JustusLiebig University Giessen

Department 09 Agricultural Sciences, Nutritional Sciences, and Environmental Management

Dissertation

Submitted in Fulfillment of the Requirements for the Degre®ottor rerum naturalium

(Dr. rer. nat)

{ 8 Yy IKISIDAIDF OKS&a G2
| yGAYAONERDB & 8z8F 1 Ot N

by Sandra Semmler

GielRenApril 2022

1stexaminer: Prof.Dr. Till F. Schaberle

2"d examinier:Prof. Dr. PeteE.Hammann






Decleration of Originialits / Eigenstandigkeitserklarung

Erklarung gemaf3 der Promotionsordnung des Fachber@@hvem 01.02.2005

Ich versichere, dass ich die vorliegende Arbelbststandig verfasst und keine anderen als die
angegebenen Quellen und Hilfsmittel verwendet habe. Alle Ausfihrungen, die anderen
Schriften wortlich oder sinngemald entnommen wurden, sind kenntlich gemacht. Ich habe die
Arbeit in gleicher oder &hnlicheofm noch keiner anderen Prifungsbehdrde vorgelegt. Ich
stimme zu, dass die vorliegende Arbeit mit einer Atégiatssoftware tberpruft werden darf.

Bei den von mir durchgefiihrten und in der Dissertation erwahnten Untersuchungen habe ich
die Grundsatze g&NJ 6 A 84Sy aOKI Fif AOKSNJ t NI E Aldehig 6 A S
Universitat GieBen zur Sicherung gutérA 8 8 Sy a OKF FiGf A OKSNJ t NI EA

eingehalten.



Tableof Contents

Decleration of Originialits / EigenstandigkeitSerklarung............cccceeeeeeeeeeiiiiiieeeeeeeeeeeeeenn, l.
Table Of CONENTS........eiiiiiei et e e e s e e e e s e Il
ADDIEVIATIONS ...ttt e et e s e e e e e as Y
FAN o [ 1V =T (o =T g =T o PSPPSR Vi
Y 0L - of AP TP TP PPPPUPPPPPPPPPRN VI
(O 1111 (0o [ Tox 1o o RO P PP T PPPPPPPPPPPRPTP 1
N © ] o] =1 1)V PSPPSR 3
3. Materials and MethOds...........oooiiiiiiiiiii e 5
VB O = To | (=) gt [ €] (o o o1 1)/ o1 P 7
Tt R [ 01 (o To (3 Tod 1T o AP T PP PPPTPPPPPPPPPPP 7
4.2  ReSUIS and DISCUSSION. ... ..uuiiiiiiiiiieeeeeiaiaiiit ettt e e e e e e e r e e e e e e e s e e aaneeees 13
42.1 Molecular Networking and Producer Strain............ccccceeeiiiiiiciiiiiieneeeeennn. 13
4.2.2 Early ADME tests on GlIobomycCin..........cccceeeiiiiiiiiece 16
4.2.3  Structure Based Drug Design (SBDD) and Molecular Dacking............... 16
4.2 4  SYNINESIS....ooiiiiiiiiii e 19
4.2.5  Antibacterial ACHVITY..........cooiiiiiiiiiiieeee e 26

4.3  Summary and OULIOQK............eeeiiiiiiiiiii e 28
R {0 =T 1 0= ] c= | PP 32
4.4.1 Molecular Networking analysis.........ccccoeieiiiiiiiiieeiiee e 32
4.4.2 Procedures for the Globomycin Syntheses...............ccccoiiiiiiiiiieeeeee, 32
4.4.3  ACHVItY TESES BIOASSAYS. ... eetiiiieiiiiiiiiiiiiiieeiee e e e e e e s e e e e e e 58

4.5  Supporting INFOrMALION........ooiiiiiiiieee e 60
45.1 Chromatograms and spectra of natural extract.............ccoeeeeerveiviiinneeenn, 60
4.5.2 Structure Based Drug Design..........cccoeeveeiiiiiiiiiiiii i eeseeeiiiiiee e [ O
45.3 NMR and MS/MS? data for synthetic compounds.................cceevvvvee.... 78

5. Chapter Z; FalCitidin @nalogs..........cocuuiiiiiiiiiieeee e Q9
oI R |V = 1 18T g o ST TPPPP 100
5.2 Supportng INfOrmMation...........cooviiiiiiiiii e e eaaans 114
6. Chapter 3 CryOpePlidES. . ......uii e e e e eeaaae 197



S 70 R [0 1 (Yo [§Tex £ (0] o FH TR 197

6.2 ReSUIE and DiSCUSSION.......ceiiiiiiiiiieeiiiiiie et e e 201
6.2.1  SYNINESIS....cco oo 201
6.2.2 Comparison of Synthetic to Natural Isolated Compounds..................... 204
6.2.3  ACHVITIES. ...eeeieeieeieii ettt 212

6.3  Summay and OULIOOK. ..............ooiiiiiiiiieeeeee 213

6.4  EXPEriMENtal..........ccooiiiiiiiiiiiiieeeeeeeeeeeeee 215

6.5  Supporting INFOrMALIONL.........ueiiiiiiiiei e 228



Abbreviations

2-CT
2-CTC
AA

Ac
AcCN
ADME

Alloc
anhyd.
arom.
Aux
BHA
BMS
Bn
BPC
calcd
CatB
CatL
c-Hex
CYP
Da
DAD
DCM
de
DEPC
DIC
DIPEA
DMAP
DMF
DMP
DMSO
EA
EDC

EIC

ESI

eV

FA

Fmoc
FmoecOSu

GLM
h
HATU

HD
HFIP
HMBC

HOAt
HPLC

2-Chlorotrityl

2-Chlorotrityl chloride

Amino acid

Acetyl

Acetonitrile

Absorption, distribution, metabolism,
excretion

Allyloxycarbonyl

Anhydrous

Aromatic

Auxiliary

i -Hydroxy fatty acid
Boranemethyl sulfide

Benzyl

Base peak chromatogram
Calculated

CathepsirB

Cathepsin L

Cyclo-hexyl

Cytochrome P450

Dalton

Diode array detector
Dichloromethane
Diastereomeric excess
Diethyl cyanophosphonate
N,N'-Diisopropylcarbodiimide
N,N-Diisopropylethylamine
4-Dimethylaminopyridine
N,N-Dimethylformamide
DessMartin periodinane
Dimethyl sulfoxide

Bhyl acetate
N-(3-DimethylaminopropybN -
ethylcarbodiimia

Extracted ion chromatogram
Hectrospray ionozation
Hectron volt

Formicacid
Fluorenylmethoxycarbonyl
N-(9-Fluorenylmethoxy
carbonyloxy)succinimide
Globomycin

Hour
1-[Bis(dimethylamino)methylenel H
1,2,3triazolo[4,5b]pyridinium 3
oxide hexafluorophosphate
High definition
Hexafluoroisopropanol
Heteronuclear multiple bond
correlation
1-Hydroxy7-azabenzotriazole
High performancédiquid
chromatography

HRMS
HSQC

1Go
IME

iVal
LCMS

LSP A
M

m/z
MD
Me
MedChem
MeOH
Mes
MH I
MHC
MIC
min
mmol
MS
MS/MS
n.a.
n.d.
n.o.
NP
NRPS
OTf
PA
PDB
PE
PG

Ph
gTOF
RBM
R

rt

RP
SAR
sat.
SBDD
SBM
SF1902

SNAC
SPPS
T3P
TBAF
TBS
TFA

High resolutionmass spectrometry
Heteronuclear single quantum
correlation

Half maximainhibitory concentration
Institute for Molecular Biology and
Applied Ecology

Isovaleroyl

Liquid chromatographymass
spectrometry

Lipoprotein signal peptidase Il
Molar

Massto-charge ratio

Medical doctor

Methyl

Medicinal chemistry

Methanol

Mesitylene

Mueller Hinton 1l

Mueller Hinton Carbonate
Minimum inhibitory concentration
Minutes

Milli Mol

Mass spectrometry

Tandem mass spectrometry

Not assigned

No data

Not observed

Natural product

Non-ribosomal peptide synthetases
Triflate

Phenylacetyl

Protein data bank

Petroleum ether

Protecting group

Phenyl

Quadrupole timeof-flight
RMethylbutanoyl

Retention factor
Roomtemperature

Reverse phase

StructureActivity Relationship
Saturated

Sructure based drug desgin
SMethylbutanoyl

Older family name of Globomycin
congenersnamed after the strain
from which it was first isolated
N-acetylcystamine thioester
Solid-phase peptide synthesis
Propanephosphonic acid anhydride
Tetra-n-butylammonium fluoride
Tert-butyldimethylsilyl(alsoTBDM$
Trifluoroacetic acid

