
for 30 minutes. After washed with brine, 0.1 M HCI aqueous solution and a
5% aqueous solution of NaHCOs, the organic phase was dried with anhydrous
NazSO0q, filtered and concentrated. Purification by column chromatography
on silica gel (AcOEt/Hexane, 8:2) affording compound 5 (299 mg, 0.678
mmol, 63%) as a white solid. [a]3° =-0.43 (¢ 1.00 in CHCl3). Mp= 80-93 °C.
HRMS (ESI) m/z = 464.1473, calculated for Ci9H27N307SNa” (MNa") =
464.1467. '"H NMR (400 MHz, CDCl3) & (ppm): 1.39 (s, 9 H, C(CHs)3), 1.66
(s, 3H, CH3), 2.85-3.03 (m, 4H, CONHCH3, CH; of Phe), 3.18 (dd, 1H, J =
13.6, 6.1 Hz, CH:> of Phe), 3.67 (br s, 1H, CH of Sulfamidate), 4.53(d, 1H, J
=10.7 Hz, CH> of Sulfamidate), 4.80 (br s, 1H, CH of Phe), 5.10 (br s, 1H,
NHBoc), 6.52 (br s, 1H, NHMe), 7.17-7.37 (m, 5H, Arom). 3*C NMR (100
MHz, CDCl3) & (ppm): 23.8 (CH3), 26.7 (CONHCH3), 28.3 (C(CHs)3), 38.8
(CH; of Phe), 52.8 (CH> of Sulfamidate), 54.9 (CH of Phe), 80.6 (C(CHz)3),
86.3 (CCHa3), 127.4, 128.9, 129.5, 135.3 (Arom), 154.8, 168.6, 169.6(CO).
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Tert-butyl ((S)-3-(1H-indol-3-yl)-1-((R)-5-methyl-5-(methylcarbamoyl)-
2,2-dioxido-1,2,3-oxathiazolidin-3-yl)-1-oxopropan-2-yl)carbamate [6]

" N-Boc-L-tryptophan (76 mg, 0.31 mmol) was

‘ /,_'{iCONHMe dissolved in dry CH>Cl; (20 mL) in a schlenk

(R)
(s) N__O
BocHN" 5 do

6 Then, DIEA (0.23 mL, 1.24 mmol) and TBTU (99

under argon atmosphere at room temperature.

mg, 0.31 mmol) were added and allowed to react for 5 minutes. The
temperature was lowered to -20°C, sulfamidate H (60 mg, 0.31 mmol) was
added and stirred for 30 minutes. After washed with brine, 0.1 M HCl aqueous
solution and a 5% aqueous solution of NaHCOs, the organic phase was dried
with anhydrous Na>SOy, filtered and concentrated. Purification by column
chromatography on silica gel (AcOEt/Hexane, 8:2) affording compound 6
(104 mg, 70%) as a white solid. [a]4® =+10.7 (¢ 1.00 in CHCl3). Mp= 83-87
°C. HRMS (ESI) m/z = 503.1570, calculated for C21H2sN4O7SNa" (MNa") =
503.1571. "H NMR (400 MHz, CDCI;3) & (ppm): 1.38-1.48 (m, 12H, C(CH3)s,
CHs), 2.87 (s, 3H, CONHCH3), 3.27-3.33 (m, 2H, CH; of Trp), 3.59 (s, 1H,
CH: of Sulfamidate), 4.43 (s, 1H, CH> of Sulfamidate), 4.88 (s, 1H, CH of
Trp), 5.16 (s, IH, NHCH), 6.44 (s, 1H, CONHCH3), 7.07 (s, 1H, CHC), 7.12-
7.64 (m, 4H, Arom), 8.21 (s, 1H, NHarom). 3C NMR (100 MHz, CDCls)
d(ppm): 23.4 (CH3), 26.7 (CONHCH3), 28.4 (C(CHs)3), 28.7 (CH: of Trp),
53.0 (CH; of Sulfamidate), 54.1 (CH of Trp), 80.6 (C(CHz3)3), 85.9 (NCH2C),
109.1 (CHO), 123.7 (CHC), 115.5, 118.6, 120.3, 122.7, 127.4, 136.3 (Arom),
155.1 (CO del Boc), 168.6 (CONCH>»), 170.3 (CONH).
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Tert-butyl ((5)-3-(benzyloxy)-1-((R)-5-methyl-5-(methylcarbamoyl)-2,2-
dioxido-1,2,3-oxathiazolidin-3-yl)-1-oxopropan-2-yl)carbamate [7]

OBn /,_K\CONHMe N-Boc-O-benzyl-L-serine (76 mg, 0.26 mmol) was
BocHNS j,s\(o dissolved in dry CH>Cl, (20 mL) in a schlenk under
07 °° argon atmosphere at room temperature. Then, DIEA
(0.20 mL, 1.03 mmol) and TBTU (83 mg, 0.26 mmol) were added and
allowed to react for 5 minutes. The temperature was lowered to -20°C,
sulfamidate H (50 mg, 0.26 mmol) was added and stirred for 30 minutes.
After washed with brine, 0.1 M HCI aqueous solution and a 5% aqueous
solution of NaHCO:3, the organic phase was dried with anhydrous Na>SOq,
filtered and concentrated. Purification by column chromatography on silica
gel (AcOEt/Hexane, 8:2) affording compound 7 (61 mg, 50%) as a white
solid. [a]%® = - 13.9 (¢ 1.00 in CHCl3). Mp= 52-56 °C. HRMS (ESI) m/z =
494.1582, calculated for C20H20N30sSNa*(MNa*)=494.1568. 'H NMR (400
MHz, CDCls) & (ppm): 1.44 (s, 9H, C(CH3)3), 1.68 (s, 3H, CH3), 2.87 (s, 3H,
CONHCH3), 3.70 (dd, 1H, J = 9.5 Hz, J = 6.0 Hz, CH: of Ser), 3.78-3.85 (m,
1H, CH: of Ser), 4.16 (d, 1H, J = 10.7 Hz, CH> of Sulfamidate), 4.48 (d, 1H,
J =10.7 Hz, CH: of Sulfamidate), 4.52 (s, 2H, OCH:Ph), 4.85 (s, 1H, CH of
Ser), 5.37 (s, 1H, NHC(CHa)3), 6.44 (s, IH, CONHMe), 7.22-7.40 (m, 5H,
Arom). *C NMR (100 MHz, CDCI3) § (ppm): 23.7 (CH3), 26.6 (CONHCH3),
28.3 (C(CHs3)3), 52.8 (CH2 of Sulfamidate), 53.4 (CH of Ser), 69.7 (CH; of
Ser), 73.5 (OCH2Ph), 80.6 (C(CH3)3), 86.3 (NCH2C), 127.9, 128.1, 128.6,
137.1 (Arom), 154.9 (CO del Boc), 168.5 (CONCH>), 168.4 (CONH).
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Methyl ((R)-5-methyl-2,2-dioxido-1,2,3-oxathiazolidine-5-carbonyl)-L-

alaninate [8a]

o In a schlenk under argon atmosphere, to a solution of L-
HN/—A‘O“JLHJ‘RQ/O\ Ala-OMe hydrochloride (104 mg, 0.745 mmol) in DMF
g?'\:o 5 (1.2 mL), sulfamidate J (135 mg, 0.745 mmol), DIEA (270
uL, 1.550 mmol), PyBOP (388 mg, 0.745 mmol) and a 0.6
M solution of HOAt in DMF (1.3 ml, 0.780 mmol), were added at 0 °C. The
reaction mixture was allowed to warm to room temperature, and stirred for
17 h. The reaction mixture was then cooled to 0 °C and quenched with
saturated aqueous NaHCO3, extracted with CH>Cl», washed with brine, and
dried over Na>SO4. The solution was concentrated and the residue was
purified by column chromatography (EtOAc/Hex, 1:1) to give sulfamidate 8a
(141 mg, 71%) as colorless oil. [a]4’=-19.7 (¢ 1.0 in CHCI3). HRMS (ESI)
m/z = 267.1121, calculated for CsH14N20sSH* (MH") = 267.0651. 'H NMR
(400 MHz, CDCI3) & (ppm): 1.49 (d, 3H, J = 7.4 Hz, CH3 of Ala), 1.73 (s,
3H, CH3),3.50 (dd, 1H, J = 12.9 Hz, J = 11.1 Hz, CH> of Sulfamidate), 3.77
(s,3H, COCH3),3.99 (dd, 1H, J = 12.9 Hz, J = 6.9 Hz, CH: of Sulfamidate),
4.45-4.63 (m, 1H, CH of Ala), 5.71 (dd, 1H, J = 10.8 Hz, J = 7.0 Hz,
CHaNH), 6.98 (d, 1H, J = 7.3 Hz, NHCH). *C NMR (100 MHz, CDCls) §
(ppm): 17.1 (CH;3 of Ala), 22.0 (CH3), 49.0 (CH of Ala), 53.1 (CO>CH3), 53.5
(CHz of Sulfamidate), 91.2 (CCH3s), 170.9, 173.4 (CO).
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Benzyl ((R)-5-methyl-2,2-dioxido-1,2,3-oxathiazolidine-5-carbonyl)-L-
phenylalaninate [9a]
o Ph In a schlenk under argon atmosphere, to a solution of L-
HN/'\%%‘”\H/QH/O Phe-OBn hydrochloride (974 mg, 3.593 mmol) in DMF
& 9a (4.0 mL), sulfamidate J (650 mg, 3.593 mmol), DIEA
(1.22 mL, 7.007 mmol), PyBOP (1.891 g, 3.593 mmol) and a 0.6 M solution
of HOAt in DMF (6.0 ml, 3.6 mmol), were added at 0 °C. The reaction
mixture was allowed to warm to room temperature, and stirred for 17 h. The
reaction mixture was then cooled to 0 °C, and quenched with saturated
aqueous NaHCO3, extracted with CH>Cl,, washed with brine, and dried over
NazS0Os4. The solution was concentrated and the residue was purified by
column chromatography (EtOAc/Hex, 6.5:3.5) to give sulfamidate 9a (1.307
g, 87%) as colorless oil. [a]3’=-27.6 (¢ 1.0 in CHCl3). HRMS (ESI) m/z =
419.1307, calculated for C20H22N206SH* (MH") = 419.1277. '"H NMR (400
MHz, CDCI) 6 (ppm): 1.51 (s, 3H, CH3), 3.00 (dd, 1H,J =14.1 Hz, J =79
Hz, CH: of Phe), 3.16 (dd, 1H, J = 14.2 Hz, J = 5.3 Hz, CH: of Phe), 3.20-
3.30 (m, 1H, CH: of Sulfamidate), 3.70-3.80 (m, 1H, CH> of Sulfamidate),
4.70-7.75 (m, 1H, CH of Phe), 5.00-5.19 (m, 3H, NHCH,, CH-Ph), 6.86 (d,
1H, J = 7.5 Hz, NHCH), 7.01 (d, 2H, J = 7.4 Hz, Arom), 7.16-7.34 (m, 8H,
Arom). 3C NMR (100 MHz, CDCl3) & (ppm): 22.1 (CH3C), 37.0 (CH; of
Phe), 53.3 (CH:z of Sulfamidate), 54.0 (CH of Phe), 68.1 (CH2Ph), 90.9
(CCH3), 127.6, 128.7, 128.8, 128.9, 129.0, 129.1, 129.1, 129.7, 134.8, 135.1
(Arom), 170.7, 171.3 (CO).
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Methyl ((R)-5-methyl-2,2-dioxido-1,2,3-oxathiazolidine-5-carbonyl)-L-
tryptophanate [10a]

In a schlenk under argon atmosphere, to a solution of L-
Trp-OMe hydrochloride (95 mg, 0.374mmol) in DMF
/—Sx“‘ﬁ\N [ S \NH (1.2 mL), sulfamidate J (67 mg, 0.374 mmol), DIEA (135
HN\S”‘,o Ho 5 uL, 7.750 mmol), PyBOP (197 mg, 0.347 mmol) and a
"0 10a 0.6 M solution of HOAt in DMF (0.65 ml, 0.390 mmol),
were added at 0 °C. The reaction mixture was allowed to warm to room
temperature, and stirred for 17 h. The reaction mixture was then cooled to 0
°C and quenched with saturated aqueous NaHCO3, extracted with CH2Cly,
washed with brine, and dried over Na;SOs. The solution was concentrated
and the residue was purified by column chromatography (EtOAc/Hex, 7:3) to
give sulfamidate 10a (106 mg, 75%) as yellow oil. [a]3’= -17.8 (¢ 1.0 in
CHCI3). HRMS (ESI) m/z = 382.1101, calculated for C1¢Hi19N30sSH" (MH")
=382.1073. '"H NMR (400 MHz, CDCls) & (ppm): 1.54 (s, 3H, CH3), 3.35
(m, 3H, CH> of Trp, CH> of Sulfamidate), 3.72 (s, 3H, CO>CH3), 3.86 (dd,
1H, J = 12.9 Hz, J = 6.8 Hz, CH: of Sulfamidate), 4.79 (m, 1H,CH of Trp),
5.56 (dd, 1H, J = 10.4 Hz, J = 7.1 Hz, CH2NH), 7.03 (d, 1H, J = 1.7 Hz,
CHyinylic), 7.05-7.23 (m, 2H, NHCH, Arom), 7.19 (t, 1H, J = 7.5 Hz, Arom),
7.34 (d, 1H, J = 8.1 Hz, Arom), 7.53 (d, 1H, J = 7.9 Hz, Arom), 8.35 (br s,
1H, NHCHyinyiic). *C NMR (100 MHz, CDCl3) § (ppm): 21.9 (CH3), 26.8
(CH2 of Trp), 53.0 (CO2CH3), 53.2 (CH: of Sulfamidate), 53.5 (CH of Trp),
91.0 (CCH3), 109.1, 111.6, 118.3, 119.9, 122.6, 123.1, 127.2, 136.4 (Arom)
170.8, 172.4 (CO).
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Methyl ((R)-5-methyl-2,2-dioxido-1,2,3-oxathiazolidine-5-carbonyl)-L-
alanyl-L-tryptophanate [11a]

Sulfamidate 8a (44 mg, 0.165 mmol) and

O Me
/——I\(‘IfJJ\N/(S)k[rH .
HN\:)/ o H I @ ‘ ) LiOH-H>0 (70 mg, 1.66 mmol) were suspended
)
I H

60 11a ° in a mixture of MeOH/H>0 (3:2, 15 mL) and the
mixture was stirred at room temperature for 24 h. After that, the generated
suspension was concentrated, and after evaporation of MeOH, acidified with
a 20% H2SO4 aqueous solution. The extraction of the aqueous layer with
CH2Cl, and CHCI3:'PrOH (3:1) gives, after drying over NaxSOs4 and
concentrating under vacuum, a white solid which was used without further
purification. In a schlenk under argon atmosphere to a solution of L-Trp-OMe
hydrochloride (42 mg, 0.165mmol) in DMF (1.2 mL), the above carboxylic
acid (42 mg, 0.165 mmol), DIEA (60 pL, 3.444 mmol), PyBOP (87 mg, 0.165
mmol) and a 0.6 M solution of HOAt in DMF (0.31 ml, 0.185 mmol), were
added at 0 °C. The reaction mixture was allowed to warm to room
temperature, and stirred for 17 h. The reaction mixture was then cooled to 0
°C, and quenched with saturated aqueous NaHCO3, extracted with CH2Cla,
washed with brine, and dried over Na>SOs. The solution was concentrated
and the residue was purified by column chromatography (EtOAc/Hex, 9:1) to
give 11a (31 mg, 59%) as a yellow oil. [a]3’= -4.8 (c1.0 in CHCl3). HRMS
(ESI) m/z = 453.1438 calculated for C19H24N4O06SH" (MH") = 453.1444.

"H NMR (400 MHz, CDCls) & (ppm): 1.20 (d, 3H, J = 7.3 Hz, CH; of Ala),
1.69 (s, 3H, CH3), 3.21 (dd, 1H, J = 14.8 Hz, J= 7.3 Hz, CH> of Trp), 3.32
(dd, 1H, J =14.9 Hz, J = 5.1 Hz, CH> of Trp), 3.42 (dd, IH, J = 12.5 Hz, J
=10.4 Hz, CH:> of Sulfamidate), 3.72 (s, 3H, OCH5), 4.08 (dd, 1H, J = 12.7
Hz, J = 6.3 Hz, CH> of Sulfamidate), 4.31 (t, 1H, J = 7.3 Hz, CH of Ala),
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4.95-5.02 (m, 1H, CH of Trp), 6.61-6.71 (m, 2H, CH:NH, NH of Trp), 6.78
(d, 1H, J = 7.1 Hz, , NH of Ala), 7.06 (d, 1H, J = 2.0 Hz, CHyinyiic), 7.10-7.15
(m, 2H, Arom), 7.18 (t, 1H, J = 7.1 Hz, Arom), 7.35 (d, 1H, J = 8.0 Hz,
Arom), 7.56 (d, 1H, J = 7.8 Hz, Arom), 8.18 (br s, IH, NHCHyinyiic).

13C NMR (100 MHz, CDCl3) & (ppm): 17.4 (CH; of Ala), 22.0 (CHs), 27.9
(CH, of Trp), 50.7 (CH of Ala), 52.7 (CH of Trp), 53.0 (OCHs3), 53.5 (CH, of
Sulfamidate), 91.8 (NCH2C), 110.0, 111.4, 118.6, 119.8, 122.4, 123.1, 127.8,
136.2 (Arom) 170.5, 171.6, 173.7 (CO).

Methyl-((R)-3-acetyl-5-methyl-2,2-dioxido-1,2,3-oxathiazolidine-5-

carbonyl)-L-alaninate [8b]

o Compound 8a (30 mg, 0.11 mmol) was added into a
N/—ﬁ!g‘”\ujrﬁg °~ schlenk under argon atmosphere and dissolved in
\\g (;,3\:0 b pyridine (2 mL). Then, acetic anhydride (1 mL) was
added and allowed to react for 1.5 h at room temperature. After concentration
and purification by column chromatography on silica gel (AcOEt/Hexane,
4:6), compound 8b (20 mg, 59%) was obtained as a viscous yellow oil.
[a]3%=-37.5° (¢ 1.0 in CHCl3). HRMS (ESI) m/z =309.0748, calculated for
Ci0H16N207SH™ (MH") = 309.0751. 'H NMR (400 MHz, CDCls) & (ppm):
1.47 (d, 3H, J = 7.2 Hz, CH; of Ala), 1.83 (s, 3H, CH3), 2.44 (s, 3H, Ac), 3.77
(s, 3H, OCHs), 3.99 (d, 1H, J = 11.3 Hz, CH> of Sulfamidate), 4.52 (d, 1H, J
= 11.3 Hz, CH; of Sulfamidate), 4.54-4.58 (m, 1H, CH of Ala), 6.98-7.09 (m,
1H, NH). *C NMR (100 MHz, CDCI3) & (ppm): 17.9 (CH3 of Ala), 22.2 (Ac),
23.6 (CH3), 48.6 (CH of Ala), 52.6 (CH> of Sulfamidate), 52.8 (OCH3), 86.1
(NCH20), 166.1, 167.8, 172.1 (CO).
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Benzyl-((R)-3-acetyl-5-methyl-2,2-dioxido-1,2,3-oxathiazolidine-5-
carbonyl)-L-phenylalaninate [9b]

Compound 9a (67 mg, 0.14 mmol) was added into a
Me”\ /((oan schlenk under argon atmosphere and dissolved in
\n’N\s’ pyridine (2.8 mL). Then, acetic anhydride (1.4 mL) was

17\

00 9b
added and allowed to react for 1.5 h at room

temperature. After concentration and purification by column chromatography
on silica gel (AcOEt/Hexane, 4:6), compound 9b (68 mg, 92%) was obtained
as a viscous colorless oil. [a]4’=-33.8 (¢ 1.0 en CHCl3). HRMS (ESI) m/z =
483.1198, calculated for C22H24N207SNa" (MNa") =483.1196. 'H NMR (400
MHz, CDCl;3) & (ppm): 1.66 (s, 3H, CH3), 2.39 (s, 3H, Ac), 2.99-3.15 (m, 1H,
CH: of Phe), 3.19-3.35 (m, 1H, CH: of Phe), 3.92 (d, 1H, J = 11.3 Hz, CH:
of Sulfamidate), 4.45 (d, 1H, J = 11.3 Hz, CH; of Sulfamidate), 4.83-4.90 (m,
1H, CH of Phe), 5.13-5.26 (m, 2H, OCH>Ph), 6.90 (d, 1H, J = 7.8 Hz,
NHCH), 6.95-7.45 (m, 10H, Arom). 3*C NMR (100 MHz, CDCls) & (ppm):
22.1 (Ac), 23.6 (CH3),37.5 (CH: of Phe), 52.4 (CH; of Sulfamidate), 53.5
(CH of Phe), 67.7 (OCH2Ph), 86.0 (NCH20), 127.4, 128.7, 129.2, 134.9,
135.1 (Arom), 166.1, 167.7, 170.1 (CO).