A\



TFE
THF
TIS
TLC
Trt
UHPLC

quant.
UHR
UHRMS

UPLC

uv
WHO
wit

Amino acids
Arg R

Asn N

Asp D
CIl/LIPIF

Dhb
Dhv
d-v
Gly; G
His H
Hyp
lle; 1
Leu L
Phe F
Prg P
Ser S
Thr, T
Vat VvV

NMR
1
(M)Hz
1D, 2D, 3D
alkyl
bs

d

dd

dg

J

m
ppm
quart
s

t

Triflouroethanol

Tetrahydrofuran A. baumannii
Triisopropykilane A. flavus

Thin layer chromatography C. albicans
Trityl E. coli
Ultra-high performance liquid K. pneumoniae
chromatography M. smegmatis
Quantitatively M. tuberculosis
Ultra-high resolution P. aeruginosa
Ultra-high resolutiormass S. aureus

spectrometry sp.
Ultra-performance liquid

chromatography

Ultraviolet

World health organization

Wild type

Arginine

Asparagine

Aspartic acid
c-Terminal isoleucine / leucine /
proline / phenylalanie
Dehydrobutyrine
Dehydrovaline
Dehydrovaline
Glycine

Histidine
Hydroxyprolire
Isoleucine

Leucine
Phenylalanine

Proline

Serine

Threonine

Valine

nuclear magnetic resonance
chemical shift [ppm]
(Mega) Hertz
Dimensional

Alkylic

Broad signal

Doublet

Doublet of doublet
Doublet of quartet
Qoupling constant [Hz]
Multiplett

Parts per million
Quaternary

Sngulet

Triplet

Bacteria and fungi

Acinetobacter baumannii
Aspergillus flavus

Candida albicans
Escherichia coli

Klebsiella pneumoniae
Mycobacterium smegmatis
Mycobacterium tuberculosis
Pseudomonas aeruginosa
Staphylococcus aursu
Secies



Acknowledgemens

First, | thank Prof. Dr. Till F. Schéberle, my final supervisor of the thesis, and Prof. Dr. Peter E.
Hammann, who supported me as my supervisor for the first year. Thank you both for

supporting me throughout this thesis.

A very special thanks goes to Brmin Bauer, for all the input, was it chemical or otherwise
and being there whenever questions came up; | would not have been able to finish this

without your guidace.

To Prof. Dr. Andreas Vilcinskas as the head of Fraunhofer IME, and to the whole team,
especially the group of Natural Products for the support. To Dr. Maria Patras as the head of
the analytic and chemistry department of the natural product group and her introducing me
to molecular networking and MS/MS interpretation. To Dr. Michael Maasehead of the
screening department for all the screenings he and his team carried out and for the
extracurricular activity, be it running, bouldering or diving. To Christoph Hartwig for his
technical assistant with any equipment and whenever questiongroblems arose. To my
colleagues of the analytics and chemistry group, Angelika Brohl, Mona Abdullahi, and Judith
Harter for the good atmosphere and helping with purification and everything else. To my
fellow PhD students Celine Zumkeller, Markus Oberpdalanda Kleiner, Mona Bill, and
Stephan Brinkmann for the amazing time together, amd outside the lab. Especially to
Stephan and our shared project of Falcitidin analogs. If you would not have found it and took
me on, | would not have this amazing oppmity. Thank you for that and also the smooth
teamwork. Additionally, to Mona, my climbing partner andaatbund sports motivation. To

my bachelor student Niclas Kulhanek, and the student assistants, Lysander Wagner, Julian

Roth, and especially Victor@hler for their help in the lab.

To all the employees of the JustugbigUniversity, from the chemical department to the

NMR service, especially Dr. Heike Hausmann and her team for measuring the NMR samples
and for discussions and help. A special tlsattkAnja Beneckenstein of the glass blowing unit.
Without her and her expertise the custom build peptide vessels woatdhave been possible.

And to Friedemanirel3ler for proof reading, the chemical discussions and the coffee.

To the collaboration of Bunhofer and Sanofi and later Evotec for the interesting insight into

industrial pharmaceutical research and the amazing support throughout my PhD time.

Vi



From Sanofi side, as mentioned above Dr. Armin Bauer, a special thanks to Dr. Hans Matter,
who not jug performed the molecular docking studies, but was also involved in interesting
scientific discussions. These meetings have always been one of the most productive and
educational meetings during that time and it was something | always looked forward to. To
Dr. Michael Kurz for NMR measurements and interpretation. To Dr. Christoph Pdverlein for
his help regarding chemical questions and for his synthetic input. And to all involved people
of the cooperation who performed tests and provided scientific discassend feedback.

From Evotec side a special thanks to Dr. S6ren Schuler for the organization and scientific
discussions, as well as the team of Lyon which worked on Globomycin and performed activity

tests.

| could go on and on but I will end with the mastportant support, namely my family and

friends.

Vi



Abstract

Natural products (NPs) present great chances to identify novel antimicrobial active substances

with unprecedentedstructures. Synthetic access to natural derivednpounds is essential in

the development process of new drugs. However, usually scarcity of isolated material makes
complete activity profiling difficult. Hence, there is the need for synthetic routes to acquire

not just the natural product itself, but ther derivatives for the development of -thepth
structure-activity relationship (SAR) studies for future drug development. Pejtasded NPs

GAGK | Y2tSOdzf I NJ gSAIKG o0SGeSSy aavylrff RNHAA
of NPs, which havehe potential to combine the advantage of high selectivity and
bioavailability.

Chapter 1¢ The known natural product Globomycin (GLM) is a cyclic peptide that shows
activity against Gramegative bacteria (MCof 6.25 pgmL forE. coliSANK 7056%. After
identifying an inRhouse producer strain, molecular network analysis of extracts derived from
Streptomycesp. HAG010519evealed a total of 29 natal derivatives of GLM. For eleven
derivatives a structural proposal based on MS/MS data has been given. Early ADME
(Absorption, distribution, metabolism, excretion) tests were performed and revealed a high
metabolic liability of GLM. To address this issaueational design approach to develop more
stable derivatives was performed. Therefore, structbesed drug design (SBDD) and
molecular docking studies were applied to focus the synthesis on the most promising
derivatives. A soligphase peptide synthesi (SPPS) approach was developed, with a
macrolactamization between amino acids 5 andrgy(re4-7) for the ring closure. The newly
developed synthetic route has overé#iwer synthetic steps, a high stereoselectivity for the
fatty acid side chain, and gives a tstep procedure to introduce more extraordinary amino
acid building blocks like hydroxyprolines. The four successfully synthesized derivatives show
noticeable ativity against the tested E. coli strains, with the highest one of 16 pg/mL, and that
the docking scores delivered a good assessment between the compounds.

Chapter 2¢ Falcitidin is an inhibitor of cysteine protease falcipainMolecular network
revealedover30 natural analogs of falcitidin. Total synthesis of chosen analogs was achieved
using a SPPS approach followed by functional group interconversion of the cleaved peptide
acid to the alcohol, followed by DeBsartin oxidation to the aldehyde. Therebggccess to
functionalized pentapeptides was establish&al.vitrotesting against selecteproteases as

well as falcipair® and-3 showed superior inhibitory activity than falcitidin itself.

Chapter 3¢ In extracts ofPedobacter cryoconitinear peptidescontaining dehydro amino

acids were detected by metabolomics analyses. The compounds were called cryopeptides and
contain two dehydrogenated valines in their structure. This feature can be found in other NPs
as well. However, the biochemical basis of tteydrogenation process of amino acids is not
reported yet. To enable further studies in this direction and to investigate which substrate is
used, precursor molecules were successfully synthesized. Furthermore, a synthetic route to
two Cryopeptides anda two nonnatural derivatives was developed for full structure
elucidation,activity testing of the molecules and future enzymatic assays.