Methyl-((R)-3-acetyl-5-methyl-2,2-dioxido-1,2,3-oxathiazolidine-5-
carbonyl)-L-tryptophanate [10b]

Compound 10a (34 mg, 0.08 mmol) was added into a

</ schlenk under argon atmosphere and dissolved in

Me
/—(Ek“‘”\u N0~ pyridine (1.6 mL). Then, acetic anhydride (0.8 mL)

N_ O
O © was added and allowed to react for 1.5 h at room

o 00 10b
temperature. After concentration and purification by column chromatography
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on silica gel (AcOEt/Hexane, 7:3), compound 10b (30 mg, 81%) was
obtained as a viscous yellow oil. [a]4°=-18.1° (¢ 1.0 in CHCl3). HRMS (ESI)
m/z =424.1185, calculated for C1sH2iN3O7SH* (MH") = 424.1173. 'H NMR
(400 MHz, CDCIl3) 6 (ppm): 1.62 (s, 3H, CH3), 2.39 (s, 3H, Ac), 3.30-3.46
(m, 2H, CH: of Trp), 3.74 (s, 3H, OCH3), 3.92 (d, 1H, J = 11.3 Hz, CH: of
Sulfamidate), 4.47 (d, 1H, J = 11.3 Hz, CH; of Sulfamidate), 4.84-4.90 (m,
1H, CH of Trp), 6.98 (d, 1H, J = 7.6 Hz, NHCH), 7.00-7.56 (m, SH, Arom),
8.21 (s, 1H, NH of Trp). *C NMR (100 MHz, CDCls) & (ppm): 22.2 (Ac),
23.4 (CH3), 27.4 (CH; of Trp), 52.7 (CH; of Sulfamidate), 52.8 (OCH3), 53.5
(CH of Trp), 86.2 (NCH2C), 109.6, 111.5, 118.5, 119.9, 122.6, 122.9, 127.5,
136.3 (Arom), 166.2, 167.9, 171.2 (CO).

Methyl-((R)-3-acetyl-5-methyl-2,2-dioxido-1,2,3-oxathiazolidine-5-
carbonyl)-L-alanyl-L-tryptophanate [11b]

Me”\ 11a (55 mg, 0.12 mmol) was added into a
/_{ /{s’kn/ (s;(\[@ schlenk under argon atmosphere and dissolved
\‘( J ‘o 11b H in pyridine (2 mL). Then, acetic anhydride (1
mL) was added and allowed to react for 1.5 h at room temperature. After
concentration and purification by column chromatography on silica gel
(AcOEt/Hexane, 9:1), compound 11b (34 mg, 58%) was obtained as a viscous
yellow oil. [a]2°= -4.1 (¢ 1.0 in CHCI3). HRMS (ESI) m/z = 495.1549,
calculated for C21H26N4OsSH™ (MH') = 495.1544. '"H NMR (400 MHz,
CDCI) 6 (ppm): 1.27 (d, 3H, J= 7.0 Hz, CH; of Ala), 1.69 (s, 3H, CH3), 2.19
(s, 3H, Ac), 3.15-3.29 (m, 2H, CH: of Trp),3.61 (s, 3H, OCHs), 3.79 (d, 1H,
J = 11.1 Hz, CH: of Sulfamidate), 4.23 (d, 1H, J = 11.1 Hz, CH; of
Sulfamidate), 4.42 (t, 1H, J = 7.2 Hz, CH of Ala), 4.87 (dd, 1H, J = 9.5 Hz,
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J =4.1 Hz, CH of Trp), 6.64 (d, 1H, J = 8.1 Hz, NH of Trp), 6.87 (m, 2H,
NH de la Ala and CHyinyiic of Trp), 6.97-7.45 (m, 4H, Arom of Trp), 8.31(s,
1H, NH of Arom Trp). *C NMR (100 MHz, CDCls) & (ppm): 18.2 (CH3 of
Ala), 22.2 (Ac), 23.7 (CHs), 27.5 (CH2 of Trp), 49.6 (CH of Ala), 52.6
(OCHa), 52.7 (CH; of Sulfamidate), 53.0 (CH of Trp), 85.9 (NCH2(), 123.1
(Cyinylic of Trp), 109.8, 111.6, 118.4, 119.7, 122.3, 127.7, 136.2 (Arom),
166.4, 167.9, 170.8, 172.0 (CO).

Benzyl-((R)-3-((tert-butoxycarbonyl)-L-phenylalanyl)-5-methyl-2,2-

dioxido-1,2,3-oxathiazolidine-5-carbonyl)-L-phenylalaninate [12]

Ph To a solution of N-Boc-L-Phe-OH (134 mg, 0.50

. OJNS:COZB" mmol) in CH2Cls (10 mL) was added DIEA (0.35
BochN— Nf(_"j( ml, 2.00 mmol) and TBTU (159 mg, 0.50 mmol).
0 &% 12 The reaction mixture was stirred at room

temperature for 5 min. Then, the mixture was cooled at -20°C and compound
9b (209 mg, 0.50 mmol) was added and stirred at -20 °C. After 30 minutes
the resulting mixture was warmed to room temperature and washed with brine
(15 mL). Then, the aqueous layer was extracted with CH>Cl> (2 x 10 mL).
The organic phases were combined and washed with 0.1N HCI (15 mL) and
NaHCO3 5 % (15 mL) and dried over anhydrous Na>SOj4. After evaporation
of the solvent, the residue was purified by a silica gel column chromatography
(hexane/EtOAc, 4:6) to give compound 12 (290 mg, 87%) as a colorless oil.

[a]3’= -20.3 (c1.0 in CHCl3). HRMS (ESI) m/z = 666.2522, calculated for
C34H39N30oSH™ (MH") = 666.2485. '"H NMR (400 MHz, CDCI3) & (ppm):
1.30 (s, 9H, C(CHs)3), 1.46 (s, 3H, CH3), 2.83 (dd, 1H,J =124 Hz, J = 7.6
Hz, CH: of Phe), 2.99 (dd, 1H, J = 14.0 Hz, J = 6.9 Hz, CH> of Phe), 3.03-
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3.20 (m, 2H, CH> of Phe), 3.63 (br s, 1H, CH, of Sulfamidate), 4.43 (d, 1H,
J=10.8 Hz , CH> of Sulfamidate), 4.65-4.83 (m, 2H, CH of Phe, CH of Phe),
4.95 (d, 1H, J = 5.6 Hz, NHBoc), 5.07 (dd, 2H, J = 32.5, J = 12.1 Hz,
OCH,Ph), 6.83 (d, 1H, J = 7.6, NHCH), 6.92 (br s, 2H, Arom), 7.07-7.32 (m,
13H, Arom). '3C NMR (100 MHz, CDCl3) & (ppm): 23.5 (CH3), 28.3
(C(CH3)3), 37.6 (CH: of Phe), 37.9 (CH: of Phe), 52.5 (CH, of Sulfamidate),
53.5 (CH of Phe), 54.9 (CH of Phe), 67.8 (OCH,Ph), 80.5 (C(CH3)s), 86.0
(CCH3), 127.4,127.5, 128.8, 128.9, 129.0, 129.3, 129.5, 129.6, 134.3, 135.1,
135.6 (Arom), 154.8, 167.9, 169.3, 170.2 (CO).

Benzyl-((R)-3-((tert-butoxycarbonyl)-L-tryptophyl)-5-methyl-2,2-

dioxido-1,2,3-oxathiazolidine-5-carbonyl)-L-phenylalaninate [13]

Ph To a solution of N-Boc-L-Trp-OH (76 mg, 0.31

©,.C0,Bn
HN OYKNFH mmol) in CH>Cl, (10 mL) was added DIEA (0.23
Booin— o mL, 1.24 mmol) and TBTU (99 mg, 0.31 mmol).
0 Y13 The reaction mixture was stirred at room

temperature for 5 min. Then, the mixture was cooled at -20°C and compound
9b (130 mg, 0.31 mmol) was added and stirred at -20 °C. After 30 minutes
the resulting mixture was warmed to room temperature and washed with brine
(15ml). Then, the aqueous layer was extracted with CH2Clz (2 x 10 ml).The
organic phases were combined and washed with 0.IN HCI (15 ml) and
NaHCOs3 5 % (15 ml) and dried over anhydrous Na>SO4. After evaporation
of the solvent, the residue was purified by a silica gel column chromatography
(hexane/EtOAc, 6:4) to give compound 13 (177 mg, 81%) as a colorless oil.

[a]3%=-10.3 (c1.0 in CHCl3). HRMS (ESI) m/z = 727.2189, calculated for
C36H40N4O9SNa" (MNa") = 727.2414. 'TH NMR (400 MHz, CDCl3) & (ppm):
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1.26 (s, 3H, CH3), 1.39 (s, 9H, C(CH3)3), 3.04 (dd, 1H, J = 13.8 Hz, J = 6.9
Hz, CH: of Phe), 3.16-3.39 (m, 3H, CH> of Phe, CH> of Phe), 3.59 (brs,
1H, CH> of Sulfamidate), 4.39 (d, 1H, J = 9.3 Hz , CH> of Sulfamidate), 4.75-
4.93 (m, 2H, CH of Phe, CH of Trp), 5.04-5.19 (m, 3H, CHz of Bn, NHBoc),
6.88 (d, 1H, J = 5.6, NHCH), 6.94-7.03 (m, 3H, CHyin, Arom), 7.09-7.39 (m,
11H, Arom), 7.60 (d, 1H, J = 7.4, Arom), 8.23 (s, 1H, , NHCHyin). *C NMR
(100 MHz, CDCI3) 6 (ppm): 23.3 (CH3), 28.4 (C(CHj3)3), 28.4 (CH2 of Trp),
37.6 (CH: of Phe), 52.5 (CH> of Sulfamidate), 53.6 (CH of Phe), 54.1 (CH>
of Trp), 67.8 (OCH2Ph), 80.5 (C(CH3)3), 85.6 (CCH3), 109.2, 111.4, 118.7,
120.1, 122.5, 123.8, 127.5, 127.6, 128.8, 128.9, 129.0, 129.1, 129.3, 134.9,
135.2, 136.3 (Arom), 155.0, 167.9, 169.9, 170.2 (CO).

1-((S)-3-((S)-2-Acetamido-3-phenylpropanamido)-2-methyl-1-(methyl-
amino)-1-oxopropan-2-yl)pyridin-1-ium chloride [14]

¢ Compound 5 (40 mg, 0.09 mmol) was dissolved in
& pyridine (2 mL) and stirred at 60 °C for 12 hours. After

(e} Me N+_

) A . . . .

)I\H N (s)"'n/N\ concentration, the resulting crude was dissolved in a
014 o

Ph

mixture of CH>Cl, and 2 M HCI aqueous solution (1:1,
2.5 mL) and allowed to react for 30 minutes at room temperature. After
concentration, the crude was dissolved in a mixture of TFA and CH>Cl (1:2,
3 mL) and stirred for 30 minutes at room temperature. After concentration,
the crude was dissolved in pyridine (2 mL) and acetic anhydride (1 mL). After
stirring for 1 h at room temperature, the crude was extracted with
CHCI3/'PrOH (3:1) and water and the aqueous phase was concentrated and
purified with a reverse phase cartridge Sep-pack Cis to obtain compound 14
(23 mg, 62%) as a viscous colorless oil. [a]3° = -2.4 (¢ 1.00 in H20).
HRMS (ESI) m/z = 383.2087, calculated for C21H27N403" (M") = 383.2078.
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"H NMR (400 MHz, D>0) & (ppm): 1.92 (s, 3H, CH3), 1.95 (s, 3H, Ac), 2.80
(s, 3H, CONHCHs), 2.87-2.92 (m, 2H, CH: of Phe), 3.81 (d, 1H, J = 14.9 Hz,
NHCH:C), 4.12 (d, 1H, J = 14.9 Hz, NHCH>C), 435 (t, IH, J=7.9 Hz, CH
of Phe), 7.18-7.47 (m, 5SH, Arom of Ph), 8.03-8.87 (m, 5SH, Arom of Py).

BC NMR (100 MHz, D;0) § (ppm): 20.5 (Ac), 21.4 (CH3), 26.5
(CONHCH3), 36.6 (CH; of Phe), 45.8 (NHCH2C), 55.3 (CH of Phe), 76.5
(NHCH:0), 127.3, 128.8, 129.0, 136.1 (Arom of Ph), 128.0, 143.4, 147.2
(Arom of Py), 169.9 (NHCOCH3), 173.8 (NHCOCH), 174.3 (CONHCH3).

1-((S)-3-((S)-2-Acetamido-3-(1 H-indol-3-yl)propanamido)-2-methyl-1-
(methylamino)-1-oxopropan-2-yl)pyridin-1-ium chloride [15] and (S)-2-
((2-acetamido-3-(1H-indol-3-yl)propanamido)methyl)-/NV-methylacryl-
amide [15’]

H H 0 i
)LH S)o N (s;"/g/N\ )LH Y H\)Hor“\
15 15°
Compound 6 (76 mg, 0.16 mmol) was dissolved in pyridine (3 mL) and stirred
at 60 °C for 12 hours. After concentration, the resulting crude was dissolved
in a mixture of CH»Cl> and 2 M HCI aqueous solution (1:1, 3.8 mL) and
allowed to react for 30 minutes at room temperature. After concentration, the
crude was dissolved in a mixture of TFA and CH>Cl (1:2, 4.5 mL) and stirred
for 30 minutes at room temperature. After concentration, the crude was
dissolved in pyridine (3 mL) and acetic anhydride (1.5 mL). After stirring for
1 h at room temperature, the crude was extracted with CHCl3/PrOH (3:1) and

water and the aqueous phase was concentrated and purified with a reverse
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phase cartridge Sep-pack Cis to obtain compound 15 (34 mg, 51%) as a
viscous yellow oil. The elimination product was found in the organic phase.
Concentration and purification by column chromatography on silica gel
(CH2Cl2/MeOH, 9:1) affording compound 15’ (7 mg, 13%) as a viscous
yellow oil. Compound 15: [a]2° = +8.3 (¢ 1.00 in H,0). HRMS (ESI) m/z =
422.2189, calculated for C23H2sNsO3" (M) =422.2187. 'H NMR (400 MHz,
D20) o (ppm): 1.73 (s, 3H, CH3), 1.96 (s, 3H, Ac), 2.77 (s, 3H, CONHCHs),
3.09-3.13 (m, 2H, CH; of Trp), 3.90 (d, 1H, J = 14.9 Hz, NHCH:C), 3.84 (d,
1H, J = 14.9 Hz, NHCH:C), 4.43 (t, 1H, J= 7.8 Hz, CH of Trp), 7.16-7.61
(m, 4H, Arom of Trp), 7.22 (s, 1H, CHC) 7.87-8.59 (m, SH, Arom of Py).
BC NMR (100 MHz, D;0) § (ppm): 22.4 (CHs3), 24.0 (Ac), 29.1
(CONHCH3), 29.3 (CHz of Trp), 48.0 (NHCH2C), 57.2 (CH of Trp), 78.8
(NHCH2C), 111.1 (CH2C), 115.5, 120.6, 122.0, 124.6, 129.0, 138.4 (Arom of
Trp), 127.0 (CHC), 130.3, 145.3, 149.4 (Arom of Py), 172.3 (NHCOCH3),
176.2 (NHCOCH), 177.1 (CONHCH3).

Compound 15’: [a]3? = +2.2 (c 0.83 in H>O). HRMS (ESI) m/z = 365.1580,
calculated for CisH22N4O3Na™ (NaM™) = 365.1584. 'H NMR (400 MHz,
D,0) § (ppm): 1.90 (s, 3H, Ac), 2.63 (s, 3H, CONHCH3), 3.10-3.15 (m, 2H,
CH: of Trp), 3.64-3.84 (m, 2H, NHCH-C), 4.49 (t, 1H, J = 7.5 Hz, CH of
Trp), 5.09 (s, 1H, CCH>), 5.52 (s, 1H, CCH>), 7.02-7.61 (m, SH, Arom).

3C NMR (100 MHz, D,0) § (ppm): 24.0 (Ac), 28.3 (CONHCH3), 29.4 (CH;
of Trp), 42.5 (NHCH:C), 57.4 (CH of Trp), 111.3 (CH2C), 114.3, 120.8,
121.7, 124.3, 126.8, 138.6 (Arom), 129.2 (CHC), 123.2 (CCH,), 141.4
(CCH»), 172.6 (NHCOCH3), 176.2 (NHCOCH), 176.5 (CONHCH3).
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1-((S)-3-((S)-2-Acetamido-3-(benzyloxy)propanamido)-2-methyl-1-
(methylamino)-1-oxopropan-2-yl)pyridin-1-ium chloride [16] and (S)-2-
((2-acetamido-3-(benzyloxy)propanamido)methyl)-NV-methylacrylamide
[16°]
cl
o OB: e @ o OBn
A Je SN )LH e HJWH\
0 16 O O 46 O

Compound 7 (60 mg, 0.11 mmol) was dissolved in pyridine (2 mL) and stirred
at 60 °C for 12 hours. After concentration, the resulting crude was dissolved
in a mixture of CHxCl, and 2 M HCI aqueous solution (1:1, 2.5 mL) and
allowed to react for 30 minutes at room temperature. After concentration, the
crude was dissolved in a mixture of TFA and CH2Cl» (1:2, 3 mL) and stirred
for 30 minutes at room temperature. After concentration, the crude was
dissolved in pyridine (2 mL) and acetic anhydride (1 mL). After reacting for
1 h at room temperature, extracting with CHCl3/PrOH (3:1) and water,
concentrating the aqueous phase and purifying with a reverse phase cartridge
Sep-pack Cis, compound 16 (21 mg, 45%) was obtained as a viscous colorless
oil. The elimination product was found in the organic phase. Concentration

and purification by column chromatography on silica gel (CH>Cl./MeOH,

9:1) affording compound 16’ (6 mg, 16%) as a viscous colorless oil.

Compound 16:[a]2’ = -8.3 (c 1.00 in H,0). HRMS (ESI) m/z = 413.2191,
calculated for C2HooN4O4* (M*) = 413.2183. 'H NMR (400 MHz, D,0) &
(ppm): 2.00 (s, 6H, CHs, Ac), 2.81 (s, 3H, CONHCHs), 3.62-3.68 (m, 2H,
CH; of Ser), 3.91 (d, 1H, J = 14.9 Hz, NHCH,C), 4.16 (d, 1H, J = 14.9 Hz,
NHCH,C), 4.29 (t, 1H, J = 5.1 Hz, CH of Ser), 4.53 (d, 1H, J = 11.7 Hz,
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OCH>Ph), 4.58 (d, 1H, J = 11.7 Hz, OCH,Ph),7.36-7.53 (m, 5SH, Arom of
Ph), 7.93-8.89 (m, 5H, Arom of Py). 13C NMR (100 MHz, D>0) & (ppm):
23.2 (CHs), 23.8 (Ac), 28.8 (CONHCH3), 48.2 (NHCH,C), 56.3 (CH of Ser),
70.7 (CH of Ser), 75.4 (OCH,Ph), 79.0 (NHCH,C), 130.4, 130.6, 131.2,
139.4 (Arom of Ph), 130.3, 145.7, 149.5 (Arom of Py), 172.3, 175.1, 176.6
(NHCOCH3, NHCOCH, CONHCH3). Compound 16”: [a]3° =-5.4 (¢ 1.00 in
H>0). HRMS (ESI) m/z = 334.1765, calculated for C17H24N304" (M+H)" =
334.1761. "H NMR (400 MHz, D;0) & (ppm): 2.05 (s, 3H, Ac), 2.76 (s, 3H,
CONHCHs5), 3.75-3.88 (m, 2H, CH:> of Ser), 4.03 (s, 2H, NHCH:C), 4.49 (t,
1H, J = 4.9 Hz, CH of Ser), 4.57 (d, 1H, J = 11.8 Hz, OCH>Ph), 4.61 (d, 1H,
J = 11.8 Hz, OCH>Ph), 5.49 (s, 1H, CH:C), 5.73 (s, 1H, CH-C), 7.34-7.52
(m, 5H, Arom). '*C NMR (100 MHz, D;O) § (ppm): 21.7 (Ac), 25.9
(CONHCH3), 40.3 (NHCH:C), 54.1 (CH of Ser), 68.7 (CHz of Ser), 73.0
(OCH:Ph), 120.4 (CCH>), 128.3, 128.3, 128.7, 137.0 (Arom), 139.3 (CCHy),
170.4, 171.8, 174.4 (NHCOCH3, NHCOCH, CONHCH3).

1-((S)-3-((S)-2-Acetamido-3-(benzyloxy)propanamido)-2-methyl-1-
(methylamino)-1-oxopropan-2-yl)-3-methylpyridin-1-ium chloride [17]

\(ﬁm Compound 7 (60 mg, 0.13 mmol) was dissolved in
C ~© ’ ﬁ/MeH 3-methylpyridine (2 mL) and stirred at 60 °C for 12
"'N]Q!(N Y™ hours

under  argon  atmosphere.  After

Oo 17

concentration, the resulting crude was dissolved in
a mixture of CH>Cl, and 2 M HCl aqueous solution (1:1, 2.5 mL) and allowed
to react for 30 minutes at room temperature. After concentration, the crude
was dissolved in a mixture of TFA and CH>Cl» (1:2, 3 mL) and stirred for 30

minutes at room temperature. After concentration, the crude was dissolved in
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pyridine (2 mL) and acetic anhydride (1 mL). After reacting for 1 h at room
temperature, extracting with CHC13/'PrOH (3:1) and water, concentrating the
aqueous phase and purifying with a reverse phase cartridge Sep-pack Cis,
compound 17 (27 mg, 49%) was obtained as a viscous yellow oil. [a]3° =-
56.9 (¢ 1.0 in H,0). HRMS (ESI) m/z =427.2342, calculated for C23H31N4O04"
(M) =427.2340. '"H NMR (400 MHz, D>0) & (ppm): 1.93-2.04 (m, 6H, CHs,
Ac), 2.54 (s, 3H, CH3-py), 2.80 (s, 3H, CONHCH3), 3.61-3.69 (m, 2H, CH>
of Ser), 3.90 (d, 1H, J = 14.9 Hz, NHCH:C), 4.14 (d, 1H, J = 14.9 Hz,
NHCH:C), 4.28 (t, 1H, J = 5.1 Hz, CH of Ser), 4.50-4.59 (m, 2H, OCH:Ph),
7.35-7.50 (m, SH, Arom of Bn), 7.87 (t, 1H, J = 7.1 Hz, H py in meta), 8.40
(d, 1H, J = 8.1 Hz, H py in para), 8.57 (d, 1H, J = 6.5 Hz, H py in orto), 8.72
(s, 1H, H py in orto). 3C NMR (100 MHz, D>0) & (ppm): 17.8 (CHs-py),
20.9, 21.6 (CHs, Ac), 26.5 (CONHCH3), 45.9 (NHCH:C), 54.0 (CH of Ser),
68.4 (CHz of Ser),73.0 (OCH2Ph), 76.0 (NHCH2C), 127.2 (CH py in meta), 128.3,
128.4, 128.5, 128.8, 137.0 (Carom ofBn), 140.4 (CH py in orto), 142.8 (CH py in orto),
147.7 (Cu py in para), 170.1 (CONHMe), 172.0 (CONHCH:C), 174.2
(NHCOCH3).