VIl



1. Introduction

Looking at the numbers, the importance of natural products (NPs) irdévelopment and

discovery of new and novel drugs is apparent. Roughly 50% of the approved drugs from
January 1981 to September 2019 were either i) natural products or derivatives (23.5%) or ii)
synthetic drugs based on the structure of a natural produca animic thereof (25.7%)In

the case of approved antibiotics, over 80% are natural products or are based on their
structure? Secondary metabolites are natural products, which are not essential for the
development of an organism but originate in the ongan adapting to environmental
change$4¢ KSANJ A0 NUzOG dzNIF f RAQGSNEBAGE YR dzyAljdzS ¥
2T Fan@d@fier vastly, compared to molecules derived from combinatorial chemistry
approaches: 4. Especially microorganisshow a huge potential for the discovery of novel

classes of antimicrobial active substances and future drugs based oh’Nfes.years, NPs

KIF@dS 6SSy | aANBFG a2dz2NOS F2NJ ayl GdzNT £ LINE R dz
Due to an increase ohe re-discovery of known molecules, the high costs as well as complex
regulations regarding intellectual properties, natural product discovery programs declined

over the last couplef years3#

Peptidebased NPs have seen an increase in interest by pharmaceutical industry over the last
years® °With less than 50 aminacids? they bridge the gap between small molecule drugs
6fpnn 50 YR a2 OFfftSR daoA2f23A0aéz RNM¥zZa O
all with a high molecular weight (>5000 DaProteinbased drugs show great selectivity and

less side effects but need to be delivengdinjection. In contrast, sail molecule drugs often

1D. J. Newman, G. M. Cragg\at. Prod 202083X T T Anbyno®

2M. Lakemeyer, W. Zhao, F. A. Mandl, P. Hammann, S. A. Siegew ChemInt. Ed 2018 57, 1444@14475.
3D. A. Dias, S. Urban, U. Roesshkitabolites 2012 2, 303336.

4A. Atanasoet al. Nat Rev Drug Discp2021, 20, 200;216.

5C. A. Lipinski, F. Lombardo, B. W. Dominy, P. J. Feeh@nced Drug Delivery Revie@801, 46,1-3, 3-26.

6 P. Monciardini, M. lorio, S. Maffioli, M. Sosio, S. Donadiorob. Biotechnol2014 7, 20%;220.

7”R. Miller, J. Winknt. I Med. Microbiol 2014 304, 3c13.

8T. Dang, R. D. Stussmuftc. Chem. Re2017, 50, 15661576.

9G. B. Santos, A. Ganesan, F. S. Er@egmMedChen2016, 11, 1-8.



show more side effects but better oral bioavailabifiyPeptides cover the gap between these
two groups of drugs and are an underexgd area in the drug markdty now. They emerge

as promising candidates to combine the advantages of both drug cl#s3$égy can be
biochemically divided into two classes of peptides based on their formation: i) ribosomally
synthesized and podtanslationally modified peptides (RiPPs) and ii) nonribosomally

synthesized peptides (NRPs)

Advances in technology as analytical methods, cultivation and genome nhavegy the
potential to reinvigorate the NMBased drug discovery approathdigher sensitivity and
resolution of analytical methods make it possible to find even small traces of active
compounds and to elucidate their structure. The isolation of the active compound oftentimes
yields just enough material for basic activity testsdastructure elucidation. Due to the
scarcity of the isolated compound, synthetic access is still of high importance: Generation of
enough material for further testing and researching the mode of action on the one hand and
for the development of derivativ@to generate a structuractivity-relationship (SAR) on the

other.

The collaboration of Fraunhofer withe industrial pharmaceutical partners Sanofi and later
Evotec creates a beneficial setting for the discovery and development of novel natural active
compounds. The cooperation between academic research and thetéongexpertise of
pharmaceutical companies support the development of novel microbial active compounds
derived from natural products for not jupharmaceutical but also veterinary and agitural

applications.

0D, J. Craik, D. P. Fairlie, S. Liras, D. Presn Bio Drug Dg2013 81, 136147.



2. Objective

Synthetic access to newly found natural products after their discovery and structure
elucidation is still indispensable to this date. Computational chemistry and madginot

deliver accurate results on activity but just give an indication, especially comparing derivatives
among themselves. Therefore, enough material needs to be synthesized and a synthetic route
has to be established in ord&y not just synthesize thene molecule but rather to be flexible

to synthesize derivatives as well. For peptliised molecules solighase peptide synthesis
(SPPS) is the method of choice for quick and easy access to peptide scaffolds. Further
functionalization can be carried beither on resin or after the cleavage of the peptide from

the solid support.

This work is divided in three different projects, each focusing on a specific peysba
compound in the field of bioactive natural products and their synthesis. Each cleaptiins
a brief introduction, a results and discussion section, a summary and outlook, and an
experimental part as well as the associated supporting information. The materials and
methods are combined in one preceding chapter and the references aredettichapter

wise.

Chapter 1¢ Globomycin

Globomycin (GLM, 1.1) is an underdeveloped literature known antibacterial
depsicyclopeptide with promisingnti Gramnegative activity. To determine possible
weaknessesADME studies on GLM will be performed. Tésults will be incorporated into a
rational design approach for new derivatives. Utilizing the published crystallography data,
structure-based drug design (SBDD) and molecular docking will be the key methods to narrow
down promising structures. Followingpis, a flexible and robust synthetic route will be

developed. It will be concluded by activity tests of the synthesized derivatives.

In a second approach, it is planned to find afhause producer strain and investigate it to
identify additional active narral congeners for an #detail structureactivity relationship
(SAR). Therefore, extracts will be generated and analyzed by tMIBPIMS to create a

molecular network in which deratives will cluster with GLM.



Chapter 2¢ Falcitidin analogs

Falcitidin amlogs are structurally related to falcitidin, an active inhibitor of the protease
Falcipair? which represents a promising target in malaria therapy. Falcitidin was found as
part of another project in a molecular networking. Its clustering in the moleaiddwork will

be explored further for more natural analogs. Following structure elucidation based on
isolated compounds and structure hypotheses based on MS data, a flexible synthetic route to
natural found molecules as well as future derivatives will beaeloped and compounds will

be synthesizedfollowed by activity testingThis chapter will be presented as the submitted

manuscipt.
Chapter 3¢ Cryopeptide

The secalled Cryopeptides are small linear pentapeptides, found in the molecular network of
Pedobacter cryoconitis by Luis J. Linares Otoya from the research group of Prof. Dr. T.
Schaberle from the JustisebigUniversity. They contain structural intestng
dehydrogenated amino acids. This chapter will focus on the synthesis of two natural isolated
compounds for comparison and full structure elucidation as weti@asnatural derivatives

and aminoacyiN-acetylcysteamine thioesters(SNACs) of valineto examine the

dehydrogenaibn process of the amino acids.



3. Materials and methods

All chemicals wergurchasedfrom commercial suppliers ithe highest quality and used
without further purification. The amino acidsd resins specifically were purchadeoim Iris
Biotech. Anhydrous solvents were purchased from Acros Organics and were stored under an

argon atmosphere.

For nonitoring reaction progressesn 1100 HPLC systemith DAD from Agilen{Agilent,
Santa ClaraCA,USA) anéin Amazon (Bruker, BillericBA, USA) ESon trap spectrometer
were used For TLC glass plates from Mer¢k[(/ { A f A Qiveredu§etl. Visualiza@Gon sbj
wascarried out using UMight (254nm), and/or TLC dips, such as: potassium permaaiga
stain(4.5g KMnQ, 30g kCQ, 4mL 10 % aqueaous NaOH solution, #A80H0), ninhydrin
stain (5 g ninhydrin, 156nL EtOR or ceric anmoniummolybdatestain (25g H[PMo012044],

10g Ce(S&)p, 60mL conc. k5Q, 940mL HO) followed bygentleheating

For manual column chromatography glas columns of different diamete8x) and silica
from Macherey Nagel (silica 60) were used. For automdseshfchromatography a Biotage®
SP4 fromBiotage Biotage, Uppsala, Swedewith ISOLUTE Flash Si Il coluwmindifferent

sizes from Interchim were used.

HPLGurifications were done on semi preparative 1100 HPLC and 1200 HPLC systems with
DAD from Agilent(Agilent, Santa Clara, CAISA and a Gilson(Gilson Incorporated
Middleton, WI, USAfraction collector For all purifications the NUCLEODUR® C18 Gravity SB,
3 um, 250 x 10nm columnwas used. Acetonitrile (HPLC grade) was purchased from Fischer
scientific and used without further purificationWater was purified using a Sartorius

(Sartorius AG, Gottingen, Geany) system

UHPLE@JHRMS analysis was performed on a 1290 UHPLC system (Agilent, Santa Clara, CA,
USA) equipped with DAD and mais 1 6 . NXz] SNE . A fqTCFOEIRKAS iith a ! >~ | -
the gradient: 0 min: 95% A; 0.30 min: 95% A; 18.00 min: 4.75% A;rm@&110% A; 22.50 min:

0% A; 22.60 min: 95% A; 25.00 min: 95% A4{®@; 611% formic acid (FA); B: Acetonitrile, 0.1%

FA; Flow: 60C-L/min). Column oven temperature: 4%. Column: Acquity UPLC BEH C18
MOPT>Y OHOMEMAA YYO 6A0GK nhGuirdArd@umh @.1x5 mm)9 1 /[ m)

Collision induced dissociation was performed at 28805 eV using argon at ®nbar.



The specific rotation of chiral compounds was determined on a digital polarimeter of the
model P3000 from Kriss (A.Kruss Optronic Gmbhkhjddeg, Germany). Standard wavelength
was the sodium Bine with 589nm. Temperature and concentration (mg/mL) are reported

with the determined value.

NMR spectraf synthesizednoleculesvere recorded on aAVANCE Il HD 600 spectrometer
(600MHz for!H, 151 MHz for'3C), @ AVANCE Il 400 HD spectrometer (MMz forH,
101 MHz for'3C) and a AVANCE 1l 400 spectrometer (4@Blz for'H, 1a MHz for'3C) from
Bruker Biospin (Bruker Biospin GmbH, Rheinstetten, Germ@hgmical shifts are reported
in ppm and were referenced to the corresponding residual solvent signal §€DCk
77.16LILIY 3= A26ppm; DMS@deY c= 39.52LJLJY &= 250ppm; Dh YH =14.79pm;
CRODY c=49.00LJLIY = 3:31LJLJY e shiftsitmarked with an * were not observed in the
13C NMRspectrum, but obtained either from HMBC or HSCQ data.

NMR spectraf natural isolated fractions dfalcitidin analog&ere measuredand interpreted

by Michael KurgSanofj Frankfurt) andvere acquired on a Bruker AVANCE 700 spectrometer
(700MHzfor *H, 176 MHz for'3C) and a Bruker AVANCE 500 spectromes®0MHz for*H,

126 MHz for'3Q). Both instruments were equipped with a 5 mm TCI cryo probe. For structure
elucidation and assignment of proton and carbon resonancesH,DLD*C, DQFCOSY,
TOCSY (mixing time 80 ms), ROESY (mixing time 150 ms), multipliciyHS{ped and HMBC
spectra were acquired. 'H-chemical shifts were referenced tosodium3-
(Trimethylsilyl)propionate2,2,3,3ds. 3Gchemical shifts were referenced to theolgent
signal (DMS@ieY c=39.52ppm).

NMR spectraof natural isolated fractions of the Cryopeptidegre measured on a Bruker
Avance Ill 600MHz spectromete(600 MHz for'H, 151 MHz for'3C) equipped with a Prodigy
cryoprobe (Brucker, Ettlingen, GermgnChemical shifts are reported in ppm and were
referenced to the correspading residual solvent signaDISGdeY ¢ % 39.52LJLIY &= |
2.50ppm; CRODY ¢=49.00LJLJY 2= 331ppm)and interpreted by Dr. Yang Liu.



4. Chapter 1¢ Globomycin

This work was carried out in collaboration with the industry partner Sanofi and Evotec
particularlythe colleagues Hans Matter and Armin Bauer from Sanofirrgdéric Jeannot

und Pierre Despeyrouxom Evotec.

My main contributions to the project are:

1 Coordination of the project

1 Discussions for the rational design approach and the results of the SBDD / molecular
docking (with H. Matter and A. Bauer)

1 Identifying MS results of molecular network (with M. Patra)

1 Codevelopment of the synthetic strategiewith S. Schuler and Evotec chemists)

1 Syntheses and analytics of derivatives

4.1 Introduction

Infectious diseases caused 20% of deaths worldwide in 20BEVen if the mortality caused
by infectious diseases is slowly decreasing, the threat of it resisance is growing? 3
¢KS 21 h |FRRN’&aasSa (KS dz2NHSyOe Ay I tArad 27

different species# The acronynESKAP&Immarizes the six most important ones:

1 Hannah Ritchie, Max Ros&(18- "Causes of Death". Published online at OurltimData.org. Reteéved
from: https://ourworldindata.org/causesf-death [last accessed: $6March 202].

12 https://www.who.int/news-room/fact-sheets/detail/thetop-10-causesof-death, [last accessed: $6March

2021].

B/5/d G!'yiAoA2GA0 wSaradlryOS ¢KNBIFGa Ay GKS | yAGSR {i
Human Services, CDZD19
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E- Enterococcus faeciuf@Grampositiv)

S- Staphylococcus aure@&rampositiv)

K- Klebsiella pneumonia@ramnegative)

A - Acinetobacter baumann{Gramnegative
P- PseudomonaaeruginosgGramnegative
E- Enterobacte(Gramnegative

Antibiotic resistance is a naturavolutionary process, be it an acquired f@snse on
environmental change, a coincideh mutation or the intrinsicaproperty of bacteria to be
resistant!® The mis and overuse of antibiotics is further accelerating the development of
resistances in organisms. Besides the almost instant developoheesistancesalack of new

and novel compounds is aggravating #itiation® Only 17 new antibiotics/ere approved

and marketed in the US between 26@018.17 In December 2020, 43 antibiotics were in
clinical development. Nevertheless, none represemtsovel class or a novel mode of action
against Granmegative ESKAPE pathogéhNew antibiotics, especially novel antibiotic
classes and novel modes of action are severely needed to treat infectious diseases, especially

against Grammegative bacteria.

AsPenicillin,one ofthe first antibacterialnatural products was found in naturé? it is not
surprising to utilize natural products as a source to discover and develop new antibiotics. Of
21 different classes of antibiotics, 17 are either natural prodoctierivativesthereof !’ The
diversity and properties of natural products are a great source of novel structures and mode
of actions. Over time, thaliscoveryof novel natural products declined though, and the
rediscovery of known compounds became more frequéithe oadening of thesecondary

metabolite spectraf examined species is one way to address this lgrobandthe inclusion

1573, M. A. Blaiet al. Nat Rev MicrobigR015 13,42¢51.
16 G.Annunziatont. J. Mol. ScR019, 20, 5844.
7M. Lakemeyer, W. Zhao, F.Mandl, P. Hammann, S. A. Sielfangew ChemInt. Ed 2018 57, 1444@®14475.

8https://www.pewtrusts.org/en/researchand-analysis/issudriefs/2021/03/trackingthe-globalpipeline-of-
antibioticsin-development [Accessed: 26March 2021].

B A. FlemmingBr J Exp Pathdl929 10 (3),226-236.
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of hard to cultivate specieOther alternatives are underexplored natural products, which
were foundin the pastbut their potential was notactively exploited due to limited
technologies.Those known compounds offer a great startipgint for developing new
antibiotics and finding novel modes of action. Physico chemical examinations of natural
compounds allow for addressing toxicity or stability problems early on. Computer based
methods, such astructure baseddrug design (SBDD) anolecular docking can aid in the

development of structural optimization.

Globomycin 1.1, GLM) and its naturally occurring congeners, as showfigure 4-2,
represent a class afuch underexplored natural produtThis cyclic depsipeptide was first
isolated in 1978 from four differenfctinomycesstrains andconsistsof five amino acids
(AAL1-AAS5) I & ¢ St -hydroxyfatty acid (BHA) as lipophilic side cHéifthreemain

properties make ifan attractive starting point for developing a new antibiotic lead structure:

1. Gramnegative activity
2. A novel target, the lipoprotein signal peptidase Il (DspA

3. Chemical structure allows wide optimization

Its activity against Gramegative bacteri& and Mycobacterium tuberculosi$addresses the
most important field of antibioticresearch. The Gramegative activity of GLM originates
from inhibition of the signapeptidase LspA, a transmembrane enzymhich catalyzes the
release of signal peptides from bacterial membrane-joproteinsto apo-lipoproteins.

Globomycinfunctions as a noitleavable peptide, blocking the bindinglsiof LspA and
unprocessed prdipoproteins accumulate in the cytoplasmic mbrane, resulting in cell

death Figure4-1, highlighted in red§3

20M. Inukai, R. Enokita, A. Torikata, Nakahara, S. Iwado, M. Ardi,Antibiot1978 31, 410420.

21T, Kiho, M. Nakayama, K. Yasuda, S. Miyakoshi, M. Inukai, H. Bingeg,Med. Chem2004, 12, 337361.
22N. Banaiee, W. R. Jacobs, J. D. Einsttimicrob. Chemothe2007, 60, 414416.