1-((S)-3-Acetamido-1-(((S)-1-methoxy-1-oxopropan-2-yl)amino)-2-
methyl-1-oxopropan-2-yl)pyridin-1-ium chloride [18] and methyl (2-

(acetamidomethyl)acryloyl)-L-alaninate [18’]

e

| cl
N o o
\n/N\/iQ[(N\Lz))LO/ )J\H/\H)LHJ{S)\H/O\
0 045" 5 O
Compound 8b (20 mg, 0.11 mmol) was dissolved in pyridine (1 mL) in a

schlenk under argon atmosphere and allowed to react for 12 hours at 60 °C.
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After concentration, the resulting crude was dissolved in a mixture of CH2Clz
and 2 M HCI aqueous solution (1:1, 1.4 mL) and stirred for 30 minutes at
room temperature. Extraction with CHCIL:/'PrOH (3:1) and water,
concentration of the aqueous phase and purification with a reverse phase
cartridge Sep-pack Cig affording compound 18 (14 mg, 60%) as a viscous
colorless oil. The elimination product was found in the organic phase.
Concentration and purification by column chromatography on silica gel
(CH2Cl2/MeOH, 95:5) affording compound 18’ (2 mg, 14%) as a viscous
colorless oil. Compound 18: [a]2°=-29.6 (¢ 1.0 in H,0). HRMS (ESI) m/z =
308.1610, calculated for C1sH22N304" (M*) = 308.1605. 'H NMR (400 MHz,
D:0) & (ppm): 1.40 (d, 3H, J = 7.4 Hz, CH; of Ala), 1.85 (s, 3H, CH3), 2.13
(s, 3H, Ac),3.79 (s, 3H, OCH5), 3.85 (d, 1H, J = 14.9 Hz, NHCH>C), 4.17 (d,
1H, J = 14.9 Hz, NHCH:C), 4.53 (q, 1H, J = 7.3 Hz, CH of Ala), 8.11-9.04
(m, 5H, Arom). 1*C NMR (100 MHz, D>0) & (ppm): 15.2 (CH3 of Ala), 20.8
(Ac), 21.3 (CHa3), 45.8 (NHCH:C), 49.5 (CH of Ala), 53.1 (OCHj3), 76.6
(NHCH:C), 128.1, 143.5, 147.5 (Arom), 169.7, 174.4, 174.9 (CO).
Compound 18’: [a]3°=-7.0 (¢ 0.5 in CHCl3). HRMS (ESI) m/z = 229.1186,
calculated for C10H17N204" (H") = 229.1183. '"H NMR (400 MHz, CDCls)
O (ppm): 1.45 (d, 3H, J = 7.2 Hz, CH; of Ala), 2.01 (s, 3H, Ac),3.76 (s, 3H,
OCHs), 4.04-4.23 (m, 2H, NHCH>C), 4.53 (t, 1H, J = 7.2 Hz, CH Ala), 5.60
(s, 1H, CCH>), 5.97 (s, 1H, CCH>), 6.06 (s, 1H, AcNH), 7.10 (s, 1H, NH of
Ala). 3C NMR (100 MHz, CDCls) § (ppm): 17.9 (CH; of Ala), 23.2 (Ac),
41.2 (NHCH:C), 48.4 (CH of Ala), 52.5 (OCH3), 77.2 (NHCH:C), 123.2
(CCH»), 140.1 (CCH>), 166.1, 170.6, 173.3 (CO).
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1-((S)-3-Acetamido-1-(((S)-1-(benzyloxy)-1-0x0-3-phenylpropan-2-
yl)amino)-2-methyl-1-oxopropan-2-yl)pyridin-1-ium chloride [19] and
benzyl (2-(acetamidomethyl)acryloyl)-L-phenylalaninate [19’]

N

Wy 0
AT o AR,
0O 19 0 =< o 19 o E\ph

) )
SPh

Compound 9b (32 mg, 0.069 mmol) was dissolved in pyridine (1.2 mL) in a
schlenk under argon atmosphere and allowed to react for 12 hours at 60 °C.
After concentration, the resulting crude was dissolved in a mixture of CH2Clz
and 2 M HCI aqueous solution (1:1, 1.4 mL) and stirred for 30 minutes at
room temperature. Extraction with CHCI3/PrOH (3:1) and water,
concentration of the aqueous phase and purification with a reverse phase
cartridge Sep-pack Cig affording compound 19 (23 mg, 70%) as a viscous
colorless oil. The elimination product was found in the organic phase.
Concentration and purification by column chromatography on silica gel
(CH2Cl2/MeOH, 95:5) affording compound 19’ (3 mg, 11%) as a viscous
colorless oil. Compound 19: [a]3°=-37.7 (¢ 1.0 in HO). HRMS (ESI) m/z =
460.2236, calculated for C27H30N304" (M*) = 460.2231. '"H NMR (400 MHz,
D20) 6 (ppm): 1.76 (s, 3H, CHs), 1.86 (s, 3H, Ac), 2.87-2.98 (m, 1H, CH:> of
Phe), 3.35-3.44 (m, 1H, CH: of Phe), 3.66 (d, 1H, J = 15.0 Hz, NHCH:C),
3.95(d, IH, J = 15.0 Hz, NHCH:C), 4.95 (dd, 1H, J = 11.3 Hz, J = 5.2 Hz,
CH of Phe), 5.27 (s, 2H, OCH>Ph), 7.17-8.58 (m, 15H, Arom). 3C NMR (100
MHz, D;0O) & (ppm): 20.3 (Ac), 21.2 (CH3), 35.4 (CH: of Phe), 45.8
(NHCH2C), 54.2 (CH of Phe), 68.1 (OCH:2Ph), 76.4 (NHCH:C), 127.4, 127.8,
128.0, 128.7, 128.8, 128.9, 129.0, 129.2, 135.1, 136.5, 142.9, 147.3 (Arom),
169.6, 172.0, 174.7 (CO). Compound 19’: [a]3°= +9.8 (c 0.75 in CHCl5).



10. Experimental section

HRMS (ESI) m/z = 381.1809, calculated for C2;HasN2O4™ (H') = 381.1810.
'HNMR (400 MHz, CDCls) & (ppm): 1.96 (s, 3H, Ac),3.07-3.30 (m, 2H, CH,
of Phe), 4.00-4.24 (m, 2H, NHCH.C), 4.88-4.97 (m, 1H, CH of Phe), 5.13-
5.26 (m, 2H, OCH:Ph),5.59 (s, 1H, CCH?>), 5.83 (s, 1H, CCH.), 6.01-6.09 (m,
1H, NHCH,), 6.92 (d, 1H, J= 7.6 Hz, NHCH), 7.09-7.45 (m, 10H, Arom).
13C NMR (100 MHz, CDClz) & (ppm): 23.2 (Ac), 37.6 (CH, of Phe), 41.2
(NHCH,C), 53.7 (CH of Phe), 67.3 (OCH2Ph), 122.7 (CCHa), 127.1, 128.6,
128.7,129.2, 135.2, 135.9 (Arom), 140.2 (CCHa), 166.5, 170.5, 171.3 (CO).

1-((8)-1-(((S)-3-(1H-Indol-3-yl)-1-methoxy-1-oxopropan-2-yl)amino)-3-
acetamido-2-methyl-1-oxopropan-2-yl)pyridin-1-ium chloride [20] and
methyl (2-(acetamidomethyl)acryloyl)-L-tryptophanate [20’]

~NH NH
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Compound 10a (30 mg, 0.071 mmol) was dissolved in pyridine (1 mL) in a
schlenk under argon atmosphere and allowed to react for 12 hours at 60 °C.
After concentration, the resulting crude was dissolved in a mixture of CH>Cl,
and 2 M HCI aqueous solution (1:1, 1.4 mL) and stirred for 30 minutes at
room temperature. Extraction with CHCI3/'PrOH (3:1) and water,
concentration of the aqueous phase and purification with a reverse phase
cartridge Sep-pack Cig affording compound 20 (16 mg, 52%) as a viscous
yellow oil. The elimination product was found in the organic phase.
Concentration and purification by column chromatography on silica gel

CH,Cl/MeOH, 95:5) affording compound 20’ (4 mg, 17%) as a viscous
( ; g p g



250

10. Experimental section

yellow oil. Compound 20: [a]3’= -70.2 (¢ 1.0 in HO). HRMS (ESI) m/z =
423.2031, calculated for C23H27N4O4" (M) =423.2027. 'H NMR (400 MHz,
D>0) & (ppm): 1.72 (s, 3H, CH3), 1.96 (s, 3H, Ac), 2.99-3.16 (m, 1H, CH: of
Trp), 3.40-3.55 (m, 1H, CH: of Trp), 3.63 (d, 1H, J = 14.8 Hz, NHCH:C),
3.84 (s, 1H, OCH53), 3.89 (d, 1H, J = 14.8 Hz, NHCH:C), 5.13 (dd, 1H, J =
11.6 Hz, J = 4.8 Hz, CH of Trp), 7.08-8.50 (m, 10H, Arom). 3*C NMR (100
MHz, D;0) & (ppm): 20.1 (Ac), 21.1 (CH3), 25.9 (CHz of Trp), 45.8
(NHCH2C), 53.2 (OCH3, CH of Trp), 76.3 (NHCH:C), 109.2, 112.1, 118.4,
119.6, 122.2, 124.3, 126.5, 127.6, 136.1, 142.5, 147.1 (Arom), 169.5, 173.2,
174.6 (CO). Compound 20’: [a]3°=-+9.1 (¢ 1.0 in CHCI3). HRMS (ESI) m/z
=366.1419, calculated for C1sH21N30sNa* (Na*) = 366.1424. '"H NMR (400
MHz CDCI3) & (ppm): 1.94 (s, 3H, Ac), 3.28-3.48 (m, 2H, CH:> of Trp), 3.63
(d, 1H, J = 14.8 Hz, NHCH:C), 3.76 (s, 3H, OCHj3), 4.01-4.17 (m, 2H,
NHCH:C), 4.91-5.00 (m, 1H, CH of Trp), 5.57 (s, 1H, CCH>), 5.74 (s, 1H,
CCH>), 6.03-6.15 (m, 1H, CONHCH>), 6.84 (d, 1H, J = 7.5 Hz, NH of Trp),
7.05 -7.62 (m, 5H, Arom), 8.20 (s, 1H, NH of aromatic ring of Trp). °C NMR
(100 MHz, CDCl3) & (ppm): 23.2 (Ac), 27.4 (CH; of Trp), 41.2 (CH»
NHCH:C), 52.4 (OCH3), 53.3 (CH of Trp), 77.2 (NHCH:C), 122.4 (CCH>),
110.2,111.3,118.6,119.8, 122.8, 127.6, 136.2 (Arom), 140.1 (CCH>), 166.6,
170.3, 172.2 (CO).
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1-((48,7S5,108)-4-((1 H-Indol-3-yl)methyl)-7,10-dimethyl-3,6,9,13-
tetraoxo-2-oxa-5,8,12-triazatetradecan-10-yl)pyridin-1-ium chloride
[21] and methyl (2-(acetamidomethyl)acryloyl)-L-alanyl-L-trypto-
phanate [21’]

SUC ST Sa S NES
/\ L BNH 21 BNH

Compound 11b (27 mg, 0.055 mmol) was dissolved in pyridine (1 mL) in a
schlenk under argon atmosphere and allowed to react for 12 hours at 60 °C.
After concentration, the resulting crude was dissolved in a mixture of CH>Cl»
and 2 M HCI aqueous solution (1:1, 1.4 mL) and stirred for 30 minutes at
room temperature. Extraction with CHCI/'PrOH (3:1) and water,
concentration of the aqueous phase and purification by HPLC in reversed-
phase affording the compound 21 (16 mg, 53%) as a viscous yellow oil. The
elimination product was found in the organic phase. Concentration and
purification by column chromatography on silica gel (CH2Cl./MeOH, 95:5)

affording compound 21’ (3 mg, 14%) as a viscous yellow oil.

Semi-preparative HPLC gradient (tr 21=20.33)

(1)
Time (min) Flow (mL/min) H"i"(l)TZ ?(%1) )A) Acetonitrile (%)
0 10 85 15
20 10 65 35
25 10 30 70
35 10 85 15

Compound 21: [a]3°= -14.2 (c 1.0 in H>0). HRMS (ESI) m/z = 494.2399,
calculated for C2H32NsOs™ (M) = 494.2398. 'H NMR (400 MHz, D,0) &
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(ppm): 1.29 (d, 3H, J = 7.3 Hz, CH; of Ala), 1.82 (s, 3H, CHs), 1.88 (s, 3H,
Ac), 3.29-3.46 (m, 2H, CH: of Trp), 3.62-3.77 (m, 4H, NHCH-C, OCH»),
3.96 (d, 1H, J = 14.8 Hz, NHCH-C), 4.35 (q, IH, J = 7.2 Hz, CH of Ala),
4.82(dd, 1H,J=7.6 Hz,J = 5.9 Hz, CH of Trp), 7.10 -8.86 (m, 10H, Arom).
BBC NMR (100 MHz, D>0) & (ppm): 18.1(CH;s of Ala), 22.9 (Ac ), 23.7 (CH3),
29.0 (CHz of Trp), 48.1 (NHCH>C), 52.9 (CH of Ala), 55.3 (OCH3), 55.9 (CH
of Trp), 78.9 (NHCH:2C), 111.1, 114.3, 120.7, 121.9, 124.4, 127.0, 129.2,
130.4, 138.5, 145.7, 149.8 (Arom), 171.7, 176.2, 176.6, 177.2 (CO).
Compound 21”: [a]4’=+3.5 (¢ 0.75 in CHCl3). HRMS (ESI) m/z = 437.1793,
calculated for C21H26N4OsNa® (Na*) = 437.1795. 'H NMR (400 MHz,
CDCl3) o (ppm): 1.35 (d, 3H, J=7.1 Hz, CH; of Ala), 1.92 (s, 3H, Ac), 3.25
(dd, 1H, J = 14.9 Hz, J= 5.9 Hz, CH: of Trp), 3.38 (dd, 1H, J = 14.8 Hz, J =
5.1 Hz CH: of Trp), 3.71 (s, 3H, OCH53), 4.00-4.06 (m, 2H, NHCH:C), 4.43-
4.54 (m, 1H, CH of Ala), 4.82-4.91 (m, 1H, CH of Trp), 5.47 (s, 1H, CCH>),
5.70 (s, 1H, CCH>), 5.96-6.06 (m, 1H, CONHCH>»), 6.65 (d, 1H, J = 7.5 Hz,
NH of Trp), 6.75 (d, 1H, J = 7.5 Hz, NH of Ala), 6.96-7.59 (m, 5H, Trp),
8.60 (s, 1H, NH of aromatic ring of Trp). 3C NMR (100 MHz, CDCls) §
(ppm): 17.2 (CHz of Ala), 23.1 (Ac), 27.4 (CHz of Trp), 41.1 (NHCH2C), 49.0
(CH of Ala), 52.5 (OCH3), 52.8 (CH of Trp), 77.2 (NHCH2C), 122.1 (CCH>),
109.6,111.4,118.6,119.5,121.9, 123.3,127.5, 136.2 (Arom), 139.9 (CCH>),
166.4,170.8, 171.5, 172.2 (CO).
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1-((4S,7S,115)-4,11-Dibenzyl-7-methyl-3,6,10,13-tetraoxo-1-phenyl-2-
oxa-5,9,12-triazatetradecan-7-yl)pyridin-1-ium chloride [22] and benzyl
(2-(((S)-2-acetamido-3-phenylpropanamido)methyl)acryloyl)-L-
phenylalaninate [22’]

" o o o o Ph
N Me OBn 'ﬁ'\(S))L OBn
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Compound 12 (27 mg, 0.041 mmol) was dissolved in pyridine (1 mL) and
stirred at 60 °C for 12 hours. After concentration, the resulting crude was
dissolved in a mixture of CH>Cl> and 2 M HCI aqueous solution (1:1, 1.4 mL)
and allowed to react for 30 minutes at room temperature. After concentration,
the crude was dissolved in a mixture of TFA and CH2Cl; (1:2, 1.5 mL) and
stirred for 30 minutes at room temperature. After concentration, the crude was
dissolved in pyridine (1 mL) and acetic anhydride (0.5 mL). After reacting
for 1 h at room temperature, extracting with acetate and water, concentrating
the aqueous phase and purifying by HPLC in reversed-phase, compound 22
(7 mg, 30%) was afforded as a viscous colorless oil. The elimination product
was found in the organic phase. Concentration and purification by column
chromatography on silica gel (CH2Cl2/MeOH, 95:5) affording compound 22’

(3 mg, 14%) as a viscous colorless oil.
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Semi-preparative HPLC gradient (tr 22= 16.40)

()
Time (min) Flow (mL/min) H,i,(l)]‘; ?0/1 )/0 Acetonitrile (%)
0 10 75 25
30 10 5 95
40 10 75 25
45 10 75 25

Compound 22: [a]4°=-8.2 (¢ 1.0 in CH30H). HRMS (ESI) m/z = 607.2898,
calculated for C3sH30N4O0s" (M*) = 607.2915. 'H NMR (400 MHz, CD;0D)
O (ppm): 1.84 (s, 3H, CH3), 1.89 (s, 3H, Ac), 2.68-3.03 (m, 3H, CH: of Phel
and of Phe2), 3.33-3.37 (m, 1H, CH: of Phe2), 3.60 (d, 1H, J = 14.8 Hz,
NHCH:C), 4.03 (d, 1H, J = 14.8 Hz, NHCH>C), 4.22-4.28 (m, 1H, CH of
Phel), 4.78-4.84 (m, 1H, CH of Phe2), 5.23 (s, 2H, OCH:Ph), 7.12-8.60 (m,
20H, Arom). *C NMR (100 MHz, CDsOD) § (ppm): 19.7 (CH3), 20.9 (Ac),
35.7 (CHz of Phe2), 36.7 (CH2 of Phel), 45.8 (NHCH>C), 54.3 (CH of Phe2),
55.2 (CH of Phel), 67.1 (OCH2Ph), 76.4 (NHCH2C), 126.6, 126.7, 127.5,
128.2, 128.2, 128.3, 128.4, 128.6, 128.7, 135.6, 136.7, 136.9, 143.4, 146.3
(Arom), 168.6, 170.7, 171.8, 173.4 (CO). Compound 22’: [a]3°=-5.1 (¢ 0.75
in CHCIl3). HRMS (ESI) m/z = 550.2304, calculated for C31H33N30s5Na*
(Na*) = 550.2312. '"H NMR (400 MHz, CDCl3) § (ppm): 1.97 (s, 3H, Ac),
2.98-3.26 (m, 4H, CH; of Phel and Phe2), 3.89 (dd, 1H, /=153 Hz,J=5.4
Hz, NHCH:C), 4.22 (dd, 1H, J = 15.3 Hz, J = 7.1 Hz, NHCH:C), 4.63-4.74
(m, 1H, CH of Phel), 4.85-4.96 (m, 1H, CH of Phe2), 5.11-5.26 (m, 2H,
OCH:>Ph), 5.44 (s, 1H, CCH>), 5.78 (s, 1H, CCH>), 6.31 (d, 1H, J = 8.2 Hz,
NH of Phel), 6.35-6.43 (m, 1H, CONHCH>), 6.86 (d, 1H, J = 7.6 Hz, NH of
Phe2), 7.10-7.46 (m, 15H, Arom). *C NMR (100 MHz, CDCl3) § (ppm): 23.1
(Ac), 37.6 (CHz of Phe2), 37.9 (CH; of Phel), 40.8 (NHCH2C), 53.6 (CH of
Phe2), 54.4 (CH of Phel), 67.4 (OCH2Ph), 77.2 (NHCH2C), 122.7 (CCH>),
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127.0, 127.2, 128.5, 128.6, 128.7, 129.2, 129.3, 135.1, 135.8, 136.7 (Arom),
139.7 (CCH»), 166.2, 170.3, 171.3, 171.8 (CO).