ZM. W. Weichertet al. Nat Commun2017, 8,15952.
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Figure4-1: Lipoprotein posttranslational processing in Granegative bacteri?® The by
Globomycin 1.1) targeted enzyme LspA and its role in the process is highlighted in red. GLM
functions as a noitleavable peptide for LspA and pgipoproteins accumulate in the
membrare, resulting in cell death.

LspA offers two advantageas an antibiotic targeti) it is exclusivelyfound in bacteria,
therefore a low risk of targebased adverse effecia humans can be expected aiigit has

not been addressed by marketed antibigiyet. Based on the cyclic peptide structurd.df
structural modifications can easily be implemented. The alkyl side chain could be varied in
length and shape and different functional residues can be added. The amino acids can be
exchanged for othenatural or nonnatural amino acids or for mimetics. This can aid in the
development of a more profound Structu#ctivity Relationship (SAR) and improvement of
physicochemical properties like metabolic liability, log D values and overall ADME

qualities?4 2>

24F. HoffmanALa Roche AG, Genentech, Inc., Cyclic Peptide Antibiotics, WO2019/052208 A1,
25K. Garlanat al. Bioorg Med Chem Let2020, 30 (20), 127419.
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BHA | compound R n
MN Globomycin(1.1) Ch
n - AA-1
NI SF1902 A
ans T 07 "M SF1902 A CH 1
NH OWR A2 SF1902 A H 3
o _NH SF1902 Aa CH 4
HN\(’/—oH SF1902 Ab H 5
AA-4 HO
0 AAs SF1902 A CH 5

Figure4-2: Globomycin (11) and itsliterature known naturally occurring congener®

The published synthetic approaches (déigure4-3 and Table4-1) differed in two main
aspects, namely the ring closure and the stereoselective synthitie tpophilic side chain.
Sarabi® et al. synthesis of Globomycin was a linear approach and focused on solid phase
peptide synthesis (SPPS) and macrolactonization after the peptide is cleaved of the resin as
the ring closing step. Furthermore, the sn§ & A & -Bydroxyiaki® was explored in two
different approaches, both complex muttep preparations with a moderate overall yiéfd.

Kiho and ceworkers pursued a convergent synthesis based on three fragments. Taedi
tripeptide fragments were sythesized in theiquid phaseand the ring closing step was based

on macrolactamization between serine and threonine. The stereoselective synthesis of the
lipophilic side chain was examined in three ways, where the most promising two were three
step procedres with highoverallyields. One focused on Evans chemistry and the other on a
norephedrine based auxiliary to introduce the stereochemidtath, the Sarabia group as
well as Kihos group relied on different protecting groups for each of the hydroxyl groups of

threonine and serine, se€able4-1 and Figure4-3.

26T. Kiho, M. Nakayama, K. Yasuda, S. Miyakoshi, M. Inukai, H. Eiogeg,Med. Lett.2003 13, 23152318.
2TF. Sarabia , €hammaaC.GarciaRuiz J Org Chen2011, 76 (7), 21322144.
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Table4-1: Comparisorof Sarabia ad Kihos synthetic strategie¥’ 2’

Kihoet al. Sarabieet al.
Style convergent linear

Peptide synthesis liquid; di and tripeptide solid phase, linear peptide

fragments

Ring closing step  macrdactamization macrdactonization

between AA4 and AA3
Protecting groups Thr(TBS), Ser(Bn) Thr(TBS), Ser(Bn)
BHA Evans auxiliary, Sulfur ylides
Norephedrine auxiliary,  Sharpless asymmetric epoxidatic

Mitsunobu based apporacl

(e]
NH
Kiho et al. Sarabia et al.
0 NH
Fragment A
HN “—OH
OH HO
. | o I
= N
OH O
NH

OH O HN
[¢) OH
\IV\ 07 NH °
(0] (0]
o) O/ \n/\NH
NH
Fragment B [¢]
o NH
° 2 { OB
., HN ‘—O0Bn
NH HO “—OBn
TBSO 2 { TBSO 5
(6]
Fragment C

Figure4-3: Simplified retrosynthetic appoach of Kih@® (blue) and Sarabfa (red) work to
Globomycin (1.156 27

Kiho et al. published activity results of GLEhaloguesin which theyshowed initially the
importance of the lipophilic side chain and its length, the need for a methylation of the

nitrogen on AAL, and the importance of the serine in 2084Besides this first SAR data,
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Vogeleyet al. presented the crystal structure of LspA in complex with Globomycin. This 3D
model offers a deeper understanding of molecularenaictions and allows for a structure
based optimization approach of Globomycin as a potential lead structure. It identifies LspA as
an aspartyl peptidase, with Asp124 and Aspl43 located in the catalytic center, which is
occupied by the serine of Globomy&h

4.2 Results and Discussion

The results of this work are divided into four sub chapters, focusing on the following main

aspects, with final antibacterial activity tests to conclude the work:

1. Examining the #nouse metabolomic library for a producer straamd natural
Globomycin analogues.

2. Determining physicochemical properties (ADME / MedChem) and addressing stability
problems early on.

3. Evaluating new structural elements and derivatives utilizing struebased drug
design and molecular docking experiments

4. Combining the advantages of the two known synthetic routes for an easier and more

robust synthetic procedure.

4.2.1 Molecular Networking and Producer Strain

To identify natural Globomycin producers in our strain collection, a revéasabase search
was perfemed, based on then/z value of the proton adducts and their retention time,
referencing tothe commercially availableslobomycin authentic standard Using this
approach, aproducer stain $treptomycesp. HAG010519Wwas identifiedin the in-house
metabolomic datéase of Fraunhoferby Dr. Maria Patrgsand it produced Globomycin,
SF1902Ac2 and Aain high titers Based on thexisting data of the pragcer strain together

we performed amolecular networkanalysigseeFigure4-4), which revealed a larger group

28|, Vogelegt al. Science2016 351(6275), 876380.
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of derivatives (marked in bluencompassinghe congenersSF1902 A2- A5 reported in

literature (marked in redFigure4-4) and new ones (marked in green).

668.385
672.418

670.388

628.393

Figure4-4: Molecular Networkng Clusterof the Globomycinfamily of structural related
compounds.Highlightel in yellow is therecursor ion corresponding tGlobomycin 1.1), in
red literature known compounds SP02 A2- A5 and in green novel found congeners that
have a similar structure to the known ones. Shown in blue are structural derivatives.

In the folbwing, congenersrefer to compounds with the highest structural similarity to
Globomycin and the literature known 8802 A2- A5, whereas derivatives differ in a greater
structural way from the mother compounde.g, containing different amino aciddn the
extract we found 20 new congeners based on the molecular network (nodes in green) and
specific searches. For that wleducedstructures,derivedof Globomycin and its congeners,
and searched specifically for thamthe chromatogram of the extradtor seven we propose

a structure based on theomparisonof their fragmentation pattern to that of Globomygin
shown inFigure4-5. These congeners differ only in thength of the lipophilic side chain and

the residue of AA.

The remaining nine compounds present in the molecular network (marked blue) are
derivatives with greater structural differences compared to GLM. For four of them we
proposal structures based orthe fragmentation pattern, mostly modifications of the

lipophilic side chain.
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compound AA2 n MF
Globomycin(1.1) allolle 5 Gs2H57N500
SF1902 A
SF1902 Aa allo-lle 3 GaoHs3Ns0e
SF1902 Ap Val 4 GaoHs3Ns0e
o | SF1902As Val 5 CGuHssNsOo
M}/ AA-1 SF1902 Ap (allo)-lle 4 Ca1Hs5N500
AA_;)TO © o wH SF1902 Ax allolle 6  GaHsoNsOo
NH o) R Aas SF1902 Aa lle 6 Ga3HsoNsOe
o NH or Leu 6
A ~<l”—OH SF1902 Ac
AR HO b s SF1902 Ap Val 7 CuHsoNsOs
SF1902 A allo-lle 7 Ga4Hs1N500
SF1902 Aa Val 3 GogHs1N500
SF1902 Ab (allo)-lle 2 CGooHs1N5009
SF1902 Aa (allo)-lle 1 CGasHagN500
SF1902 A Val 1 G7Ha7NsOo

Figure4-5: Structure of Globomycin (1), its natural occurring congenerand the novel
found isomers (marked in blue Proposed structures are based on the comparison of their
fragmentation patterrnto that of GLM. The stereogenic centers are based on GLM and needs
to be confirmed by NMR or crystallography.

For the remaining @mpounds either the intensity was too low for fragmentationibwas
overlapping with other fragmentation patterns. Detailed MS/MS data and chromatograms
can be found in the Supporting Informatidrb.1, as well as a detailed strustl overview of

all congenersHKigure SI-1, Figure S1-2).

Our proposed structures are based on tt@mparisonof the fragmentation pattern of new
molecules to that of GLM. The specificity of the fragmentation pattern and the distinct
fragmentationorder of GlobomycinKigure SI-3) allows for areliable structural assignment
and regiochemical interpretation of the new compoun8ce all derivatives and congeger
are very lilkely synthesized by the same N&bosomal Peptide Synthase (NRPS) gene cluster,
it can beassumel that the stereochemistry is conserved. Howeméis hypothesis needs to
be confirmed by structure elucidatiowia NMR or crystallographyin the end, such an

approach provides access to naturally occurring GLM analogues.
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4.2.2 Early ADME tests on Globomycin

Globomycin 1.1) was reported as a Gramegative antibiotic with a minimal inhibitory
concentration (MIGyalue of 6.25 pg/mL fdE. coliISANK 7056% In cooperation with Sanofi
we determined MICvalues of 8 and -86 ug/mL forthe E. colistrains ATC@35218 and
ATC@5922, respectively. Ouragly ADME tests as well as a physicochemical evaluation of
Globomycinindicate it to be a promisingntibacterial lead structure. Overall, the natural
compound shows drug like properties based on itsDogalue (pH 7.4: 3.95), its solubility of
0.215 mg/mL(phosphate buffer at pH 7.4and its moderate CYP3A4 inhibitiois low
permeability (in CaG2 model of intestinal resorptiontan beneglectedfor anintravenous
application.t has a high chemical stability (100%, phosphate buffer pH 74 a8225°C) and

is stable in simulated gastric, intestinal fluidend in human plasmaTlhe only liability
observed from these early in vitro eADME studies is a high metdabliity in human, mouse,
and rat liver microsomeswhich needs to be addressed for future derivativélhe main
metabolitewe found in thein vitro metabolism study of human liver micrases indicates a
cleavage between A8 and AA4 (Ser and Thr) by amide hydrolysis. Two more metabolites

were determined to be hydroxylated at AIA(N-Me-Leu) and the lipophilic sidghain.

4.2.3 Structure Based Drug Desig8BDD) and Molecular Docking

To addresshe liability of the natural substrate based on the metabolites found in the eADME
test, the focus was put on AAand AA3 as well as the lipophilic side chakigure4-6 shows
Globomycin in complex with LspA (PDB: 5DIR). Favorable hydrogen bonds (yellow) are formed
between the hydroxyl group of serine and A and Aspl143, the catalytic dyad, as well as

from various carbonyl groups to Alg 6 and Asi12.

22Y, Xiao, K. Gerth, R. Muller, D. Walfitimicrob.Agents ChemotheR012 56, 20142021.
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Figure4-6: Globomycin(in orange)in complex with LspA (PDBDIR. Favorable hydrogen
bonds are depicted in yellaw

To conserve the residues A$p4 and An143 of the catalytic center and maintain the
interactions between it and serine, we focused on introducing favorable interactions to
Asn54. Therefore, we introduced hydroxyprolines in the place ofal@threonine of GLM
further representing also a&omplement to the large number of so far described GLM
analogueg* 25 The assumption was, thatlditionalhydrogen bondsouldbe formed and the
pocketcouldbe filled out in a better way, due to the steric room of the fimembered ring.

To test the optimal paton of the hydroxyl group, we exploited- and 4hydroxyproline.
Knowing the importance of the lipophilic side chain and the structure of the enzyme, our idea
wastoutilizePhe@ @ F2NJ I NBYF GA O Ay SN} GtackiryyDarhg thel,JS OA F )
docking process the most promising derivatives were chosen, based on synthetic availability
and docking scores, as presentedlable4-2. Graphic results of the molelar docking can

be found in more detail in the Supporting Informatiérb.2
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Table4-2: Results of molecular dockgnand SBDD.

structure Docking
Score

[kcal/mol]

| £99.833
/\/\/\/'\H/N

| £104.244
/\/\/\/'\H/N
(e}
(@] NH

| £107.569
/\/\/\/'\H/N
_ O?J%/\

L A8R 2y GKS R201Ay3

OTG

1.

%
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o
4

e
Ykﬁ
{_OH

Docking
Score

[kcal/mol]

£108.369

£104.718

51 2etlisshawh inEakfets-2 ihdBate ak Y 2

higher activity than Globomycirfior all derivatives. To study the effect of structural

modifications, we only implemented one change for the derivatite® and 1.3. The

allo-threonine was exchanged to-Hyp and 3Hyp, respectively, whereas the length of the

lipophilic side chain was geidentical to GLM. Based on the docking scores, thiy@residue

of 1.30 b ™ skaaldml) has a@yreatereffect than the 4Hyp residue ol.26 & m skealdnol).

This is also the case for the comparisod dfand 1.5, both containing an aromatic side dha

but different hydroxyprolines, where the docking score is again higher for thtyp3

derivativel.4. In order b examine the replacement of the alkyl residue, we introduced an

18
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ethanephenyl substituent as an aromatic linker to study the effect of ameatic moiety.
Based on the results of the molecular docking, this length seems to be ideal to position the
phenyl close enough to Pledp ¥ 2 NJ F I @h2yNi SSikdbSparingdryippuhdsl.2 and

1.5, which only differ in the type of linker, they show #am docking scores in the range of
104 kcal/mol, suggesting that the effect of the side chain on the affinity is low. This is
confirmedby comparing the docking scores of derivatives with longer chains, which vary only
marginally. Detailed pictures of ¢hmolecular docking of the four chosen structures can be

found in the Supporting Informatior#(5.2.

4.2.4 Synthesis

Based on the aforementioned findings, a total syntbebute was favored for the four target
compoundsin cooperation with Evotec, we planned our synthesis adopting the advantages
of SPPS of Saral@hal. and the preparation of the lipophilic side chain based on ®itvork.
Thedifferencesand similarities of both synthetic strategies are summarizetable4-1 and

were discussed in sectiof.l. Figure4-7 exemplifies on Globomycin the retrosynthetic
approach of Kiho (blue), Sarabia (red) and the newly developed one in greefitsDtires
adopting themacrolactonization procedure of Saratgtal. resulted in very poor yieldso

we switched oufocus on macrolactamization to close the ring instebalavoid unnecessary
depratection stepswe implemented auniversal protecting ipup for the hydroxyl functions

of amino acid building blocksimplifying the overall synthesis. Sirmgr first trial of usingBu
failed due to deprotection issuewe chooselBSasthe universal protecting group for further
synthesis.Thisnew synthett approach combines the advantages of bothréitare known
strategies in one easy and fast procedure, simplifying it further by using only one instead of

two different protecting groups for the hydroxyl functions of the amino acids.
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Sarabia et al.

Fragment A \
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N
OTOH M new approach
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o
Fragment C W\

K|hoe%
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H

Figure4-7: Simplified retrosynthetic appoach of Kihos (blue) and Sarabias (red) work, as
well as the newly developed retrosynthetic approach (green), exemplified on Globomycin

The generalize&heme4-1 gives an overviewf the newly developed route. Our strategy

can be segmented into six parts: (1) Esterification of the &iltno acid to the resin; (2)
coupling of amino acids and Fmdeprotection; (3) connecting thie-hydroxy acid (BHA); (4)
attaching protected glycine and deprotection; (5) cleavage from the resin; (6) ring cloaure
macrolactamization and final deproteoh of the hydroxyl groups. Disregarding the Fmoc
deprotection steps, six of nine steps are carried out on solid support, making it an easy and

especially fast procedure, avoiding multiple purifications of intermediates.
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Sheme4-1: Generalized synthesis of Globomycin and derivativiiscan be divided in six
parts. Qver 60% of the steps are carried out on solid support, eliminating purifications for
intermediates allowing foa fast and easy procedure

For the overall synthesis the required building blocks, consisting epid®&ted 3 and 4
hydroxyproline and theO K 2 & $wfiroxy acids, needed to be prepared beforehand.
Preparing the BHAs we tried using the Evans asasdlhie Norephedrine auxiliary based on
the procedures by Kiho et #l.Due to unexpected problems during the hydrolysis of the
Evansaldol product, we chose theorephedrine route, aslepicted inScheme4-2. For the
aldol addition this method offered high diastereoselectivity of 93:7 and 96:4 fonihlkyl
(1.6) and the arom#c linker (L.7), respectively. Howevethe yields of both compounds over
the aldol addition and hydrolysis varied greatly. For tkadkyl linker £.8) a yield of 93% was
achieved. The aromatic linket.9) was obtained in just 34% over the same stegpeEially
the hydrolysis with just 42% compared to the quantitative conversion of the alkyl linker
affects the overalyield.Part of that could be attributed to the purificationa crystallization,
which was not optimized furtheAfter hydrolysis of thanti-aldol product the norephedrine

auxiliarywas recovered in yields of ©89%
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Schemesd-2: Synthesis of lipophilic side chasiibased on norephedrine auxiliary.