1-((4S,7S,115)-11-((1H-Indol-3-yl)methyl)-4-benzyl-7-methyl-3,6,10,13-
tetraoxo-1-phenyl-2-oxa-5,9,12-triazatetradecan-7-yl)pyridin-1-ium
chloride [23] and benzyl (2-(((S)-2-acetamido-3-(1H-indol-3-
yl)propanami-do)methyl)acryloyl)-L-phenylalaninate [23’]

NH
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H
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N = 23
Compound 13 (38 mg, 0.054 mmol) was dissolved in pyridine (1 mL) and
stirred at 60 °C for 12 hours. After concentration, the resulting crude was
dissolved in a mixture of CH>Cl> and 2 M HCI aqueous solution (1:1, 1.4 mL)
and allowed to react for 30 minutes at room temperature. After concentration,
the crude was dissolved in a mixture of TFA and CH2Cl; (1:2, 1.5 mL) and
stirred for 30 minutes at room temperature. After concentration, the crude was
dissolved in pyridine (1 mL) and acetic anhydride (0.5 mL). After reacting
for 1 h at room temperature, extracting with acetate and water, concentrating
the aqueous phase and purifying with a reverse phase cartridge Sep-pack Cis,
compound 23 (10 mg, 33%) was afforded as a viscous colorless oil. The
elimination product was found in the organic phase. Concentration and
purification by column chromatography on silica gel (CH,Cl./MeOH, 95:5)
affording compound 23’ (3 mg, 10%) as a colorless viscous oil. Compound
23: [a]%’=-18.8 (¢ 1.0 in CH30H). HRMS (ESI) m/z = 646.3031, calculated
for C3sHsoNsOs" (M) = 646.3024. '"H NMR (400 MHz, CD3;0D) & (ppm):
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1.67 (s, 3H, CHs), 1.93 (s, 3H, Ac), 2.89-3.00 (m, 2H, CH: of Phe and CH>
of Trp), 3.02-3.11 (m, 1H, CH: of Phe), 3.27-3.31 (m, 1H, CH: of Trp), 3.67
(d, 1H, J =14.9 Hz, NHCH:C), 3.86 (d, 1H, J = 14.9 Hz, NHCH>C), 4.33 (t,
1H, J = 7.6 Hz, CH of Phe), 4.76 (dd, 1H, J = 11.1 Hz, J = 5.0 Hz, CH of
Trp), 5.21 (s, 2H, OCH-Ph), 6.99-8.68 (m, 20H, Arom). 1*C NMR (100 MHz,
CDs;0D) 6 (ppm): 19.6 (CHz3), 21.0 (Ac), 26.9 (CH: of Phe), 35.7 (CH; of
Trp), 45.7 NHCH:C), 54.3 (CH of Trp), 54.8 (CH of Phe), 67.1 (OCH2Ph),
76.4 (NHCH2C), 109.3, 111.0, 118.0, 118.6, 121.2, 123.4, 126.7, 127.2,
127.5, 128.2, 128.3, 128.4, 128.6, 135.6, 136.6, 136.9, 143.2, 146.2 (Arom),
168.7, 170.7, 171.9, 174.0 (CO). Compound 23’: [a]Z’= -9.0 (c 0.75 in
CHCI3). HRMS (ESI) m/z = 567.2599, calculated for C33H3sN4+Os" (H') =
567.2602. '"H NMR (400 MHz, CDCl3) & (ppm): 1.99 (s, 3H, Ac), 3.01-3.25
(m, 3H, CH: of Phe and CH:> of Trp), 3.27-3.39 (m, 1H, CH> of Trp), 3.88
(dd, 1H, J = 15.2 Hz, J = 6.4 Hz, NHCH:C), 4.11 (d, 1H, J = 152 Hz, J =
6.4 Hz, NHCH:C), 4.74-4.82 (m, 1H, CH of Phe), 4.83-4.93 (m, 1H, CH of
Trp), 5.10-5.25 (m, 2H, OCH:Ph), 5.38 (s, 1H, CCH>), 5.73 (s, 1H, CCH>), ),
6.28 (t, J = 6.4 Hz, 1H, NHCH,), 6.39 (d, 1H, J = 7.9 Hz, NHCH of Phe),
6.83 (d, 1H, J = 7.7 Hz, NHCH of Trp), 6.99-7.75 (m, 15H, Arom), 8.12 (s,
1H, NH of Trp). *C NMR (100 MHz, CDCls) § (ppm): 23.3 (Ac), 27.8 (CH>
of Phe), 37.6 (CH; of Trp), 40.8 (NHCH:C), 53.6 (CH of Trp), 53.9 (CH of
Phe), 67.3 (OCH:Ph), 77.2 (NHCH2C), 122.7 (CCH»), 110.7, 111.2, 118.9,
119.8, 122.3, 123.2, 127.2, 127.6, 128.4, 128.5, 128.6, 128.7, 129.2, 135.1,
135.9, 136.2, 139.7 (Arom), 139.7 (CCH>»), 166.2, 170.3, 171.7 (CO).
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J-Phe-Phe-Asp-NH: [24]

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 24 was afforded after cleavage

and purification by HPLC (72 % global yield).

Semi-preparative HPLC gradient (tr 30.33 min):

o
Time (min) Flow(mL/min)  Acetonitrile (%) H,}(;; 3,/(1) )/0

0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20
45 10 2 98

HRMS (ESI) m/z = 612.1740, calculated for CasH31N5O9SNa (MNa") =
612.1735. 'TH NMR (300 MHz, CDs0D) & (ppm): 1.38 (s, 3H, CH3), 2.72 (dd,
1H,J=16.9 Hz, J=6.7 Hz, CH: of Asp), 2.79-2.92 (m, 2H, CH: of Asp, CH>
of Phel), 3.01 (dd, 1H, J=13.8 Hz, J = 8.3 Hz, CH> of Phe2), 3.10-3.24 (m,
2H, CH: of Phel, CH: of Phe2), 3.38 (d, 1H, J = 12.6 Hz, CH: of
Sulfamidate), 3.86 (d, 1H, J = 12.6 Hz, CH> of Sulfamidate), 4.57-4.63 (m,
1H, CHa of Phe2), 4.63-4.72 (m, 2H, CHa of Asp, CHa of Phel), 7.12-7.39
(m, 10H, Arom). 'H NMR (400 MHz, HO/D,0 9:1, pH = 5.7, amide region)
o (ppm): 8.0 (d, 1H, J=7.3 Hz, NH of Phe2), 8.18 (d, 1H, /= 7.5 Hz, NH of
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Asp), 8.42 (d, 1H, J = 8.0 Hz, NH of Phel). *C NMR (75 MHz, CD;0D) §
(ppm): 21.9 (CH3), 35.1 (CHz of Asp), 37.0 (CHz of Phe2), 37.1 (CH: of
Phel), 49.6 (CHa of Asp), 51.4 (CH; of Sulfamidate), 54.5 (CHa of Phel),
55.1 (CHa of Phe2), 89.3 (NHCH:C), 126.5, 126.6, 128.1, 128.3, 129.0,
136.6, 136.7 (Arom), 170.8, 171.8, 172.6, 173.6 (CO).

Ring-opening peptide [25]

o
NC\H)I\O/\
N\O (o] (o]
HN H\/t\n/n\_)]\N H\_)LNHZ
/&o o o 5 H s

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 25 was afforded after cleavage

and purification by HPLC (21 % global yield).

Semi-preparative HPLC gradient (tr 30.08 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H,i%; 3,'/1)/0
0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20
50 10 100 0
60 10 2 98

HRMS (ESI) m/z = 829.3494, calculated for C39oHsoNsO;;Na (MNa") =
829.3491. '"H NMR (400 MHz, CDsOD) & (ppm): 0.83-1.01 (m, 6H, 2 CH;
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of Leu), 1.34-1.40 (m, 3H, CH; of oxyme), 1.48 (s, 3H, CH3), 1.54-1.63 (m,
3H, CHy and CH:f of Leu), 1.97 (s, 3H, Ac), 2.65-2.88 (m, 2H, CH: of Asp),
2.94-3.19 (m, 4H, CH: of Phe2, CH: of Phel), 3.58 (d, 1H, J = 14.7 Hz,
NHCH:C), 3.72 (d, 1H, J = 14.7 Hz, NHCH:C), 4.30-4.44 (m, 3H, CH; of
oxyme, CHa of Leu), 4.51-4.61 (m, 2H, CHa of Phe2, CHa of Phel), 4.62-
4.71 (CHo. of Asp), 7.17-7.31 (m, 10H, Arom). *C NMR (100 MHz, CD30D)
O (ppm): 11.4 (CH3 of oxyme), 17.7 (CH3), 19.2 (CHs of Leu), 19.5 (Ac), 20.4
(CHz of Leu), 23.1 (CHy of Leu), 33.6 (CHz of Asp), 35.3 (CHz of Phe2), 35.5
(CH20f Phel), 39.0 (CH2p of Leu), 41.4 (NHCH>C), 48.1 (CHa of Asp), 50.5
(CHa of Leu), 53.5 (CHa of Phel), 53.6 (CHa of Phe2), 61.6 (CHz of
oxyme), 86.9 (NHCH2C), 87.9 (CCN), 106.0, 125.0, 125.1, 125.7, 126.7,
126.8, 127.5, 135.2 (Arom), 156.0, 169.5, 170.1, 170.4, 170.5, 171.1, 172.2,
172.5 (CO).

Ring-opening peptide [26]

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 26 was afforded after cleavage

and purification by HPLC (5 % global yield).
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Semi-preparative HPLC gradient (tr 31.39 min):

[}
Time (min) Flow(mL/min)  Acetonitrile (%) H’}(I)TZ (0(%1) )/0
0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20
50 10 100 0
60 10 2 98

HRMS (ESI) m/z = 822.3552, calculated for CioH49N9O9Na (MNa") =
822.3545. '"H NMR (400 MHz, CD3;0D) & (ppm): 0.93-1.07 (m, 6H, 2 CH;
of Leu), 1.19 (s, 3H, CH3), 1.56-1.77 (m, 3H, CHy and CH>f3 of Leu), 2.04 (s,
3H, Ac), 2.70 (dd, 2H, J = 16.9 Hz, J = 7.1 Hz, CH; of Asp), 2.80-2.85 (m,
2H, CH: of Asp), 2.99 (dd, 1H, J = 14.0 Hz, J= 9.6 Hz, CH: of Phe2), 3.18
(dd, 1H, J = 14.0 Hz, J = 5.9 Hz, CH: of Phe2), 3.34-3.39 (m, 2H, CH: of
Phel), 3.50 (d, 1H, J = 14.5 Hz, NHCH:C), 3.68 (d, 1H, J = 14.5 Hz,
NHCH:C), 4.51 (dd, 1H, J=9.1 Hz, J = 5.9 Hz, CHa. of Leu), 4.61-4.73 (m,
3H, CHa of Phe2, CHa of Asp, CHa of Phel), 7.12-7.37 (m, 10H, Arom of
Ph), 7.48-7.55 (m, 1H, Arom of OBt), 7.61-7.68 (m, 1H, Arom of OBt), 7.74
(d, 1H, J = 8.4 Hz, Arom of OBt), 8.05 (d, 1H, J = 8.5 Hz, Arom of OBt).

3C NMR (100 MHz, CDs0D) & (ppm): 15.7 (CH3), 20.6 (CH3 of Leu), 21.1
(Ac), 22.1 (CH;3 of Leu), 24.6 (CHy of Leu), 35.1 (CHz of Asp), 36.5 (CH; of
Phel), 36.8 (CH2 of Phe2), 40.7 (CH2p of Leu), 44.3 (NHCH2C), 49.7 (CHa
of Asp), 52.0 (CHa of Leu), 55.6 (CHa of Phel, CHa of Phe2), 93.1
(NHCH:(O), 109.5, 119.6, 125.2, 126.5, 128.1, 128.2, 128.9, 129.0, 129.2,
136.8, 137.2 (Arom), 170.8, 171.8, 172.1, 172.5, 172.5, 173.8, 174.2 (CO).
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FmocLeu-J-Phe-Phe-Asp-NH: [27]

)

o) 2 o OH
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide

synthesis (SPPS) is described in section 10.5. Natural amino acids were

coupling using the standard protocol. Peptide 27 was afforded after cleavage

and purification by HPLC (61 % global yield).

Semi-preparative HPLC gradient (tr 44.58 min):

o
Time (min) Flow(mL/min)  Acetonitrile (%) H,}(;; 3,/(1) )/0
0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20
50 10 100 0
60 10 2 98

HRMS (ESI) m/z = 947.3263, calculated for C47Hs:NsO12SNa (MNa®) =
947.3256. '"H NMR (300 MHz, CD30D) & (ppm): 0.94 (s, 3H, CH; of Leu),
0.96 (s, 3H, CH; of Leu), 1.43 (s, 3H, CH3), 1.58-1.79 (m, 3H, CHy and CH[3
of Leu), 2.66-3.29 (m, 6H, CH: of Asp, CH> of Phel, CH> of Phe2), 4.03 (d,
1H, J=10.8 Hz, CH: of Sulfamidate), 4.17-4.27 (m, 1H, CH of Fmoc), 4.28-
4.48 (m, 2H, CH> of Fmoc), 4.55-4.74 (m, 4H, CH> of Sulfamidate, CHa of
Phe2, CHa of Asp, CHa of Leu), 4.75-4.84 (m, 1H, CHa of Phel), 7.12-7.43
(m, 14H, Arom of Fmoc and Ph), 7.60-7.72 (m, 2H, Arom of Fmoc), 7.75-
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7.86 (m, 2H, Arom of Fmoc). '*C NMR (75 MHz, CDs0D) & (ppm): 20.1
(CHs of Leu), 22.1 (CH3), 22.3 (CHs of Leu), 24.5 (CHy of Leu), 35.1 (CH2
of Asp), 36.8 (CH; of Phel), 37.1 (CHz of Phe2), 39.5 (CH2p of Leu), 47.0
(CHa of Fmoc), 49.5 (CHa of Asp), 52.0 (CH; of Sulfamidate), 52.3 (CHa
of Leu), 54.4 (CHa of Phel), 55.2 (CHa of Phe2), 66.8 (CH> of Fmoc), 85.8
(NHCH:0), 119.5, 124.9, 125.0, 126.4, 126.6, 126.8, 127.4, 128.0, 128.3,
129.0, 136.6, 136.9, 141.2, 143.7, 144.0 (Arom), 157.1(CO of Fmoc), 168.4,
170.2, 171.5, 171.6, 172.6, 173.6 (CO).

Ac-Leu-J-Phe-Phe-Asp-NH: [28]

/_PL /( \)L NH2
0
AcHN Nig

7\

oO
Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Ac-Leu-OH was coupled using
DIC/DIPEA at room temperature for 16 h. Peptide 30 was afforded after

cleavage and purification by HPLC (*43 % global yield).
Semi-preparative HPLC gradient (tr1 60.22 min and tgr2 62.13 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H,i%; 3,'/1)/0
0 10 25 75
15 10 25 75
65 10 45 55

73 10 25 75
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tri: MS (ESI) m/z = 767.2784, calculated for C26H31Ns5O9SNa (MNa") =
767.2681. '"H NMR (400 MHz, CD30D) & (ppm): 0.89-0.97 (m, 6H, 2 CH3
of Leu), 1.41 (s, 3H, CCH3), 1.55-1.72 (m, 3H, CHy and CH>} of Leu), 1.92
(s, 3H, Ac), 2.67 (dd, 2H, J = 16.9 Hz, J = 6.5 Hz, CH: of Asp), 2.74-2.91
(m, 2H, CH: of Asp, CH> of Phel), 2.99 (dd, 1H, J=13.8 Hz, J = 7.8 Hz,
CH: of Phe2), 3.10 (dd, 1H, J=13.8 Hz, J = 6.9 Hz, CH: of Phe2), 3.22 (dd,
1H, J=14.0 Hz, J= 5.0 Hz, CH; of Phel), 4.08 (d, 1H, J=10.4 Hz, CH; of
Sulfamidate), 4.49-4.58 (m, 2H, CH> of Sulfamidate, CH of Phe2), 4.62 (t,
1H, J= 6.3 Hz, CH of Asp), 4.65-4.71 (m, 1H, CHa of Leu), 4.75 (dd, 1H, J
=10.4 Hz, J = 4.9 Hz, CH of Phel), 7.11-7.32 (m, 10H, Ar). '*C NMR (100
MHz, CD3;0D) & (ppm): 20.1 (CHz of Leu), 20.6 (Ac), 21.9 (CCH3), 22.2
(CHs of Leu), 24.6 (CHy of Leu), 35.0 (CHz of Asp), 36.8 (CHz of Phe2), 36.9
(CH: of Phel), 39.2 (CH2p of Leu), 49.5 (CH of Asp), 50.8 (CHa of Leu),
52.0 (CH2 of Sulfamidate), 54.3 (CH of Phel), 55.3 (CH of Phe2), 85.4
(CCH3), 126.4, 126.6, 128.0, 128.3, 129.0, 136.7, 136.9 (Car), 168.4, 168.7,
170.0, 171.5, 172.1, 172.7, 173.7 (CO). tra: MS (ESI) m/z = 767.2747,
calculated for C26H31NsO9SNa (MNa*) = 767.2681. 'H NMR (400 MHz,
CD30D) 6 (ppm): 0.89-0.96 (m, 6H, 2 CH3 of Leu), 1.40 (s, 3H, CCH3), 1.55-
1.70 (m, 3H, CHy and CH>p of Leu), 1.94 (s, 3H, Ac), 2.65 (dd, 2H, J=16.9
Hz, J= 6.6 Hz, CH: of Asp), 2.75-2.89 (m, 2H, CH; of Asp, CH: of Phel),
2.96 (dd, 1H, J = 13.8 Hz, J = 8.0 Hz, CH:> of Phe2), 3.09 (dd, 1H, J=13.9
Hz, J= 6.9 Hz, CH: of Phe2), 3.21 (dd, 1H, J=14.1 Hz, J=4.8 Hz, CH of
Phel), 3.97 (d, 1H, J = 10.8 Hz, CH: of Sulfamidate), 4.54 (dd, 1H, J = 8.0
Hz, J= 6.9 Hz, CH of Phe2), 4.57-4.63 (m, 2H, CH:> of Sulfamidate, CH of
Asp), 4.73 (dd, 1H, J=10.5 Hz, J= 4.7 Hz, CH of Phel), 4.77-4.80 (m, 1H,
CHo.of Leu), 7.10-7.34 (m, 10H, Ar). 3*C NMR (100 MHz, CD;0D) & (ppm):
20.2 (CH3 of Leu), 20.9 (Ac), 21.9 (CCHs), 22.3 (CH; of Leu), 24.5 (CHy of
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Leu), 35.1 (CHz of Asp), 36.7 (CHz of Phel), 37.0 (CH2 of Phe2), 39.4 (CH2f3
of Leu), 49.6 (CH of Asp), 50.6 (CHa of Leu), 52.0 (CH; of Sulfamidate),
54.5 (CH of Phel), 55.2 (CH of Phe2), 86.0 (CCHz3), 126.4, 126.6, 128.0,
128.3, 128.9, 129.0, 136.6, 136.9 (Car), 168.4, 169.6, 171.6, 171.6, 172.1,
172.7,173.6 (CO).

Ac-Pro-Phe-Phe-Asp-NH: [30]

Natural amino acids were coupling using the standard protocol. Peptide 29

was afforded after cleavage and purification by HPLC (71 % global yield).

Semi-preparative HPLC gradient (tr 26.42 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H,i%; 3,/1 )/0

0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20
45 10 2 98

HRMS (ESI) m/z = 588.2412, calculated for C2oH3sNsO7Na (MNa') =
588.2429. 'TH NMR (300 MHz, DMSO) & (ppm): 1.39 and 1.97 (s, 3H, Ac),
1.52-1.70 (m, 2H, CH>B of Pro, CH>0 of Pro), 1.78-2.12 (m, 2 H, CH2p of
Pro, CH>6 of Pro), 2.60-3.31 (m, 8 H, CH: of Asp, CH> of 2Phe, CH>y of
Pro), 4.10-4.25 (m, 1H, CHe of Pro), 4.35-4.69 (m, 3H, CHa of Asp, CHa
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of 2Phe), 7.09-7.30 (m, 10H, Arom) 7.79-8.32 (m, 3H, NH). *C NMR (75
MHz, DMSO) & (ppm): 22.2, 22.8 (Ac), 22.7, 24.5 (CHzy of Pro) 29.3, 32.0
(CH2p of Pro), 36.5 (CHz of Asp), 37.2, 37.5, 37.9 (CH:z of 2Phe), 46.6, 48.0
(CH20 of Pro), 49.8,49.9 (CHo.of Asp), 53.9, 54.4, 54.5, 54.8 (CHa of 2Phe),
59.9, 60.6 (CHa of Pro), 126.6, 126.8, 128.4, 128.5, 128.6, 129.6, 129.7,
137.9, 138.1, 138.2, 138.3 (Arom), 169.2, 169.9, 171.2, 171.5, 171.7, 171.8,
172.2,172.3, 172.7 (CO).

Signal splitting is due to proline cis-trans isomerization, which is more acute

in solvents such as DMSO. '

Ac-J-Phe-Phe-Asp-NH: [31]

(o}
(o} " (0} OH
o H o H H o

T

o do g
Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were

coupling using the standard protocol. Peptide 31 was afforded after cleavage

and purification by HPLC (51 % global yield).

Semi-preparative HPLC gradient (tr 30.68 min):

0
Time (min) Flow(mL/min)  Acetonitrile (%) H,}%X 3,/1 )/0
0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20

45 10 2 98




266

10. Experimental section

HRMS (ESI) m/z = 654.1838, calculated for C2sH33N5010SNa (MNa") =
654.1840. '"H NMR (300 MHz, CD30OD) & (ppm): 1.44 (s, 3H, CH3), 2.34 (s,
3H, Ac), 2.70 (dd, 1H, J = 16.9 Hz, J = 6.6 Hz, CH> of Asp), 2.77-2.93 (m,
2H, CH: of Asp, CH: of Phel), 2.99 (dd, 1H, J=13.9 Hz, J= 8.3 Hz, CH> of
Phe2), 3.09-3.26 (m, 2H, CH: of Phel, CH: of Phe2), 3.95 (d, 1H, J = 10.7
Hz, CH; of Sulfamidate), 4.53 (d, 1H, J=10.7 Hz, CH> of Sulfamidate), 4.58
(dd, 1H, J=8.2 Hz, J= 6.7 Hz, CHo. of Phe2), 4.64 (t, 1H, J= 6.3 Hz, CHa
of Asp), 4.75 (dd, 1H, J=10.4 Hz, J= 4.8 Hz, CHa. of Phel), 7.13-7.35 (m,
10H, Arom). 'H NMR (400 MHz, H,O/D;0 9:1, pH = 5.7, amide region) &
(ppm): 7.91 (d, 1H, J= 7.5 Hz, NH of Phe2), 8.20 (d, 1H, J= 7.7 Hz, NH of
Asp), 8.75 (d, 1H, J = 8.3 Hz, NH of Phel). *C NMR (75 MHz, CD3;0OD) &
(ppm): 19.6 (Ac), 20.6 (CH3), 33.5 (CH:z of Asp), 35.3 (CHz of Phe2), 35.4
(CH;z of Phel), 48.0 (CHa of Asp), 50.6 (CH> of Sulfamidate), 53.1 (CHa of
Phel), 53.6 (CHa of Phe2), 84.1 (NHCH2C), 124.9, 125.1, 126.5, 126.6,
126.7,126.8, 127.5, 135.2, 135.3 (Arom), 167.0, 170.0, 171.1, 172.2 (CO).

Ac-Pro-Phe-Phe-Ala-Glu-NH: [32]

HO__O
H Q H 0
(N\JYN:J\N e
04\ o = :"' o # H o

32

Natural amino acids were coupling using the standard protocol. Peptide 32

was afforded after cleavage and purification by HPLC (65 % global yield).
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Semi-preparative HPLC gradient (tr 26.53 min):

[}
Time (min) Flow(mL/min)  Acetonitrile (%) H’}(I)TX 3,2)/0

0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20
45 10 2 98

HRMS (ESI) m/z = 673.2957, calculated for C33sH4N¢OsNa (MNa") =
673.2956. '"H NMR (300 MHz, DMSO) & (ppm): 1.24 (d, 3H, J=7.0 Hz, CH;
of Ala), 1.40 and 1.97 (s, 3H, Ac), 1.48-2.08 (m, 6H, CH:f3 of Glu, CH:f3 of
Pro, CH>3 of Pro), 2.16-2.32 (m, 2H, CH:f of Glu), 2.65-2.92 (m, 2H, CH;
of Phe), 2.93-3.14 (m, 2H, CH: of Phe), 3.18-3.35 (m, 2H, CH>y of Pro), 4.08-
4.35 (m, 3H, CHa of Ala, CHa of Pro, CHa of Glu), 4.36-4.65 (m, 2H, CH«x
of 2Phe), 7.05-7.34 (m, 10H, Arom), 7.69-8.33 (m, 4H, NH). *C NMR (75
MHz, DMSO) & (ppm): 18.2, 18.4 (CHs of Ala), 22.2, 22.8 (Ac), 22.7, 24.5
(CH2y of Pro), 27.8, 27.9 (CH2p of Glu), 30.5 (CHzy of Glu), 29.3, 32.0 (CH23
of Pro), 37.2, 37.5, 37.8, 37.9 (CH2 of 2Phe), 46.6, 48.0 (CH20 of Pro), 48.8,
49.0 (CHo.of Ala), 52.1 (CHa of Glu), 53.9, 554.2, 54.3, 54.5 (CHo of 2Phe),
59.9, 60.6 (CHza of Pro), 126.6, 126.7, 128.4, 128.5, 128.6, 129.6, 129.7,
138.1, 138.2, 138.3 (Arom), 169.2, 169.9 171.3, 171.4, 171.6, 171.8, 172.1,
172.3, 173.4, 173.5, 174.4 (CO). Signal splitting is due to proline cis-trans

isomerization, which is more acute in solvents such as DMSO.'
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Ac-J-Phe-Phe-Ala-Glu-NH: [33]

1% ik,

M S SR

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 33 was afforded after cleavage

and purification by HPLC (49 % global yield).

Semi-preparative HPLC gradient (tr 30.03 min):

()
Time (min) Flow(mL/min)  Acetonitrile (%) H,i%; ?0/1 )/0

0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20
45 10 2 98

HRMS (ESI) m/z = 739.2369, calculated for C32Hs0NsO11SNa (MNa") =
739.2368. '"H NMR (300 MHz, CD30D) & (ppm): 1.37 (d, 3H, J = 7.2 Hz,
CH; of Ala), 1.46 (s, 3H, CH3), 1.91-2.07 (m, 1H, CH>p of Glu), 2.09-2.24
(m, 1H, CH>P of Glu), 2.35 (s, 3H, Ac), 2.39-2.49 (m, 2H, CHzy of Glu), 2.80-
3.03 (m, 2H, CH; of Phel, CH: of Phe2), 3.13-3.25 (m, 2H, CH: of Phel,
CH: of Phe2), 3.97 (d, 1H, J = 10.7 Hz, CH; of Sulfamidate), 4.29 (q, |H, J
=7.1 Hz, CHa of Ala), 4.34-4.41 (m, 1H, CHa. of Glu), 4.55 (d, 1H, J=10.7
Hz, CH: of Sulfamidate), 4.58-4.65 (m, 1H, CHa of Phe2), 4.68-4.79 (m, 1H,
CHa. of Phel), 7.13-7.37 (m, 10H, Arom). 'H NMR (400 MHz, H,O/D>O
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9:1, pH = 5.7, amide region) 6 (ppm): 7.84 (d, 1H, J = 7.5 Hz, NH of Phe2),
8.07-8.15 (m, 2H, NH of Glu, NH of Ala), 8.74 (d, 1H, J = 8.2 Hz, NH of
Phel). 3C NMR (75 MHz, CD3;0D) § (ppm): 16.2 (CH3 of Ala), 21.1 (Ac),
22.0 (CH3), 26.9 (CH2B of Glu), 29.9 (CHzy of Glu), 36.7 (CH:z of Phe2), 36.9
(CHz of Phel), 49.5 (CHa of Ala), 52.1 (CH> of Sulfamidate), 52.5 (CHa of
Glu), 54.8 (CHa of Phel), 55.0 (CHa of Phe2), 85.6 (NHCH2C), 126.4,
126.5, 128.0, 128.2, 128.9, 129.0, 136.8, 166.9, 168.6 (Arom), 171.6, 171.9,
173.3,174.8, 175.1 (CO).

J-Phe-Phe-Ala-Glu-NH: [34]

lO " o H (o]
8 N N
/’L‘\LN \:)LNJW( \:)J\NH2
HN\S/O H o H H o H
w0
oo
0~ "OH

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 34 was afforded after cleavage

and purification by HPLC (62 % global yield).

Semi-preparative HPLC gradient (tr 29.57 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H,}(;Z 3,/1 )/0
0 10 2 98
10 10 20 80
20 10 40 60
30 10 60 40
40 10 80 20

45 10 2 98
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HRMS (ESI) m/z = 697.2259, calculated for C30H3sNsO10SNa (MNa") =
697.2262. '"H NMR (300 MHz, CD30D) & (ppm): 1.32-1.45 (m, 6H, CH; of
Ala, CH3), 1.90-2.07 (m, 1H, CH>p of Glu), 2.08-2.23 (m, 1H, CH2p of Glu),
2.39-2.48 (m, 2H, CHzy of Glu), 2.79-3.05 (m, 2H, CH: of Phel, CH: of
Phe2), 3.08-3.26 (m, 2H, CH:> of Phel, CH: of Phe2), 3.38 (d, 1H, J = 12.5
Hz, CH; of Sulfamidate), 3.87 (d, 1H, J= 12.5 Hz, CH; of Sulfamidate), 4.27-
4.43 (m, 2H, CHa of Ala, CHa of Glu), 4.58-4.70 (m, 2H, CHo of Phe2,
CHa of Phel), 7.10-7.40 (m, 10H, Arom). 'H NMR (400 MHz, H,O/D,0O
9:1, pH = 5.7, amide region) 6 (ppm): 7.93 (d, 1H, J = 7.5 Hz, NH of Phe2),
8.11(d, 1H,J=6.7 Hz, NH of Glu), 8.16 (d, 1H, J= 6.1 Hz, NH of Ala), 8.40
(d, 1H, J = 8.0 Hz, NH of Phel). *C NMR (75 MHz, CD;0D) § (ppm): 16.3
(CH; of Ala), 21.8 (CH3), 27.0 (CH2p of Glu), 29.9 (CHzy of Glu), 37.0 (CH2
of Phe2, CH» of Phel), 49.4 (CHa of Ala), 51.4 (CH> of Sulfamidate), 52.4
(CHa of Glu), 54.8 (CHa. of Phel), 54.9 (CHo of Phe2), 89.3 (NHCH2C),
126.5, 128.0, 128.1, 128.2, 128.3, 128.9, 129.0, 136.6, 136.9 (Arom), 170.9,
171.8,172.2,173.3, 174.8, 175.1 (CO).

J-Phe-Phe-NH2

H
HN_ O

Y

oo
J-Phe-Phe-NH,

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. No purification was needed. Scale 0.25

mmol of resin. HRMS (ESI) m/z = 475.1648, calculated for C2oH26N4O6S
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(MH") =475.1646. "H NMR (300 MHz, CD30D) & (ppm): 1.39 (s, 3H, CH3),
2.77-3.01 (m, 2H, CH: of Phel, CH> of Phe2), 3.10-3.20 (m, 2H, CH> of Phel,
CH: of Phe2), 3.38 (d, 1H, J = 12.5 Hz, CH:> of Sulfamidate), 3.87 (d, 1H, J
= 12.5 Hz, CH: of Sulfamidate), 4.57-4.69 (m, 1H, CHa of Phel, CHa of
Phe2), 7.12-7.34 (m, 10H, Arom). '*C NMR (100 MHz, CD30D) & (ppm):
21.8 (CH3), 37.1 (CHz of Phe2), 37.5 (CHz of Phel), 51.5 (CH: of
Sulfamidate), 54.4 (CHa of Phel), 54.7 (CHa of Phe2), 89.4 (NHCH:C),
126.4, 126.5, 128.1, 129.0, 136.6, 137.0 (Arom), 170.8, 171.4, 174.4 (CO).

Ac-J-Ala-Pro-Asp-Thr-Arg-Pro-NH: [35]
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 35 was afforded after cleavage

and purification by HPLC (78 % global yield).
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Semi-preparative HPLC gradient (tr 26.92 min):

()
Time (min) Flow(mL/min)  Acetonitrile (%) H,i,‘i? ; ((3,'/:)/0
0 10 1 99
1 10 1 99
31 10 31 69
32 10 1 99
37 10 1 99

HRMS (ESI) m/z = 860.3561, calculated for C33HssN;1O14S (MH") =
860.3567. 'TH NMR (300 MHz, D>0) & (ppm): 1.05 (d, 3H, J = 6.4 Hz, CH;
of Thr), 1.27 (d, 3H, J="7.0 Hz, CH; of Ala), 1.47-1.63 (m, 3H, CHzy of Arg,
CH>P of Arg), 1.65-1.93 (m, 10H, CH3, CH2P of Arg, CH2f3 of Prol, CH:f3
of Pro2, CHzy of Prol, CHzy of Pro2), 2.07-2.27 (m, 5H, Ac, CH>p of Prol,
CH>p of Pro2), 2.71-2.90 (m, 2H, CH: of Asp), 3.01-3.13 (m, 2H, CH>5 of
Arg), 3.43-3.72 (m, 4H, CH2d of Prol, CH>0 of Pro2), 4.02-4.14 (m, 2H, CH>
of Sulfamidate, CHP of Thr), 4.16-4.31 (m, 3H, CHa of Prol, CHa of Pro2,
CHo of Thr), 4.47 (d, 1H, J = 10.5 Hz, CH: of Sulfamidate), 4.50-4.65 (m,
3H, CHo of Ala, CHo. of Arg, CHo. of Asp). 3C NMR (75 MHz, D,0) &
(ppm): 15.1 (CH;3 of Ala), 18.8 (CH3 of Thr), 22.2 (Ac), 22.5 (CH3), 23.9
(CHay of Arg), 24.6 (CHzy of Prol, CHzy of Pro2), 27.4 (CHz3 of Arg), 29.2
(CH2pB of Prol), 29.5 (CH2p of Pro2), 34.9 (CHz of Asp), 40.5 (CH26 of Arg),
47.7 (CH29 of Prol), 47.8 (CH2d of Pro2), 48.3 (CHa of Ala), 50.1 (CHa of
Asp), 51.1 (CHa of Arg), 52.7 (CH2 of Sulfamidate), 59.0 (CHa of Thr), 60.2
(CHa of Pro2), 60.7 (CHa of Prol), 66.9 (CHB of Thr), 90.1 (NHCH2C),
156.6 (HNC), 169.2, 171.3, 172.2, 172.3, 172.4, 172.5, 173.9, 173.9, 176.7
(CO).
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J-Ala-Pro-Asp-Thr-Arg-Pro-NH: [36]
N

O/S‘NH

o
O‘ ?-l dio.. OHZN\?O
TRy
(o] B OH o B
T

36

ZT

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 36 was afforded after cleavage

and purification by HPLC (62 % global yield).

Semi-preparative HPLC gradient (tr 25.33 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H’i“(l)TZ 3,/(1) )/0
0 10 1 99
1 10 1 99
31 10 31 69
32 10 1 99
37 10 1 99

HRMS (ESI) m/z = 840.3290, calculated for C31HsiN;1013SNa (MNa") =
840.3281. 'H NMR (300 MHz, D>0) & (ppm): 1.08 (d, 3H, J = 6.4 Hz, CH;
of Thr), 1.31 (d, 3H, J = 7.1 Hz, CH; of Ala), 1.51-1.67 (m, 6H, CH3, CH2zy
of Arg, CH>p of Arg), 1.68-2.01 (m, 7H, CH>p of Arg, CH>[3 of Prol, CH>p
of Pro2, CH>y of Prol, CHzy of Pro2), 2.12-2.28 (m, 2H, CH>3 of Prol, CH>f3
of Pro2), 2.71-2.96 (m, 2H, CH:> of Asp), 3.04-3.17 (m, 2H, CH>d of Arg),
3.45-3.62 (m, 3H, CH:> of Sulfamidate, CH>d of Prol, CH>d of Pro2), 3.63-
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3.76 (m, 2H, CH>d of Prol, CH>d of Pro2), 3.81 (d, 1H, J= 12.8 Hz, CH: of
Sulfamidate), 4.05-4.14 (m, 1H, CHP of Thr), 4.19-4.35 (m, 3H, CHa of
Prol, CHa of Pro2, CHa of Thr), 4.48-4.66 (m, 3H, CHa. of Ala, CHa of
Arg, CHo. of Asp). 3C NMR (75 MHz, D20) & (ppm): 15.1 (CH; of Ala),
18.8 (CH3 of Thr), 22.5 (CH3), 24.0 (CHzy of Arg), 24.6 (CHay of Prol), 24.7
(CHyy of Pro2), 27.5 (CH2p of Arg), 29.2 (CH»p of Prol), 29.5 (CHzp of
Pro2), 34.9 (CH; of Asp), 40.5 (CH20 of Arg), 47.7 (CH2d of Prol), 47.9
(CH206 of Pro2), 48.3 (CHa of Ala), 50.1 (CHa of Asp), 51.1 (CHa of Arg),
51.2 (CH; of Sulfamidate), 59.0 (CHa of Thr), 60.2 (CHa of Pro2), 60.7
(CHa of Prol), 67.1 (CHB of Thr), 90.2 (NHCH:2C), 156.7 (HNC), 171.3,
171.3,171.4,172.4,172.6, 174.0, 176.8 (CO).

Ring-opening peptide with azide [37]
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. The ring-opening reaction was carried
out on solid phase, using 20 equivalents excess of NaN3 in DMF at room
temperature for 3 hours. Peptide 37 was afforded after cleavage and

purification by HPLC (31 % global yield).
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Semi-preparative HPLC gradient (tr 23.39 min):

[}
Time (min) Flow(mL/min)  Acetonitrile (%) H’}(I)TX 3,2)/0
0 10 1 99
1 10 1 99
35 10 35 65
37 10 1 99

HRMS (ESI) m/z = 823.4161, calculated for C33HssN1sOpH (MH') =
823.4169. 'H NMR (300 MHz, D,0) § (ppm): 1.11 (d, 3H, J = 6.4 Hz, CHj;
of Thr), 1.31 (d, 3H, J= 7.1 Hz, CH; of Ala), 1.44 (s, 3H, CH3), 1.52-2.04
(m, 13H, CHy of Arg, CH>P of Arg, CH>p of Prol, CH: of Pro2, CHy of
Prol, CHzy of Pro2, Ac), 2.14-2.32 (m, 2H, CH2p of Prol, CH:j3 of Pro2),
2.75-2.98 (m, 2H, CH: of Asp), 3.14 (t, 2H, J = 6.8 Hz, CH>d of Arg), 3.40
(d, 1H, J = 14.2 Hz, NHCH>C), 3.48-3.80 (m, SH, CH25 of Prol, CH>2d of
Pro2, NHCH:C), 4.08-4.19 (m, 1H, CHJ of Thr), 4.20-4.39 (m, 3H, CHa of
Prol, CHa of Pro2, CHa of Thr), 4.43-4.67 (m, 3H, CHa of Ala, CHa of
Arg, CHa. of Asp). 3C NMR (75 MHz, D>0) & (ppm): 15.2 (CH; of Ala),
18.8 (CH3 of Thr), 19.0 (CH3), 21.8 (Ac), 24.0 (CHzy of Arg), 24.6 (CHay of
Prol), 24.7 (CHzy of Pro2), 27.4 (CHz2p of Arg), 29.3 (CH2p of Prol), 29.6
(CH2pB of Pro2), 35.0 (CHz of Asp), 40.5 (CH2d of Arg), 45.4 (NHCH:C), 47.8
(CH26 of Prol), 47.9 (CH26 of Pro2), 48.2 (CHa of Ala), 50.1 (CHa of Asp),
51.1 (CHa of Arg), 59.0 (CHa of Thr), 60.3 (CHa of Pro2), 60.6 (CHa of
Prol), 67.0 (CHP of Thr), 118.2 (NHCH2C), 156.7 (HNC), 171.3, 171.4,
172.4,172.5,173.0, 174.0, 174.4, 176.8 (CO).
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Click peptide with ciclooctine [38 and 38’]

sand3s |
NH,

HN

Peptide 37 (1 equivalent) and a bicyclo[6.1.0]non-4-yn-9-ylmethanol
(cyclooctine) (2 equivalents) were dissolved in H>O/CH3CN (1:3) and
allowed to react at 25 °C for 2 hours. The reaction underwent with high yield
(77 %), but two diasteoisomers, 38 and 38’, were detected and separated by
HPLC, due to the mixture of diastereoisomer of the commercially available

cyclooctine. *C NMR could not obtain.

Semi-preparative HPLC gradient (tr1 18.60 min, tr2 20.00 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H,i%; 3,/1 )/0
0 10 1 99
1 10 1 99
3 10 10 90
43 10 40 60
44 10 1 99
50 10 1 99

tri: HRMS (ESI) m/z = 973.5200, calculated for Ca3HesN14O12 (MH") =
973.5214. '"H NMR (300 MHz, D,0) & (ppm): 1.02-1.13 (m, 5H, CH; of Thr,
CH', CH®), 1.16-1.31 (m, 4H, CH; of Ala, CH?), 1.46-2.33 (m, 22H, CH>y of
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Arg, CHp of Arg, CH3, CH>P of Prol, CH>P3 of Pro2, CHzy of Prol, CHy of
Pro2, Ac, CH»*, CH,), 2.57-2.97 (m, 6H, CH. of Asp, CH>’, CH>%), 3.12 (4,
2H,J=17.1 Hz, CH>5 of Arg), 3.50-3.81 (m, 7H, CH23 of Prol, CH>0 of Pro2,
, CH>', NHCH:C), 3.98 (d, 1H, J = 14.4 Hz, NHCH-C), 4.05-4.13 (m, 1H,
CHp of Thr), 4.18-4.36 (m, 3H, CHa of Prol, CHa of Pro2, CHa of Thr),
4.42-4.67 (m, 3H, CHa of Ala, CHa of Arg, CHa of Asp). tr2: HRMS (ESI)
m/z = 973.5211, calculated for C43HesN 14012 (MH") = 973.5214. '"H NMR
(300 MHz, D;0) & (ppm): 0.71-0.90 (CH!, CH®), 0.95-1.12 (m, 4H, CH; of
Thr, CH’), 1.22 (d, 3H, J = 7.1Hz, CH; of Ala), 1.43-2.29 (m, 22H, CH>y of
Arg, CH:p of Arg, CH3, CH>P of Prol, CH>P of Pro2, CHzy of Prol, CHzy of
Pro2, Ac, CH»’, CH'), 2.51-2.96 (m, 6H, CH. of Asp, CH>’, CH.%), 3.12 (4,
2H, J=6.8 Hz, CH>0 of Arg), 3.48-3.83 (m, 7H, CH2d of Prol, CH>5 of Pro2,
CH-'’, NHCH:C), 3.99 (d, 1H, J = 14.5 Hz, NHCH:C), 4.05-4.14 (m, 1H,
CHp of Thr), 4.17-4.37 (m, 3H, CHa of Prol, CHa of Pro2, CHa of Thr),
4.50-4.64 (m, 3H, CHa of Ala, CHa. of Arg, CHa. of Asp).