For the hydroxyproline derivatives, the Fmand TBS$rotected amino acid building blocks
were synthesized as shown #theme4-3 following standard literature procedes® The
synthesis was done once in &é8@ scale for both building blocks and furnished the desired
products in moderate to high yields over both steps. Synthesis of both, Famoc TBS
protected 4Hyp (.11) could be performedvith yields of 90%, wheredke protected 3Hyp

(1.12) building block could be obtained only with a yield of 62% over both steps. This could
be attributed to steric hindrance due to the proximity of the hydroxy group to the COOH

group and the formation of an intramolecular hydrogeond.

OH OH OTBS
N Fmoc-OSu, > R
oH THF :NaHCOj; (aq) OH TBSOTf,oDIPEA,l OH
H rt, 20h l}l DCM, 0 °C, 90min l}l
o o (0]
Fmoc 62% over both steps Fmoc
1.13 1.12
HO, HO, TBSO,
- Fmoc-OSu, i ..
oH THF :NaHCO; (aq) OH ;iﬁﬂo‘l(’)f;glF;I;A,l oH
H rt, 20h 'I‘ s , 90min l}l
o Fmoc 0 Fmoc 0

90% over both steps
1.14 1.1

Schemed-3: Fmoc and TBSprotection of 3- and 4hydroxypronline building blocks.

S0A. Agarkov, S. J. Greenfield, T. Ohishi, S. E. Collibee, S. R. Gilbe@spnChen2004 69 (23), 8078085
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The2-Chlorotrityl chloridg2-CTC) resin was chosen becausiesdiyper-acidlability for SPPS.
Esterification of the resin with the first amino acid followed standard procedures and the
loading was determined by UV/V#Bsorption for each prepared res# Since the samples
needed to be driedh vacuofirst and were then stored uret argon overnight, the determined
loading of the resircould havebeen a source of error for following calculations. In the
presence othe Fmoeprotecting groupamino acidsand short peptidedound tothe 2-CTC
resin are very prone to cleavageBased on the loading of the purchasedCZC resin, the
yield was 31% for the 4Hyp variant 1.15) and 23% for the -Blyp variant 1.16). Those are
very bw yields for a standard procedurehich isusuallyknown for high yields. Besides an
incorrect determination of the loading, steric hindrance of the -pB8ected hydroxyproline
could have beera factorfor it. This would explain the even lower yieldtbé 3-Hyp resin
where the bulky TBfrotecting group is positioned closer to the resin compared with the 4
Hyp derivative. Following coupling steps based on the estimiai@ding were successful, so

our calculated load seemed appropriate.

The synthesisf 1.2and 1.5is depicted inSchemed-4. The peptide chain df.2and1.5are
identical, allowing for a split approach for the synthesis. Based on the determined lazding
53, the overall yieldfor a total of nine steps, naotakingthe Fmoedeprotection steps into
account, forl.2is 14% andor 1.5it is 13%. The coupling of the first three amino acids was
achieved with 84%. The following three steps were carried owtadia support in the same
vessel to avoid losing too much material during a transieerefore, we did not determine

the yields of those intermediates. Ring closure was directly performed after cleavage of the
cyclization precursor from the resin. Theofected derivatives were only prepurified by

column chromatographipefore the final deprotection step.

31w. Chan, P. White, Fmoc Solid Phase Peptide Synthesis Practical Approach, Oxford University Press, Oxford,
1999
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a. 1) Fmoc-L-Ser(TBS)-OH,
HATU, DIPEA, DMF
2) Piperidine/DMF (2:8)

b. 1) Fmoc-L-allo-lle-OH,
o HATU, DIPEA, DMF
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Schemed-4: Synthesis ofl..2and 1.5. Over 60% of theynthetic steps werearried outon solid supportForl.2an overall yield of 14% an
for 1.513% was achievedhe ring closure, as one of the final steps, is the macrolactamizatgiyonie andd-hydroxyproline. All reaction:
were carried out at room temperature, detailed conditioren befound in the experimental paré(4.2.
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Schemed-5: Synthesis of1.3and 1.4. Over 60% of theynthetic steps werearried outon solid supportForl.3an overall yield of 10% an
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For the derivatived.3 and 1.4 (see Scheme4-5) the overall yieldoverall steps is 10% and
17%, respectively. The SPPS of the first three amino acids anddematection is slightly
lower with just 69%. The following six steps with yields of 14% and 24ébrugarablewith

the ones froml.2and 1.5with 17% and 16% over thame steps. Estimations based on the
prepurified protected derivatives range from 29% to 51% for the deprotection step itself.
Considering those, the TBS deprotection and final purification needs to be optimized for
further derivatives. Additionally the ddermined loading of the attachment of the
hydroxyprolines to the resin needs to be considered. The sensitivity of the aminoeaaid
bond as long as the Fmageoup is attached and its storage overnight could have led to an
error-prone load, which in turraffects the calculation of the overall yielduring the initial
synthesis we focused on the timely delivery of a variety of Globomycin derivatives to establish

a SARTherefore the yields and synthesis processes were not optimized at this stage

4.2.5 Antibaderial Activity

Globomycin and the synthetic derivativé2, 1.3, 1.4and 1.5were tested against a panel of
Gramnegative bacteriaH. colit @ I S NHzPheynodidgand A. baumannji as well as
Grampositive §. aureusand a surrogate d¥l. tubercuosis(i.e., M. smegmati¥ (Talde 4-3).

Besides the activity fdd ® 1Gi2/@/p kK KA OK g & LIS NF{2NM SERI A0y ¢
| 2 8y StIKysR (1S 12V KBNNB SHFIANK & LIS NF 2 NI S RE NJ G L yuakiSA (@i
G Nl NFSN GSEFYO D . &8 RQUSEIKGMSF I XKPERIVIRE NS O3
inactive, 3264 pg/mL are weakly active; 6 pg/mL are moderately active avl§ pg/mL are

highly active.
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Talle 4-3: Antimicrobial activity of Globomycin (1) and derivatives.

I
\/\/H‘/Nf/ compounds R R R

o 1.2 nbutyl H OH
W\ 1.3 n-butyy OH H
1.4 Ph OH H
Rz%\ { 15 Ph H OH
LN —OH
R® o)
MIC [ug/mL]
Globomycin 1.2 1.3 1.4 15
E. coliATCC 2592at 16 >128 16-32 64 >128
E. coliATCC 2592%toIC 0.5 1 0.5 1 2
E. coliATCC 25922 MHC 8-16 16 2 8 32
E. colATCQ@5922khidE 0.5 4 1 4 8
P. aeruginos®A01 >64 >64 >64 >64 >64
P. aeruginos®A0750 64 64 64-32 >64 >64
K. pnemoniaeATCC 30104 64 >64 >64 >64 >64
A. baunanniiATCC 19606 >64 >64 >64 >64 >64
S. aureuATCC 33592 >64 >64 >64 >64 >64
M. smegmatiATC®&07 >64 >64 >64 >64 >64
Docking Score [kcal/mol] £99.833 £104.244 £107.569 £108.369 £104.718