Ring-opening peptide with thiocumarine [39]
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. The ring-opening reaction was carried
out on solid phase, using 10 equivalents excess of 7-mercapto-4-
methylcoumarin (Coum) in DMF and 9 equivalents excess of DIPEA in DMF
at 25 °C for 1.5 hours. Peptide 39 was afforded after cleavage and purification
by HPLC (45 % global yield).

Semi-preparative HPLC gradient (tr 16.47 min):

()
Time (min) Flow(mL/min)  Acetonitrile (%) H,i%; ?0/1 )/0
0 10 1 99
1 10 1 99
3 10 18 82
25 10 40 60
26 10 80 20
30 10 80 20
31 10 1 99
37 10 1 99

HRMS (ESI) m/z = 972.4240, calculated for C43HeiN11O13SH (MHY) =
972.4244. "TH NMR (300 MHz, D>0) & (ppm): 1.09 (d, 3H, J = 6.4 Hz, CH;
of Thr), 1.27 (d, 3H, J = 7.0 Hz, CH; of Ala), 1.35 (s, 3H, CHs), 1.45-2.04
(m, 13H, CHzy of Arg, CH>p3 of Arg, CH>[3 of Prol, CH>p of Pro2, CHzy of
Prol, CHzy of Pro2, Ac), 2.13-2.30 (m, 2H, CH>p of Prol, CH>P of Pro2),
2.36 (s, 3H, CH;5 of Coum), 2.77-2.96 (m, 2H, CH: of Asp), 3.00-3.14 (m, 2H,
CH>90 of Arg), 3.46-3.75 (m, 6H, CH>2d of Prol, CH>5 of Pro2, NHCH:C),
4.05-4.17 (m, 1H, CHP of Thr), 4.21-4.67 (m, 6H, CHa of Prol, CHa of
Pro2, CHo of Thr, CHo. of Ala, CHao. of Arg, CHo of Asp), 6.30 (s, 1H, CHP),
7.24-7.40 (m, 2H, CH®, CH®%), 7.62 (d, 1H, J = 8.1 Hz, CH’). 3C NMR (75
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MHz, D;0) 6 (ppm): 15.3 (CHs of Ala), 17.9 (CH; of Coum), 18.8 (CH3 of
Thr), 21.0 (CH3), 21.8 (Ac), 24.0 (CHzy of Arg), 24.6 (CHzy of Prol), 24.7
(CHzy of Pro2), 27.5 (CH2p of Arg), 29.3 (CHzp of Prol), 29.6 (CH2p of
Pro2), 34.9 (CHz of Asp), 40.5 (CH20 of Arg), 45.5 (NHCHC), 47.8 (CH25
of Prol), 47.9 (CH20 of Pro2), 48.3 (CHa of Ala), 50.2 (CHa of Asp), 51.0
(CHoaof Arg), 55.9 (NHCH:C), 59.1 (CHo of Thr), 60.2 (CHa of Pro2), 60.6
(CHa of Prol), 67.1 (CHB of Thr), 114.4 (CH?), 120.5 (C*), 122.8 (CH®),
125.6 (CH®), 131.4 (CH®), 134.5 (C7), 152.1 (C®), 155.4 (C*), 156.6 (HNC),
163.5 (C?), 171.2,171.3,172.5, 172.9, 173.5, 174.0, 174.3, 176.7 (CO).

Ring-opening peptide with thiocarbohydrate [40]

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. The ring-opening reaction was carried
out on solid phase, using 10 equivalents excess of Tetra-O-acetyl-p3-
thioglucose and 9 equivalents excess of DIPEA in DMF for 1.5 h at room
temperature. After deprotection of the Ac groups using 70% hydrazine in
methanol, cleavage and purification, we obtained a glycosylated peptide 40

with moderated global yields (16 %).
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Semi-preparative HPLC gradient (tr 19.77 min):

[}
Time (min) Flow(mL/min)  Acetonitrile (%) H’}(I)TX 3,2)/0
0 10 1 99
3 10 1 99
33 10 31 69
35 10 1 99
40 10 1 99

HRMS (ESI) m/z 1014.3829, calculated for C37He3N;i1013S:H (MHY) =
1014.3867. 'H NMR (400 MHz, D>0) & (ppm): 1.08 (d, 3H, J = 6.4 Hz, CH;
of Thr), 1.29 (d, 3H, J = 7.1 Hz, CH; of Ala), 1.46 (s, 3H, CH3), 1.50-2.00
(m, 10H, CH>y of Arg, CH>P of Arg, CH>p of Prol, CH: of Pro2, CHy of
Prol, CHzy of Pro2), 2.12-2.23 (m, 2H, CH:f3 of Prol, CH>p3 of Pro2), 2.74-
2.92 (m, 2H, CH> of Asp), 3.04-3.32 (m, 7H, CH>20 of Arg, Has, Has, Hss,
Hes), 3.36-3.44 (m, 1H, H3s), 3.46-3.79 (m, 6H, CH>0 of Prol, CH>5 of Pro2,
NHCH:>C), 4.05-4.16 (m, 1H, CHP of Thr), 4.17-4.34 (m, 3H, CHa. of Prol,
CHa of Pro2, CHa of Thr), 4.40-4.64 (m, 4H, CHa of Ala, CHa of Arg,
CHo. of Asp, His). 3*C NMR (75 MHz, D,0) & (ppm): 15.0 (CH; of Ala), 18.8
(CH; of Thr), 22.1 (CH3), 24.0 (CHay of Arg), 24.6 (CHazy of Prol, CHyy of
Pro2), 27.3 (CHzp of Arg), 29.2 (CH2p of Prol), 29.5 (CH2p of Pro2), 35.0
(CH; of Asp), 40.4 (CH20 of Arg), 47.7 (CH20 of Pro1), 47.8 (CH26 of Pro2),
48.5 (CHo of Ala), 49.4 (Cuss), 50.2 (CHa.of Asp), 51.1 (CHa of Arg), 52.8
(NHCHz(), 59.0 (CHa of Thr), 60.2 (CHa of Prol, CHa of Pro2), 60.6
(NHCH:C), 66.9 (CHP of Thr), 69.1 (Cuas), 72.2 (Cra2s), 77.1 (Cuss), 79.7
(Cuss), 83.0 (Cuis), 156.6 (HNO), 171.3, 171.4, 172.6, 173.3, 174.1, 174.5,
176.8 (CO).
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FmocAla-J-Ala-Pro-Asp-Thr-Arg-Pro-NH: [41]

o ©
[0}
\\él NHFmoc
o/ =N

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 41 was afforded after cleavage

and purification by HPLC (72 % global yield).

Semi-preparative HPLC gradient (tr 47.38 min):

o
Time (min) Flow(mL/min)  Acetonitrile (%) H,}(;; 3,/1 )/0
0 10 1 99
1 10 1 99
61 10 61 39
65 10 1 99

HRMS (ESI) m/z = 1111.4511, calculated for CsHe7N12016S (MH") =
1111.4513. '"H NMR (300 MHz, CD30D) § (ppm): 1.20 (d, 3H, J = 6.4 Hz,
CH; of Thr), 1.34-1.50 (m, 6H, CH; of Alal, CH3 of Ala2), 1.63-1.85 (m, 6H,
CHs, CH>y of Arg, CH>2P of Arg), 1.86-2.11 (m, 7H, CH2p of Arg, CH>p of
Prol, CH:p of Pro2, CHzy of Prol, CHzy of Pro2), 2.14-2.32 (m, 2H, CH2f3
of Prol, CH>p of Pro2), 2.84-3.01 (m, 2H, CH> of Asp), 3.13-3.28 (m, 2H,
CH>6 of Arg), 3.56-3.88 (m, 4H, CH>0 of Prol, CH>d of Pro2), 4.16 (d, 1H,
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J=10.8 Hz, , CH; of Sulfamidate), 4.20-4.49 (m, 7H, CHp of Thr, CHa of
Prol, CHa of Pro2, CHa of Thr, CH of Fmoc, CH: of Fmoc), 4.56-4.78 (m,
S5H, CH: of Sulfamidate, CHa of Alal, CHa of Ala2, CHa of Arg, CHa of
Asp), 7.26-7.45 (m, 4H, Arom), 7.62-7.73 (m, 2H, Arom), 7.76-7.85 (m, 2H,
Arom). *C NMR (75 MHz, CD;0D) § (ppm): 15.5 (CH; of Alal), 15.6 (CH3
of Ala2), 18.9 (CH; of Thr), 22.2 (CH3), 24.2 (CHzy of Arg), 24.6 (CHzy of
Prol, CHay of Pro2), 27.9 (CH2 of Arg), 29.0 (CH23 of Prol), 29.6 (CH23 of
Pro2), 34.4 (CHz of Asp), 40.7 (CH206 of Arg), 46.9 (CH of Fmoc), 47.5 (CH29
of Prol, CH»d of Pro2), 47.8 (CHa of Ala2), 49.7 (CHa of Alal), 50.3 (CHa
of Asp), 50.6 (CHa of Arg), 52.0 (CH; of Sulfamidate), 59.0 (CHa of Thr),
60.0 (CHa of Pro2), 61.2 (CHa of Prol), 66.8 (CHz of Fmoc), 67.0 (CH} of
Thr), 85.8 (NHCH2C), 119.5, 124.9, 126.8, 127.4, 141.2, 143.7, 143.8

(Arom), 157.2 (HNC), 156.7 (CO of Fmoc), 168.1, 170.3, 170.5, 170.9,
171.4,171.7,172.9, 173.1, 175.7 (CO).

Biotin-J-Ala-Pro-Asp-Thr-Arg-Pro-NH: [42]



10. Experimental section

Coupling of a-methylisoserine sulfamidate and biotin to peptides by solid
phase peptide synthesis (SPPS) are described in section 10.5. Natural amino
acids were coupling using the standard protocol. Peptide 42 was afforded after

cleavage and purification by HPLC (62 % global yield).

Semi-preparative HPLC gradient (tr 31.49 min):

o
Time (min) Flow(mL/min)  Acetonitrile (%) H,ig; ?0/(1) )/o
0 10 1 99
1 10 1 99
61 10 61 39
65 10 1 99

HRMS (ESI) m/z = 1044.4221, calculated for C41HeN13015S2 (MH') =
1044.4237. 'TH NMR (300 MHz, D>0) § (ppm): 1.06 (d, 3H, J = 6.4 Hz, CH;
of Thr), 1.24-1.37 (m, 6H, CH; of Ala, CH>y of Biotin, CH>p of Biotin), 1.49-
1.63 (m, 7H, CH>B of Biotin, CH>0 of Biotin, CH>y of Arg, CH:[3 of Arg),
1.68-1.97 (m, 10H, CH3, CH:p of Arg, CH>p of Prol, CH>p of Pro2, CHzy of
Prol, CHzy of Pro2), 2.11-2.26 (m, 2H, CH>f3 of Prol, CH:p} of Pro2), 2.46-
2.57 (m, 2H, CH:a of Biotin), 2.65 (d, 1H, J = 13.0 Hz, CH>4 of Biotin),
2.73-2.93 (m, 3H, CH:> of Asp, CH>4 of Biotin), 3.03-3.15 (m, 2H, CH>06 of
Arg), 3.16-3.25 (m, 2H, CH:1 of Biotin), 3.47-3.74 (m, 4H, CH>d of Prol,
CH>6 of Pro2), 4.05-4.14 (m, 2H, CH:> of Sulfamidate, CHp of Thr), 4.17-
4.37 (m, 4H, CHo of Prol, CHa of Pro2, CHa. of Thr, CH>2 of Biotin), 4.46-
4.65 (m, 5SH, CH; of Sulfamidate, CHa of Ala, CHa of Arg, CHa of Asp,
CH,3 of Biotin). '3C NMR (75 MHz, D20) & (ppm): 15.2 (CHs of Ala), 18.8
(CH3z of Thr), 22.3 (CH3), 24.0 (CHzy of Arg), 24.6 (CHay of Prol, CHay of
Pro2), 27.4 (CH2f of Arg), 27.5 (CH26 of Biotin), 27.6 (CH2p of Biotin), 27.8
(CHzy of Biotin), 29.2 (CH2p of Prol), 29.5 (CH2p of Pro2), 34.3 (CHza of
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Biotin), 34.8 (CHz of Asp), 39.6 (CH24 of Biotin), 40.5 (CH26 of Arg), 47.7
(CH20 of Prol), 47.9 (CH26 of Pro2), 48.3 (CHa of Ala), 50.1 (CHa of Asp),
51.1 (CHa of Arg), 52.3 (CH; of Sulfamidate), 55.2 (CHz/ of Biotin), 59.1
(CHaof Thr), 60.2 (CHaof Pro2), 60.7 (CHa.of Prol), 60.8 (CH23 of Biotin),
62.0 (CH22 of Biotin), 67.0 (CHP of Thr), 86.3 (NHCH:2C), 156.6 (HNC),

165.2, 169.1, 171.3, 171.4, 172.1, 172.4, 172.6, 173.9, 174.0, 176.7, 178.8
(CO).

Chlorambucil-J-Ala-Pro-Asp-Thr-Arg-Pro-NH:2 [43]

Coupling of a-methylisoserine sulfamidate and chlorambucil to peptides by
solid phase peptide synthesis (SPPS) are described in section 10.5. Natural
amino acids were coupling using the standard protocol. Peptide 43 was

afforded after cleavage and purification by HPLC (33 % global yield).
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Semi-preparative HPLC gradient (tr 52.07 min):

[}
Time (min) Flow(mL/min)  Acetonitrile (%) H’}(I)TX 3,2)/0
0 10 1 99
1 10 1 99
61 10 61 39
65 10 1 99

HRMS (ESI) m/z = 1103.4147, calculated for C4sHsoCLaN12014S (MH") =
1103.4148. 'TH NMR (300 MHz, D>0) & (ppm): 1.08 (d, 3H, J = 6.3 Hz, CH;
of Thr), 1.31 (d, 3H, J= 7.0 Hz, CH; of Ala), 1.51-2.01 (m, 15H, CH3, CHzy
of Arg, CH>[3 of Arg, CH2p3 of Prol, CH.f of Pro2, CHzy of Prol, CHzy of
Pro2, CH:B of Chlorambucil), 2.08-2.31 (m, 2H, CH2p of Prol, CH:f3 of
Pro2), 2.45-2.58 (m, 2H, CH>a. of Chlorambucil), 2.60-2.73 (m, 2H, CH>y of
Chlorambucil), 2.74-2.96 (m, 2H, CH: of Asp), 3.05-3.15 (m, 2H, CH>0 of
Arg), 3.45-3.77 (m, 8H, CH20 of Prol, CH>3 of Pro2, 2CH:I of
Chlorambucil), 3.92-4.02 (m, 4H, , 2CH>2 of Chlorambucil), 4.03-4.16 (m,
2H, CH; of Sulfamidate, CHp} of Thr), 4.17-4.35 (m, 3H, CHa of Prol, CHa.
of Pro2, CHa of Thr), 4.43-4.66 (m, 4H, CH> of Sulfamidate, CHa of Ala,
CHo. of Arg, CHo. of Asp), 7.36-7.50 (m, 4H, Arom). 3C NMR (75 MHz,
D20) o (ppm): 15.2 (CHz of Ala), 18.8 (CHjs of Thr), 22.4 (CH3), 24.0 (CHzy
of Arg), 24.6 (CHay of Prol, CHyy of Pro2), 25.5 (CH2p of Chlorambucil),
27.4 (CH2P of Arg), 29.2 (CH2p of Prol), 29.5 (CH2p of Pro2), 32.9 (CHxa
of Chlorambucil), 33.5 (CHzy of Chlorambucil), 34.9 (CH> of Asp), 37.2
(2CH21 of Chlorambucil), 40.5 (CH20 of Arg), 47.7 (CH26 of Prol), 47.9
(CH20 of Pro2), 48.3 (CHa of Ala), 50.1 (CHa of Asp), 51.1 (CHa of Arg),
52.2 (CHz of Sulfamidate), 58.9 (2CH>2 of Chlorambucil), 59.1 (CHa of Thr),
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60.2 (CHoof Pro2), 60.7 (CHowof Prol), 67.0 (CHP of Thr), 86.3 (NHCH-C),
122.1,122.3, 130.7, 130.8, 133.0, 144.8 (Arom), 156.7 (HNC), 169.1, 171.1,
172.1, 172.4, 173.9, 174.0, 176.7 (CO).

FmocAla-J-Ala-His-Asn-Cys-Gly-NH: [44]

o
NH, g

N\)L \)LN/\H/NHz

£ HH
FmocHN sH
//\\ />

44

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were

coupling using the standard protocol. Peptide 44 was afforded after cleavage

and purification by HPLC (40 % global yield).

Semi-preparative HPLC gradient (tr 25.39 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H’i“(l)TZ 3,/(1) )/0
0 10 5 95
1 10 5 95
5 10 25 75
30 10 50 50
31 10 75 25
34 10 75 25
35 10 5 95
40 10 5 95

HRMS (ESI) m/z = 956.3012, calculated for CsHsoN;1013S; (MH") =
956.3025. "H NMR (300 MHz, CD;CN/D20 (95:5)) & (ppm): 1.18-1.47 (m,
6H, 2CH; of 2Ala), 1.79 (s, 3H, CHz), 2.71-2.74 (m, 2H, CH of His), 2.86-
2.98 (m, 2H, CH: of Cys), 3.01-3.28 (m, 2H, CH: of Asn), 3.66-3.89 (m, 2H,
CH of Gly), 4.15 (d, 1H, J = 10.4 Hz, CH; of Sulfamidate), 4.20-4.53 (m,
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6H, CHa of Cys, CH> of Fmoc, CH of Fmoc, 2CHa of 2Ala), 4.54-4.68 (m,
2H, CHa of His, CHa of Asn), 4.74 (d, 1H, J=10.4 Hz, CH: of Sulfamidate),
7.21 (s, 1H, Arom of His), 7.32-7.52 (m, 4H, Arom), 7.60-7.71 (m, 2H,
Arom), 7.79-7.90 (m, 2H, Arom), 8.43 (s, 1H, Arom of His). '*C NMR (75
MHz, CD3;CN/D20 (95:5)) o (ppm): 15.8, 16.6 (CH3 of 2Ala), 22.5 (CHa),
25.3 (CH2 of Cys), 26.2 (CH2 of Asn), 35.9 (CH; of His), 42.1 (CH: of Gly),
46.9 (CH of Fmoc), 49.8 (2CHa of 2 Ala), 50.6 (CH« of His), 52.2 (CH» of
Sulfamidate), 52.5 (CHa of Asn), 56.0 (CHa of Cys), 66.9 (CHz of Fmoc),
85.9 (NHCH:C), 120.0, 125.3,127.2, 127.8, 128.9, 133.5, 141.1, 143.9, 144.0
(Arom), 156.3 (CO of Fmoc), 168.1, 170.4, 170.8, 171.7, 172.5, 173.0 (CO).

J-Ala-His-Asn-Cys-Gly-NH: [45]

NH, o

0
|0 H o H
LA AR I,
H Z HH H H
HN\S,O (o] N 0 Xgn o)
&o 45 t,‘?

Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 45 was afforded after cleavage

and purification by HPLC (72 % global yield).
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Semi-preparative HPLC gradient (tr 17.28 min):

[}
Time (min) Flow(mL/min)  Acetonitrile (%) H’}(I)TZ 3%1) )/0
0 10 5 95
1 10 5 95
26 10 30 70
27 10 50 50
30 10 50 50
31 10 5 95
35 10 5 95

HRMS (ESI) m/z = 663.1681, calculated for C2H3sN19O10S2 (MH') =
663.1974. 'TH NMR (300 MHz, CD3CN/D20 (95:5)) & (ppm): 1.35 (d, 3H, J
= 7.2 Hz, CH; of Ala), 1.66 (s, 3H, CH3), 2.72-2.81 (m, 2H, CH: of His),
2.87-2.98 (m, 2H, CH: of Cys), 3.03-3.33 (m, 2H, CH: of Asn), 3.48 (d, 1H,
J =12.7 Hz, CH: of Sulfamidate), 3.69-3.91 (m, 2H, CH: of Gly), 3.99 (d,
1H, J=12.7 Hz, CH> of Sulfamidate), 4.29-4.37 (m, 1H, CHa of Ala), 4.41-
4.50 (m, 1H, CHa of Cys), 4.58-4.72 (m, 2H, CHa of His, CHa of Asn), 7.28
(s, 1H, Arom of His), 8.51 (s, 1H, Arom of His). *C NMR (75 MHz,
CDs;CN/D20 (95:5)) & (ppm): 16.6 (CHs of Ala), 22.4 (CCH3), 25.3 (CH; of
Cys), 26.4 (CH:z of Asn), 36.0 (CHz of His), 42.1 (CHz of Gly), 49.9 (2CHa
of 2Ala), 50.7 (CHa of His), 51.8 (CH> of Sulfamidate), 52.4 (CHa of Asn),
56.0 (CHa of Cys), 90.2 (NHCH:C), 128.9, 133.6 (Arom), 170.5, 170.6,
171.7,172.2, 173.1 (CO).
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FmocAla-J-Ala-His-Cys-Asn-Gly-NH: [47]

(o] H (o] SHH (o]
A“‘JJ\NJ\KN\:)LN N\:)I\N/\H,NHz
§ HH H 6I o
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 47 was afforded after cleavage

and purification by HPLC (31 % global yield).

Semi-preparative HPLC gradient (tr 26.00 min):

o
Time (min) Flow(mL/min)  Acetonitrile (%) H"}(I)TX 3,/1 )/0
0 10 5 95
1 10 5 95
5 10 25 75
30 10 50 50
31 10 75 25
34 10 75 25
35 10 5 95
40 10 5 95

HRMS (ESI) m/z = 956.3029, calculated for CsHsoN11013S; (MH") =
956.3025. "H NMR (300 MHz, CD3CN/D>0 (95:5)) & (ppm): 1.29-1.40 (m,
6H, 2CH; of 2Ala), 1.79 (s, 3H, CHs), 2.73-2.76 (m, 2H, CH: of His), 2.83-
2.89 (m, 2H, CH: of Cys), 3.03-3.30 (m, 2H, CH> of Asn), 3.69-3.90 (m, 2H,
CH; of Gly), 4.14 (d, 1H, J = 10.4 Hz, CH; of Sulfamidate), 4.20-4.54 (m,
6H, CHa of Cys, CH> of Fmoc, CH of Fmoc, 2CHa of 2Ala), 4.62-4.75 (m,
3H, CHa of His, CHa of Asn, CH> of Sulfamidate), 7.23 (s, 1H, Arom of
His), 7.30-7.46 (m, 4H, Arom), 7.57-7.70 (m, 2H, Arom), 7.78-7.89 (m, 2H,
Arom), 8.47 (s, 1H, Arom of His). '*C NMR (75 MHz, CD3;CN/D20 (95:5))
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d (ppm): 15.9, 16.7 (CHs of 2Ala), 22.5 (CH3), 25.2 (CH2 of Cys), 26.5 (CH»
of Asn), 36.1 (CH; of His), 42.2 (CHz of Gly), 46.9 (CH of Fmoc), 49.8
(2CHa of 2 Ala), 50.3 (CHa of His), 52.3 (CH> of Sulfamidate and CHa of
Asn), 56.0 (CHa. of Cys), 66.8 (CH2 of Fmoc), 86.0 (NHCH:C), 120.0, 125.3,
127.2,127.8,129.0, 133.6, 141.1, 143.9, 144.0 (Arom), 156.2 (CO of Fmoc),
168.1, 168.3, 170.5, 170.8, 171.3, 172.3, 173.5 (CO).

FmocAla-J-Ala-His-Asn-Gly-Cys-NH: [48]
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 48 was afforded after cleavage

and purification by HPLC (31 % global yield).

Semi-preparative HPLC gradient (tr 26.14 min):

0
Time (min) Flow(mL/min)  Acetonitrile (%) H,}%X 3,/1 )/0
0 10 5 95
1 10 5 95
5 10 25 75
30 10 50 50
31 10 75 25
34 10 75 25
35 10 5 95
40 10 5 95

HRMS (ESI) m/z = 956.3006, calculated for C4HsoN11013S2 (MH") =
956.3025. 'H NMR (300 MHz, CD;CN/D20 (95:5)) 8 (ppm): 1.20-1.40 (m,
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6H, 2CH; of 2Ala), 1.79 (s, 3H, CCHs), 2.80-2.93 (m, 4H, CH: of His, CH:
of Cys), 3.00-3.27 (m, 2H, CH:> of Asn), 3.69-3.99 (m, 2H, CH: of Gly), 4.15
(d, 1H, J = 10.4 Hz, CH: of Sulfamidate), 4.19-4.52 (m, 6H, CHa of Cys,
CH: of Fmoc, CH of Fmoc, 2CHa of 2Ala), 4.53-4.65 (m, 2H, CHa of His,
CH. of Asn), 4.73 (d, 1H, J = 10.4 Hz, CH: of Sulfamidate), 7.20 (s, 1H,
Arom of His), 7.31-7.50 (m, 4H, Arom), 7.62-7.74 (m, 2H, Arom), 7.81-7.85
(m, 2H, Arom), 8.42 (s, 1H, Arom of His). *C NMR (75 MHz, CD3CN/D-O
(95:5)) o (ppm): 15.8, 16.6 (CH3 of 2Ala), 22.5 (CHz3), 25.5 (CH2 of Cys),
26.1 (CH; of Asn), 35.9 (CH; of His), 42.8 (CH2 of Gly), 46.9 (CH of Fmoc),
49.8 (2CHa of 2 Ala), 50.3 (CHa of His), 52.2 (CH; of Sulfamidate and CHa
of Asn), 55.5 (CHa of Cys), 66.9 (CH2 of Fmoc), 85.9 (NHCH:C), 120.0,
125.3,127.2,127.8, 128.9, 133.5, 141.1, 143.9 (Arom), 156.4 (CO of Fmoc),
168.2,170.0, 170.5, 170.8, 172.1, 172.6, 172.9, 173.3 (CO).

FmocAla-J-His-Asn-Cys-Gly-NH: [49]
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 49 was afforded after cleavage

and purification by HPLC (32 % global yield).
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Semi-preparative HPLC gradient (tr 25.83 min):

0
Time (min) Flow(mL/min)  Acetonitrile (%) H’}(I)TX 3%1) )/0
0 10 5 95
1 10 5 95
5 10 25 75
30 10 50 50
31 10 75 25
34 10 75 25
35 10 5 95
40 10 5 95

HRMS (ESI) m/z = 885.2623, calculated for C37HasNi0O12S; (MH") =
885.2654. 'TH NMR (300 MHz, CD3CN/D20 (95:5)) & (ppm): 1.36 (d, 3H, J
= 7.0 Hz, CH; of Ala), 1.69 (s, 3H, CH3), 2.71-2.75 (m, 2H, CH: of His),
2.87-2.94 (m, 2H, CH: of Cys), 3.11-3.43 (m, 2H, CH: of Asn), 3.66-3.91 (m,
2H, CH: of Gly), 4.10 (d, 1H, J = 10.4 Hz, CH> of Sulfamidate), 4.21-4.49
(m, SH, CHa of Cys, CH> of Fmoc, CH of Fmoc, CHa of Ala), 4.61-4.80 (m,
3H, CHa of His, CHa of Asn, CH> of Sulfamidate), 7.24 (s, 1H, Arom of
His), 7.29-7.53 (m, 4H, Arom), 7.60-7.69 (m, 2H, Arom), 7.79-7.90 (m, 2H,
Arom), 8.48 (s, 1H, Arom of His). >*C NMR (75 MHz, CD3;CN/D;0 (95:5))
O (ppm): 15.9 (CH3 of Ala), 22.5 (CH3), 25.2 (CH: of Cys), 26.1 (CHz of
Asn), 35.9 (CH; of His), 42.1 (CH: of Gly), 46.9 (CH of Fmoc), 49.7 (CHa
of Ala), 50.8 (CHa of His), 52.2 (CH> of Sulfamidate), 52.5 (CHa of Asn),
55.9 (CHa of Cys), 66.8 (CH2 of Fmoc), 85.9 (NHCH:C), 120.0, 125.3,
127.2,127.8,129.1, 133.7, 141.1, 143.9, 144.0, (Arom), 156.2 (CO of Fmoc),
168.4,169.8,170.2, 170.4, 170.6, 171.7, 172.2, 173.0 (CO).
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FmocAla-J-Ala-His-Asn-Ser-Gly-NH: [53]
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide

synthesis (SPPS) is described in section 10.5. Natural amino acids were

coupling using the standard protocol. Peptide 53 was afforded after cleavage

and purification by HPLC (30 % global yield).

Semi-preparative HPLC gradient (tr 24.14 min):

()
Time (min) Flow(mL/min)  Acetonitrile (%) H,i%; ?0/1 )/0
0 10 5 95
1 10 5 95
5 10 25 75
30 10 50 50
31 10 75 25
34 10 75 25
35 10 5 95
40 10 5 95

HRMS (ESI) m/z = 940.3217, calculated for CsHsoN;1014S (MH") =
940.3254. "H NMR (300 MHz, CD3CN/D>0 (95:5)) & (ppm): 1.29-1.40 (m,
6H, 2CHj3 of 2Ala), 1.79 (s, 3H, CH3), 2.66-2.78 (m, 2H, CH: of His), 3.02-
3.26 (m, 2H, CH; of Asn), 3.71-3.93 (m, 4H, CH: of Gly, CH: of Ser), 4.14
(d, 1H, J=10.4 Hz, CH> of Sulfamidate), 4.21-4.54 (m, 6H, CH« of Ser, CH>
of Fmoc, CH of Fmoc, 2CHa of 2Ala), 4.57-4.67 (m, 2H, CHa of His, CH«x
of Asn), 4.72 (d, 1H, J=10.4 Hz, CH: of Sulfamidate), 7.21 (s, 1H, Arom of
His), 7.31-7.46 (m, 4H, Arom), 7.62-7.70 (m, 2H, Arom), 7.82-7.88 (m, 2H,
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Arom), 8.44 (s, 1H, Arom of His). 3C NMR (75 MHz, CD3;CN/D>0 (95:5))
d (ppm): 15.8, 16.6 (CH3 of 2Ala), 22.5 (CH3), 26.2 (CHz of Asn), 36.1 (CH2
of His), 42.0 (CHz of Gly), 46.9 (CH of Fmoc), 49.7 (2CHa. of 2Ala), 50.4
(CHao of His), 52.2 (CH; of Sulfamidate), 52.4 (CHa. of Asn), 55.9 (CHa of
Ser), 61.3 (CH: of Ser), 66.9 (CHz of Fmoc), 85.9 (NHCH2C), 120.0, 125.3,
127.2,127.8,128.7,133.5, 141.1, 143.9, 144.0, (Arom), 156.4 (CO of Fmoc),
168.2,170.4,170.8, 171.0, 171.8, 172.5, 172.6 (CO).

FmocAla-J-Ala-His-Asn-Thr-Gly-NH: [54]
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 54 was afforded after cleavage

and purification by HPLC (40 % global yield).

Semi-preparative HPLC gradient (tr 23.70 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H,i%; (00/1 )/0
0 10 5 95
1 10 5 95
5 10 25 75
30 10 50 50
31 10 75 25
34 10 75 25
35 10 5 95

40 10 5 95
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HRMS (ESI) m/z = 954.3418, calculated for C41Hs:N;1014S (MH") =
954.3410. "H NMR (300 MHz, CD3CN/D>0 (95:5)) & (ppm): 1.13 (d, 3H, J=
6.6 Hz, CH; of Thr), 1.29-1.41 (m, 6H, 2CH; of 2Ala), 1.79 (s, 3H, CHs),
2.68-2.79 (m, 2H, CH: of His), 3.02-3.30 (m, 2H, CH: of Asn), 3.69-3.93 (m,
2H, CH: of Gly), 4.15 (d, 1H, J = 10.3 Hz, CH> of Sulfamidate), 4.21-4.55
(m, 7H, CHaof Thr, CHp of Thr, CH of Fmoc, CH of Fmoc, 2CHa of 2Ala),
4.61-4.79 (m, 3H, CHa of His, CHa of Asn, CH> of Sulfamidate), 7.22 (s,
1H, Arom of His), 7.28-7.49 (m, 4H, Arom), 7.61-7.72 (m, 2H, Arom), 7.78-
7.89 (m, 2H, Arom), 8.46 (s, 1H, Arom of His). ’*C NMR (75 MHz,
CDs;CN/D20 (95:5)) & (ppm): 15.9, 16.6 (CHs of 2Ala), 18.9 (CHs of Thr),
22.5 (CH3), 26.3 (CHz of Asn), 36.1 (CH: of His), 42.1 (CH: of Gly), 46.9
(CH of Fmoc), 49.7, 49.8 (2CHa of 2Ala), 50.6 (CHa of His), 52.2 (CH; of
Sulfamidate), 52.5 (CHa of Asn), 59.1 (CHa of Thr), 66.8 (CH> of Fmoc,
CHB of Thr), 85.9 (NHCH2C), 120.0, 125.3, 127.2, 127.8, 128.8, 133.6,
141.1, 143.9, 144.0, (Arom), 156.3 (CO of Fmoc), 168.1, 170.5, 170.8, 171.3,
171.9, 172.6, 173.2 (CO).

FmocAla-J-Ala-His-Asn-Lys-Gly-NH: [55]
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Coupling of a-methylisoserine sulfamidate to peptides by solid phase peptide
synthesis (SPPS) is described in section 10.5. Natural amino acids were
coupling using the standard protocol. Peptide 55 was afforded after cleavage

and purification by HPLC (49 % global yield).
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Semi-preparative HPLC gradient (tr 20.67 min):

0
Time (min) Flow(mL/min)  Acetonitrile (%) H’}(I)TX 3%1) )/0
0 10 5 95
1 10 5 95
5 10 25 75
30 10 50 50
31 10 75 25
34 10 75 25
35 10 5 95
40 10 5 95

HRMS (ESI) m/z = 981.3849, calculated for Cs3Hs7N2013S (MH") =
981.3883. '"H NMR (300 MHz, CD3CN/D>0 (95:5)) & (ppm): 1.25-1.48 (m,
8H, 2CH;s of 2Ala, CHzy of Lys), 1.52-1.91 (m, 7H, CH3, CH>d of Lys, CH>3
of Lys), 2.65-2.76 (m, 2H, CH: of His), 2.86-2.94 (m, 2H, CH>¢ of Lys), 3.07-
3.30 (m, 2H, CH: of Asn), 3.70-3.88 (m, 2H, CH: of Gly), 4.15 (d, 1H, J =
10.4 Hz, CH:> of Sulfamidate), 4.18-4.53 (m, 6H, CHa of Lys, CH> of Fmoc,
CH of Fmoc, 2CHea of 2Ala), 4.56-4.67 (m, 2H, CHa of His, CHa of Asn),
4.72 (d, 1H, J = 10.4 Hz, CH> of Sulfamidate), 7.23 (s, 1H, Arom of His),
7.29-7.50 (m, 4H, Arom), 7.62-7.71 (m, 2H, Arom), 7.78-7.89 (m, 2H,
Arom), 8.48 (s, 1H, Arom of His). '*C NMR (75 MHz, CD3;CN/D2O (95:5))
S (ppm): 15.8, 16.6 (CHs of 2Ala), 21.9 (CHay of Lys), 22.5 (CH3), 26.0 (CH2
of Asn, CH»d of Lys), 30.0 (CH2p of Lys), 35.9 (CH> of His), 39.2 (CHzg of
Lys), 42.0 (CH2 of Gly), 46.9 (CH of Fmoc), 49.8 (2CHa of 2Ala), 50.5 (CHa
of His), 52.2 (CH; of Sulfamidate), 52.6 (CHa of Asn), 53.3 (CHa of Lys),
66.9 (CHz of Fmoc), 86.0 (NHCH:C), 120.0, 125.3, 127.2, 127.8, 128.9,
133.5, 141.1, 143.9, (Arom), 156.4 (CO of Fmoc), 168.2, 170.7,170.9, 171.9,
172.6,172.7, 172.9, 173.4 (CO).
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Dansyl-J-Ala-His-Asn-Cys-Gly-NH2 [59]
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Coupling of a-methylisoserine sulfamidate and dansyl group to peptides by
solid phase peptide synthesis (SPPS) are described in section 10.5. Natural
amino acids were coupling using the standard protocol. Peptide 59 was

afforded after cleavage and purification by HPLC (42 % global yield).

Semi-preparative HPLC gradient (tr 19.40 min):

0
Time (min) Flow(mL/min)  Acetonitrile (%) H"}(I)TX 3,/1 )/0
0 10 5 95
1 10 5 95
5 10 25 75
30 10 50 50
31 10 75 25
34 10 75 25
35 10 5 95
40 10 5 95

HRMS (ESI) m/z = 896.2478, calculated for C3sHs6N11012S3 (MH") =
896.2484. "H NMR (300 MHz, CD3CN/D20 (95:5)) & (ppm): 1.25 (d, 3H, J
= 7.1 Hz, CH; of Ala), 1.60 (s, 3H, CH3), 2.71-2.79 (m, 2H, CH: of His),
2.86-2.97 (m, 8H, CH: of Cys, 2 CH; of Dansyl), 3.06-3.30 (m, 2H, CH: of
Asn), 3.69-3.91 (m, 3H, CH; of Sulfamidate, CH: of Gly), 4.14-4.26 (m, 1H,
CHa of Ala), 4.36 (d, 1H, J = 10.3 Hz, CH> of Sulfamidate), 4.39-4.47 (m,
1H, CHa of Cys), 4.56-4.67 (m, 2H, CHea of His, CHa of Asn), 7.25 (s, 1H,
Arom of His), 7.31-7.37 (m, 1H, Arom of Dansyl), 7.63-7.76 (m, 2H, Arom



298

10. Experimental section

of Dansyl), 8.31-8.43 (m, 2H, Arom of Dansyl), 8.50 (s, 1H, Arom of His),
8.71-8.79 (m, 1H, Arom of Dansyl). 3*C NMR (75 MHz, CD;CN/D,0 (95:5))
O (ppm): 16.6 (CH3 of Ala), 22.2 (CH3), 25.3 (CH:z of Cys), 26.2 (CHz of
Asn), 36.0 (CHz of His), 42.1 (CH2 of Gly), 44.8 (2CH3 of Dansyl), 49.6
(CHa of Ala), 50.7 (CHa of His), 52.7 (CHo of Asn), 53.9 (CHz of
Sulfamidate), 56.0 (CHa of Cys), 86.3 (NHCH:C), 116.0, 118.1, 123.6,

128.9, 129.5, 129.6, 130.6, 132.7, 133.4, 133.5, 151.9 (Arom), 167.6, 170.4,
171.7,172.1, 172.3, 173.0 (CO).

Intramolecular ring-opening peptide [60]
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Peptide 59 (11 mg, 0.012 mmol) was dissolved in CD3CN/D20O (96:4) in a
quartz NMR tube and Et3;N (1.6 equiv.) was added. The reaction became
cloudy immediately after addition, affording, after HPLC purification,
peptide 60 (9 mg, 0.010 mmol) with a good yield (84%).
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Semi-preparative HPLC gradient (tr 21.45 min):

(1)
Time (min) Flow(mL/min)  Acetonitrile (%) H;“(I)TZ 3,2)/0
0 10 5 95
1 10 5 95
26 10 30 70
27 10 50 50
30 10 50 50
31 10 5 95
35 10 5 95

HRMS (ESI) m/z = 894.2341, calculated for C3sHaNi1012S3 (M) =
894.2339. 'H NMR (400 MHz, D>0) & (ppm): 1.49 (d, 3H, J = 7.1 Hz, CH;
of Ala), 1.73 (s, 3H, CH3), 2.71-2.91 (m, 2H, CH> of His, CH:> of Asn), 2.97-
3.08 (m, 1H, CH: of His), 3.23 (s. 6H, 2CHj3 of Dansyl), 3.26-3.47 (m, 3H,
CH: of “Cys”, CH> of Asn), 3.86-3.98 (m, 2H, CH: of Gly), 4.10-4.24 (m,
2H, CH:> of Sulfamidate, CHa of Ala), 4.39-4.47 (m, 1H, CHa of Asn), 4.49-
4.57 (m, 2H, CHa of “Cys”, CH> of Sulfamidate), 4.69-4.77 (m, 1H, CHa of
His), 7.37 (s, 1H, Arom of His), 7.71-7.90 (m, 3H, Arom of Dansyl), 8.26-
8.35 (m, 1H, Arom of Dansyl), 8.36-8.44 (m, 1H, Arom of Dansyl), 8.46-8.55
(m, 1H, Arom of Dansyl), 8.65 (s, 1H, Arom of His). '*C NMR (100 MHz,
D20) & (ppm): 14.7 (CH3 of Ala), 21.4 (CH3), 25.2 (CHz of “Cys”), 30.8 (CH>
of Asn), 35.8 (CH: of His), 42.2 (CH; of Gly), 45.9 (2CH3 of Dansyl), 51.0
(CHo. of Ala, CHa of His), 52.4 (CHa of Asn), 53.9 (NHCH:C), 54.8 (CH»
of Sulfamidate), 55.0 (CHa of “Cys”), 117.3, 117.8, 122.8, 125.3, 127.1,
128.1, 128.4, 129.1, 130.8, 133.7, 135.1 (Arom), 171.9, 172.4, 172.8, 173.9,
174.0, 174.7, 176.3 (CO).
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Methyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-tosyl-D-threoninate
[61]

\OTs Fmoc-Thr-CO;Me (5.5 g, 15.5 mmol) was dissolved in
FmocHN™ ~co,me  PYyridine (57 mL) at 0 °C, and then TsCl (7.4 g, 38.7 mmol)

o was added. The mixture was stirred at 0 °C for 2 days. After
that, the mixture was extracted with AcOEt (540 mL) and washed with 5%
aqueous KHSO4 (160 mL). The organic phase was dried with Na>SO4 and
concentrated. Purification by column chromatography on silica gel
(AcOEt/Hex, 3:7) affording compound 61 (5.0 g, 67%) as a sticky white
foam. [a]%’ =+17.1 (¢ 1.0 in CHCl3). HRMS (ESI) m/z = 510.1575,
calculated for C27H27NO7S (MH") = 510.1581. '"H NMR (300 MHz, CDCls)
o (ppm): 1.38 (d, 3H, J = 6.4 Hz, CH; of Thr), 2.48 (s, 3H, CH3 of Ts), 3.62
(s, 3H, CH; of CO2CH3), 4.19-4.31 (m, 1H, CH of Fmoc), 4.36-4.46 (m, 2H,
CH: of Fmoc), 4.47-4.56 (m, 1H, CHa), 5.112-5.24 (m, 1H, CHp), 5.53 (d,
1H, J= 9.7 Hz, NH), 7.29-7.48 (m, 7H, Arom), 7.58-7.68 (m, 4H, Arom),
7.74-7.81 (m, 2H, Arom). 3C NMR (75 MHz, CDCls) § (ppm): 18.2 (CH3 of
Thr), 21.7 (CH3 of Ts), 47.1 (CH of Fmoc), 52.8 (CO2CH3), 58.0 (CHa), 67.5
(CH2 of Fmoc), 78.4 (CHp), 120.0, 125.1, 127.1, 127.8, 127.9, 129.9, 133.5,
141.3, 143.6, 143.7, 145.1 (Arom), 156.5 (CO of Fmoc), 169.2 (CO>CH3).

Methyl (25,35)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-
(phenylselanyl)butanoate [62]

.seph  KOH (408 mg, 7.2 mmol) was dissolved in methanol (5.6
FmocHN® ~co,me ML) and PhSeH (888 uL, 8.3 mmol) was added under argon

62
atmosphere. The mixture was stirred at room temperature for

10 minutes. After that, the crude was concentrated affording a white yellow
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solid. Compound 61 (1.75 g, 3.63 mmol) is dissolved in DMF and cooled to
0 °C and transferred to the above solid. The orange mixture was stirred at
room temperature for 4 h. Ice-cold 5% aqueous KHSO4 (56 mL) was added,
and the mixture was extracted with AcOEt (141 mL). The organic phase was
washed with sat. NaHCO3 (28 mL), brine (28 mL), dried with Na;SO4 and
concentrated. Purification by column chromatography on silica gel
(AcOEt/Hex, 3:7) affording compound 62 (2.36 g, 70%) as a white solid.
[a]2® =+6.1 (c 1.0 in CHCI3). Mp= 97.4 °C. HRMS (ESI) m/z = 496.1015,
calculated for C26H26NOsSe (MH")= 496.1023. '"H NMR (300 MHz, CDCls)
o (ppm): 1.50 (d, 3H, J= 7.2 Hz, CH; of Sec), 3.59-3.72 (m, 1H, CHa.), 3.78
(s, 3H, CH3 of CO2CH3), 4.20-4.31 (m, 1H, CH of Fmoc), 4.36-4.48 (m, 2H,
CH: of Fmoc), 4.60-4.71 (m, 1H, CHp), 5.56 (d, 1H, J=9.0 Hz, NH), 7.26-
7.47 (m, 7H, Arom), 7.58-7.68 (m, 4H, Arom), 7.75-7.86 (m, 2H, Arom).
3C NMR (75 MHz, CD3sCN) & (ppm): 18.3 (CHj of Sec), 41.1 (CHP), 47.1
(CH of Fmoc), 52.5 (CO2CH3), 58.5 (CHa), 67.3 (CHz2 of Fmoc), 120.0,
125.2, 127.1, 127.8, 128.1, 128.2, 129.2, 135.4, 141.3, 143.8 (Arom), 155.9
(CO of Fmoc), 170.9 (CO,CH3).

(2S,35)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(phenyl-
selanyl)butanoic acid [63]

A 1 M aqueous solution of NaOH (1.2 mL) was added to a
solution of CaCl» (1.3 g, 11.75 mmol) in a mixture 7:3 of

\‘iSePh

FmocHN" ~CO,H

63 PrOH:H>O (23 mL). The resulting cloudy reaction was

cooled to 0 °C and transferred to compound 62 (363 mg, 0.73 mmol). After
stirring at room temperature for 24 hours, the 'PrOH was evaporated and the

aqueous phase was acidified with 1M HCI. Then, it was extracted with
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CH:Cl,. The organic phase was dried with NaxSO4 and concentrated,

affording compound 63 (292 mg, 83%) as a white solid.

The proprieties of this compound is described in the bibliography.!'>~!”

Ns-J-63-Pro-Ala-Cys-NH: [64]

NH, To couple compound 63, we followed the

o SH
|||/ ., .
HN conditions of the van der Donk’s group.!>!7
(o]
HOAT (27 mg, 0.2 mmol), DIC (31 uL, 0.2
NH
o=, mmol) and compound 63 (96.2 mg, 0.2

/0?‘/3 mmol) was dissolved in DMF (2 mL) and
0“N+-©—(:s?_n ) o'""\ko sb added to the resin. After 2 h at room
temperature, the coupling was completed.
Fmoc group was removed with 20% piperidine in DMF (three times for one
minute each). Coupling of a-methylisoserine sulfamidate and nosyl group to
peptides by solid phase peptide synthesis (SPPS) is described in section 10.5.
Natural amino acids were coupling using the standard protocol. Peptide 64

was afforded after cleavage and purification by HPLC (18 % global yield).

Semi-preparative HPLC gradient (tr 27.62 min):

H20 + 0.1%
Time (min) Flow(mL/min)  Acetonitrile (%)
TFA (%)
0 10 40 60
3 10 40 60
28 10 65 35
29 10 40 60

34 10 40 60
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HRMS (ESI) m/z = 878.1060, calculated for C31H39N7012S38¢ (MH") =
878.1057. '"H NMR (400 MHz, CD3CN) & (ppm): 1.18-1.30 (m, 6H, CH; of
Ala, CH; of Sec), 1.57 (s, 3H, CH3), 1.76-1.82 (m, 1H, CH>d of Pro), 1.87-
1.94 (m, 2H, CH>5 of Pro, CH:f of Pro), 2.08-2.16 (m, 1H, CH>p of Pro),
2.74-2.83 (m, 1H, CH: of Cys), 2.89-2.98 (m, 1H, CH> of Cys), 3.23-3.33 (m,
1H, CH2y of Pro), 3.34-3.45 (m, 1H, CH>y of Pro), 3.55-3.65 (m, 1H, CHo of
Sec), 3.85 (d, 1H, J=10.1 Hz, CH:> of Sulfamidate), 3.98-4.07 (m, 1 H, CH«
of Ala), 4.08-4.16 (m, 1H, CH>a. of Pro), 4.19-4.27 (m, 1H, CH:a of Cys),
4.40 (d, 1H, J = 10.1 Hz, CH: of Sulfamidate), 4.67-4.74 (m, 1H, CHf of
Sec), 5.73 (s, 1H, CONH:>), 6.60 (s, 1H, CONH>), 6.90 (d, 1H, J = 5.5 Hz,
CONH of Ala), 7.20-7.35 (m, 5SH, Arom of SePh, CONH of Cys, CONH of
Sec), 7.51-7.58 (m, 2H, Arom of SePh), 8.08-8.17 (m, 2H, Arom of Ns), 8.28-
8.38 (m, 2H, Arom of Ns). '*C NMR (75 MHz, CDsCN) § (ppm): 16.4, 16.8
(CH; of Ala, CH3 of Sec), 22.3 (CH3), 24.6 (CH29 of Pro), 25.8 (CHz of Cys),
28.9 (CH2B of Pro), 39.1 (CHza of Ala), 47.6 (CHzy of Pro), 50.7 (CHza of
Sec), 54.1 (CH; of Sulfamidate), 54.6 (CH>f3 of Sec), 55.7 (CHa of Cys), 61.9
(CHa of Pro), 87.0 (NHCH:C), 124.8, 127.2, 128.6, 129.3, 130.4, 135.9,
140.5, 151.7 (Arom), 166.9, 169.2, 172.1, 172.3, 172.6 (CO).
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Peptide 65

Peptide 64 was dissolved in CD3CN/D;0O (96:4) in a quartz NMR tube and
Et;N (1.6 equiv.) was added. The reaction became cloudy immediately after
addition, affording peptide 65, which was purified by SPE C18-cartridge (tr=
42.88 min in analytical HPLC). HRMS (ESI) m/z = 876.0887, calculated for
C31H33N7012S3Se (M) = 876.0912.

Peptide 66

H <
H2N N NH

03 S o o)’o,,
s 00 D

Peptide 65 was dissolved in a mixture (1:1) of 2 M HCI in CH3CN. After 30
minutes at room temperature, the crude was lyophilized, affording the cycle
peptide 66, confirmed by ESI-MS and HPLC (tg= 45.23 min in analytical
HPLC). HRMS (ESI) m/z = 798.1491, calculated for C31H39N709S,Se (MH")
=798.1490.
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Peptide 67
H2N H\‘(:\ NH
[o] (o] 0%

¢ oo i)
74(

The phenyl selenium group of peptide 66 was oxidized using NalO4 (8 equiv.)
in H2O/CH3CN (1:1) at room temperature for 3h. Elimination of the
selenoxide group to form the Dhb into the peptide, afforded peptide 67
(tr=36.79 min in analytical HPLC). HRMS (ESI) m/z = 640.1864, calculated
for C2sH33N700S, (MH") = 640.1854.

Peptide 72

gN (5)

(S)
(S\A[NH
N ° Hl‘(le\/ @J\ 3 () /\n,N{SQJ\ /\H/N{s»j\ /\[rN & N(s) \)LN (s) N@L(S)T

ks @ e O

72

HMPB ChemMatrix® resin (0.05 mmol) was swelled with DMF (5 mL) for
30 min. Building block 69 (1.5 mmol) was coupled using DIC (2.0 mmol)
and DMAP (0.005 mmol) in DMF (1 mL) for 50 min. This process was
repeated with freshly prepared solution to maximize the coupling yield.'®2°
Natural Fmoc-protected amino acids (0.25 mmol) were coupled using HATU

(0.245 mmol) and DIPEA (0.4 mmol) in DMF (2 mL) for 30 min. The
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deprotection of allyl ester and allyl carbamate and ring-closure to obtain cycle
B was performed following the conditions described by van der Donk.?! A
small fraction of the resin was treated with TFA:TIS:H>O (95:2.5:2.5) and the
resulting peptide was analyzed by ESI-MS to confirm that the cyclization
reaction took place. The sequence IGLGVGALF was coupled in a Liberty
Microwave (CEM Corporation, Mathews, NC) synthesizer using DIC/Oxyma
Pure standard protocol. Building block 63 was manually coupled following
the conditions described for peptide 64. Sulfamidate J and dansyl chloride
were coupled using the methodology described in section 10.5. Final cleavage
and deprotection was performed using TFA:TIS:H>O:DODT (94:1:2.5:2.5)
at room temperature for 1 hour. The resulting crude mixture was precipitated
with cold Et;O, centrifuged, washed twice with more Et2O, suspended in 70%
aqueous MeCN and lyophilized to obtain peptide 70 (30 mg, 0.011 mmol),
which was used without further purification. Sulfamidate ring-opening
reaction was performed by dissolving peptide 70 in DMSO (1 mL) and adding
Et;N (6 pL). After 30 min, the solution was frozen and lyophilized to obtain
peptide 71, which dissolved in a mixture (1 mL) of DMSO and concentrated
HCI (final HCI concentration 0.6 M). After 3 h, the mixture was frozen,
lyophilized and purified by SPE C18-cartridge to obtain CylLs analog 72 (1
mg, 1% global yield, 90% per reaction step, 45 steps). MS (MALDI) m/z
=756.0604, calculated for C25H33N700S2 ([M+3H]*") = 755.6874.
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Semi-preparative HPLC gradient (tr 22.90 min):

H20 + 0.1%
Time (min) Flow(mL/min)  Acetonitrile (%)
TFA (%)
0 10 5 95
3 10 5 95
33 10 95 5
34 10 5 95

39 10 5 95
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Supplementary Information I: NMR spectra

NMR spectra for the compounds described throughout Chapter 10:
Experimental section are collected in the following pages. 2D COSY and
HSQC experiments performed for describing the following compounds have

been omitted in this section.
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"H NMR 400 MHz in D-O

3C NMR 100 MHz in D-O
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3C NMR 100 MHz in DO
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3C NMR 100 MHz in DO
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"H NMR 400 MHz in CDCl3

13C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

13C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in CDCl3

3C NMR 100 MHz in CDCl3
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"H NMR 400 MHz in D-O

3C NMR 100 MHz in DO
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NOESY 400 MHz in H,O/D>,0O
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"H NMR 400 MHz in D-O

3C NMR 100 MHz in DO



Supplementary Information [ERRR]

NOESY 400 MHz in H,O/D>,0O
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3C NMR 100 MHz in DO



Supplementary Information [ERRE]

"H NMR 400 MHz in D-O

3C NMR 100 MHz in DO
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3C NMR 100 MHz in DO
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3C NMR 100 MHz in DO
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"H NMR 400 MHz in D-O

3C NMR 100 MHz in DO
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3C NMR 100 MHz in DO
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3C NMR 100 MHz in DO
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3C NMR 100 MHz in DO
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"H NMR 400 MHz in D-O

3C NMR 100 MHz in DO
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"H NMR 400 MHz in D-O

3C NMR 100 MHz in DO
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"H NMR 400 MHz in D-O

3C NMR 100 MHz in DO
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'"H NMR 300 MHz in CD;0H

13C NMR 75 MHz in CD;OH
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NOESY 400 MHz in H,O/D>,0O

"H NMR 400 MHz in HO/D>0 amide region
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'"H NMR 400 MHz in CD;0H

13C NMR 100 MHz in CD;0H
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'"H NMR 400 MHz in CD;0H

SH NMR 100 MHz in CD;OH
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'"H NMR 300 MHz in CD;0H

13C NMR 75 MHz in CD;OH
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'"H NMR 400 MHz in CD;0H

13C NMR 100 MHz in CD;0H
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'"H NMR 400 MHz in CD;0H

13C NMR 100 MHz in CD3;0H
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"H NMR 300 MHz in DMSO

3C NMR 75 MHz in DMSO
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'"H NMR 300 MHz in CD;0H

3C NMR 75 MHz in CD;0H
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NOESY 400 MHz in H,O/D>,0O

"H NMR 400 MHz in HO/D>0 amide region
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"H NMR 300 MHz in DMSO

3C NMR 75 MHz in DMSO
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'"H NMR 300 MHz in CD;0H

3C NMR 75 MHz in CD;0OH
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NOESY 400 MHz in H,O/D>,0O

'"H NMR 400 MHz in HO/D>0 amide region
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13C NMR 300 MHz in CD;OH
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NOESY 400 MHz in H,O/D>,0O

'"H NMR 400 MHz in HO/D>0 amide region
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13C NMR 100 MHz in CD;0H
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"H NMR 300 MHz in D-O

13C NMR 75 MHz in DO
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"H NMR 300 MHz in D-O

13C NMR 75 MHz in DO
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"H NMR 300 MHz in D-O

13C NMR 75 MHz in DO
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"H NMR 300 MHz in D-O

'"H NMR 300 MHz in D>O
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"H NMR 300 MHz in D-O

13C NMR 75 MHz in DO
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"H NMR 400 MHz in D-O

3C NMR 75 MHz in DO
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HMBC 400 MHz in D,O

NOESY 400 MHz in H2O/D>,0O
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'"H NMR 300 MHz in CD;0H

13C NMR 300 MHz in CD;0H
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"H NMR 300 MHz in D-O

13C NMR 75 MHz in DO
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"H NMR 300 MHz in D-O

13C NMR 75 MHz in DO
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

3C NMR 75 MHz in CD3CN/D;O (95:5)
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

3C NMR 75 MHz in CD3CN/D;O (95:5)
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

3C NMR 75 MHz in CD3CN/D;O (95:5)
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

3C NMR 75 MHz in CD3CN/D;O (95:5)
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

3C NMR 75 MHz in CD3CN/D;O (95:5)
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

3C NMR 75 MHz in CD3CN/D;O (95:5)
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

3C NMR 75 MHz in CD3CN/D;O (95:5)
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

13C NMR 75 MHz in CD3CN/DO (95:5)
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'"H NMR 300 MHz in CD3CN/D20 (95:5)

13C NMR 75 MHz in CD3CN/D:O (95:5)
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"H NMR 400 MHz in D-O

13C NMR 100 MHz in D-O
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"H NMR 300 MHz in CDsCl

3C NMR 75 MHz in CD;3Cl
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"H NMR 300 MHz in CDsCl

3C NMR 75 MHz in CD;3Cl
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"H NMR 400 MHz in CD3;CN

13C NMR 75 MHz in CD3CN
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HMBC 400 MHz in CD;CN
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Supplementary Information II: Tables & Figures

Table S1. Energies, enthalpies, free energies, and entropies of the lowest energy structures

calculated at the PCM(Pyridine)/M06-2X/6-31+G(d,p) level.

EO0 E0+ZPE E0+DH E0+DG S E0+DG_corr | Freql
Compound (Hartree)* (Hartree)* (Hartree)* (Hartree)* | (calmol! K™')* | (Hartree) (em™)
Pyridine —248.191435 —248.101816 —248.095535 —248.133104 70.8 —248.133104 386.4
E —1177.302210 | —1177.105495 | —1177.085420 | —1177.157524 135.8 —1177.153855 20.1
E-TSsn2 —1425.465079 | —1425.178056 | —1425.151465 | —1425.238394 163.7 —1425.233597 | —540.1
E-TSk2 —1425.451263 | —1425.169603 | —1425.142632 | —1425.233195 170.6 —1425.225535 | -1307.9
F —1252.504173 | —1252.301424 | —1252.280341 | —1252.354435 139.6 —1252.351259 25.8
F-TSsn2 —1500.665332 | —1500.372878 | —1500.344976 | —1500.435752 171.0 —-1500.430120 | —542.7
F-TSk2 —1500.651927 | —1500.364637 | —1500.336454 | —1500.430088 176.4 —1500.422145 | —-1293.5
G —1024.703760 | —1024.543845 | —1024.528388 | —1024.588651 113.5 —1024.586867 37.1
G-TSsn2 —1272.860245 | —1272.610532 | —1272.588299 | —1272.664505 143.5 —1272.661434 | —542.6
G-TSgk2 —1272.848201 | —1272.603554 | —1272.581034 | —1272.661029 150.7 —1272.654907 | —1295.1
H —1157.453084 | —1157.243961 | —1157.223517 | —1157.296224 136.9 —1157.292471 25.1
H-TSsn2 —1405.610215 | —1405.310960 | —1405.283892 | —1405.371963 165.9 —1405.366860 | —531.4
H-TSk2 —1405.604506 | —1405.310568 | —1405.283241 | —1405.373990 170.9 —-1405.367074 | -1276.5
1 —1004.855002 | —1004.682857 | —1004.666877 | —1004.728625 116.3 —1004.726383 38.1
I-TSsn2 —1253.007143 | —1252.744682 | —1252.722333 | —1252.798272 143.0 —1252.795977 | -532.4
I-TSk2 —1252.999377 | —1252.742776 | —1252.719735 | —1252.800294 151.7 —1252.794969 | —1287.0

a1 Hartree = 627.5 kcal mol™". ® Thermal corrections at 333.15 K.
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Chapter 5

Figure S1. a) Chemical structure for peptides 24, 31, 33 and 34 highlighting the dihedral
angle yg . b-¢) Relative population of the g angle (left) obtained from the 500 ns MD-tar
simulation in explicit water for peptides 24, 31, 33 and 34, respectively, and NHPhe2—
OendoJ distance distribution (right) derived from the 500 ns MD-tar simulation in explicit
water for peptides 24, 31, 33 and 34, respectively.
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Figure S2. NOESY spectrum for compound 31 in H,O/D;O (9:1), PBS buffer pH 5.7, at
room temperature (mixing time 0.3 s). The cross-peaks corresponding to the Ac—HproR and

Ac—HproS are highlighted in orange.
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Figure S3. NOESY spectrum for compound 33 in in H>O/D,O (9:1), PBS buffer pH 5.7, at
room temperature (mixing time 0.3 s). The cross-peaks corresponding to the Ac—HproR and

Ac—HproS are highlighted in orange.
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Supplementary Information III: HPLC Chromatograms

Analytical HPLC for peptides used for biological assays in c/hapter 5:
HPLC methods were performed using a linear gradient 0% to 100 % of
solvent B in 60 min. Solvent A: H>O containing 0.1% TFA (v/v); solvent B:

acetonitrile.

Peptide 24

Peptide 29

24.350

Peptide 30

Peptide 31
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Peptide 32

Peptide 33

Peptide 34

Peptide: J-Phe-Phe-NH2
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Analytical HPLC for peptide used for biological assays in cliapter 6:
HPLC method for peptide 43 was performed using a linear gradient of 5% to
95 % of solvent B in 37 min. Solvent A: H>O containing 0.1% TFA (v/v);

solvent B: acetonitrile.

21.126

Analytical HPLC for peptides used for transacylation in chapter 7:
HPLC methods were performed using a linear gradient 1% to 71 % of solvent
B in 35 min. Solvent A: H>O containing 0.1% TFA (v/v); solevent B:

acetonitrile.

Peptide 44 (top) and transacylation peptide 46 (bottom)
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Peptide 47 (top) and transacylation peptide 50 (bottom)

Peptide 48 (top) and transacylation peptide 51 (bottom)

Peptide 49 (top) and transacylation peptide 52 (bottom)
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Peptide 53 (top) and transacylation peptide 56 (bottom)

Peptide 54 (top) and transacylation peptide 57 (bottom)

Peptide 55 (top) and transacylation peptide 58 (bottom)
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