Against all other bacteria except coliall compoundsi.1 ¢ 1.5) were either not active or

barely active. The derivativds3 and 1.4, as well as Globomycif)(showed activity against

all testedE.colistrains.C2(INES g A OB !0®/(IS wphphao2ve @kttt GKS
Y2ad | OGAGS 02 Y LKE S NPT LINRSE SARy B0 R DAAIR Kizy R &

af AIKGKE @0 MAGEMR N E & LIZNR{ MBFESARBRBHNA oySERO (I ® O f &
al/ (KSgIDNAYMIRDKSGHNI &2 Y LI NBR (G2 GKS adl yRI NJF
SE6SILIDt 26 2 Y& OAMAYBOKA2UGEASTTF (1 KS KA KSE § LILOKKSHEO (FedNJ |
G NRAFYyGE gKSNB [Hiffa REBEBR 155RT yEORTIAKEINAIR &G A A G A Sa
KIgAy3a GKS 06Sail MRRIXRER LINRI (hepeSS R SoaisB 0 1S
FYR GKS al/ YSRAdzY FFFSO0 GKS (a2 NEHSAt rFe DI R X
Aa f20F0SR Ay GKS FKgueSINIPYSEKENKYSKENI 1 RSAOS{ A
2F KKKBONRI yi | yR GEKSYNBIR (@ NOKISG By SNI | Ol A DA
G8LIS AYRAOFGS GKFG | LISNXSI oA f2ATF0 &iPKEENENGAL | SyYh Y |
GKSNB Fff RSNAGIIAGBSAa I NBE KAIKEe& I OUAYSE O2Y

u»
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O2YL}RdzyRa I NB | OGA @GSt e { RISYOKUANIESR d2 dei® oAy i K
AK2gSR (KS 0SawadNB@dMiia O3 dyapdl 53 K2 6SR
Y2RSNI 4GS (2 KAIK IkQRONAE By HaEeRNE K 2 oKiBEK S >

R
RSNA (oS B3 GKS Y2ald OGGRASBNBYINE LSy AyyEd Ff 8:
NHzOG dzZNB F2NJ FdzNIKSNJ 2LIGAYAT A2y ®

A

¢CKG2YLI NRA2Y 2F GKS I O0GA QDA (&l NENRI¥R al iR &S
2T RSN QI G Niggower dodkind d2odied BRarfdS5p~-b mnan { OF f k Y2 0 |y
ones forl1.3 and 1.4 (~ 5108 kcal/mol) corresponded to the determined activities. As
predicted by docking, the-Blyp derivatived.3 and 1.4 showed higher activity as theHyp

ones (.2and1.5). The docking scores predicted only a marginal effect of the aromatic residue

on the activity, comparindlL.3to 1.4and 1.2to 1.5. The results showed a slight decrease of

the activity for the phenyl moiety, comparing compounds3 (16-32 pg/mb to 1.4
(64 pug/mL) The hypothesis of favorable interactions of P¥eto the aromatic residueyaR- ~
" -stacking therefor did not work out. This shows the limitation of compii@sed methods

and that the results are an estimation and testing the compoundsdispensable

4.3 Summary and Outlook

With just 17 antibiotics approved between 200@018and the development of mulidrug
resistance, the need for novel antibiotics is more pressing than ever. Natural products offer
an abundant diversity of active compounds. Thayd structuresderived from them make

up over 80% of marketed antibiotiééBesides the strategy to find novel natural products,
exploiting underdevelopedubstance®f the past and using their potential for optimization

is another approach. Globomycinl.{, GLN), first reported in 1978%° is such an
underdeveloped substancand presents a very attractive lead structure to develop further
based on the following attributes: i) its Gramegative activity; ii) its structural setup which
allows for modification and iii) its unique target LspA, whicbxiglusivelyfound in bactera

and has not been exploited by other antibiotics yet. Additionally, the crystal structure of GLM

in complex with LspA allows for a computided approach? like structurebased drug
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design (SBDDThe high potential became apparent 2020when Garlandet al. published
their work about the optimization of Globomycin analogigh a variety of newlydeveloped,

synthesized antested structures?®

In search of new natural congenass Globomycirfor SAR expansionve were able to find

an inhouse producer strairStreptomycesp.HAG01051p Using molecular networking and
specific searches, wieund a total of 29 structures related to Globomycin. For seven of 20
found new congeners and for four of nine newly found derivativesproposed a structure.
However, it turned out that all in this wadentified derivatives were meanwhile described in

patent literature 24

Our early on approach of physiochemical tests to explore possible weagdise stability

and toxicity, is indispensable to address possible complications of future drugs as early as
possible and to put the focus of the optimization process on where it is needed most. Early
ADME tests revealed promising drlike properties,but a high metabolic liability of the
natural substrate 1.1). Theamide bond cleavage between Afand AA4 (Ser and Thras a

major metabolic pathwaywas identified. We used the published structeaetivity
relationship (SAR) of GLSBDD and molecular docking to evaluate the binding pocket and
to develop new analogues. To address the high liability we exchanged the naliaral
threoninefor hydroxyprolines, based on the assumption that the steric demand would slow
down the amide hydrolysis between it and serine. This structural motif was also chosen based
on a possible new hydrogen bond to Ashand filling out the pocket in the catalytcavity

more due to the sterically demanding fimeembered ringFigured-6, Supporting Information
4.5.2. To investigate the effect of the lipophilic side chain, we introduced an aromatic residue
for more favorable interactions, possible to P5@ Figured-6, Supporting Informatiod.5.2).

The docking scores ftine four chosen compounds all ranged higher than the one from GLM.

Thesuccessful, newly devgded synthetic route combines thedvantagesf the literature
known ones’®27 and improving it further with the use of only one protecting group (TBS)
instead of the different ones used before (TBS and Bn) and less synthetiowteal It offers

a high stereoseleatity for the synthesis of the fatty acid side chain, based on the
norephedrine auxiliary, with dr of 93:7 and 96:4 for the-alkyl (L.6) and the aromatic linker
(1.7), respectively. The synthesis of the protected amino acid building blocks is perfarmed i

just two steps with yields of 62% and 90% feyp (.11) and 3Hyp (.12), respectively,
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allowing for an easy procedure to introduce more exotic amino acids. The first step, the
attachment of the protected hydroxyprolines to the chose@Z2C resin, wast as successful

as we expected. With yields of only 23% for 8iklyp variant 1.16) and 31% fothe 4-Hyp
variant (L.15) and problems during the determination of the loading due to the sensitivity of
the amino acigresinbond, this step needs to be ophized for future syntheses. Over 60% of
the synthetic stepsvere carried out on solid support, making it a fast and easy procedure
with the additional benefit of no need for the purification of intermediates. It implements a
successful macrolactamizatiapproach and gives moderate to good overall yields ef 1%

over just nine steps, not taking the Fmdeprotection steps into account. Our synthetic

approach offers a robust and easily modified mtd derivatives of Globomycin.

The four derivativesl(2 ¢ 1.5) only show noticeable activity against the testegolistrains

(Talde 4-3). Against the wild type, GLM..Q) shows the highest activity with 1&/mL,

followed by the 3Hyp derivativel.3 and 1.4 with 16-32 ug/mL and 64ug/mL, respectively.

The 4Hyp derivatived..2and1.5are not active. All derivatives show significant higher activity

for the media variatiowith MHC and th&K f RgRR I NA | yias adza3SadAiy3
LIN2OESY YR ty OGAGBS STFFtdzE YSOKIyAaY GKI
[ALN = GKS GFNBSGO 2F Df2062Y@0OAYy X Hgaredle®IHiBR A
I £ £ RS MASR NIPAEEF@NBOEA Yy RISIHEK Db 8 A ®8S KA IKSad + OGA
fAYyIMSIKd AFF yS3IFGAGS STFFSOmBAaW yRRDIHQAYREGKEKE (0
AYUSNY OlpAid2 yf a0 2K 2tLBSR T2 NI / 2YLI NR a2y 2F GKS | C
a02NBa akKz2g | 3F22R SaildAYlFdAz2y I yoRizil dralSarxay S
3dzl N} yGSS F2N | @satikgdsSndispangablg. dzy Ra | Y R

Our results consist with literature and confirm that the strategy to utilize underexplored

natural compounds is a highly promising way to new antibacterial drugs with novel mode of
actions The identifications of active natural compounds, literature known or from extracts,

paired with early on characterization of ADME parameters and physicochemical properties
allows to identify critical aspects for the optimization. These parametars then be

addressed for derivatives, aided by compubarsed methods, such as SBDD and molecular
docking to narrow down potential lead structurdhe herein reported hydroxyprolideased

GLM series represents a further diversification of the so far phbi SAR and the most

promising derivativel.3can be used as new starting point for a refined SBDD approach. The

30



presented synthetic route based on SPPS allows for a robust, fast and easy access to new

analogues

To improve our synthetic approach furthéhe attachment of the amino acid to the resin
needs to be optimized. First, it will need to be ascertained if it is the method itself that is
responsible for the low yields, if it is due to the steric hindrance of the protected
hydroxyprolines or the metbd to determine the loading of the resin. For the next circle of
optimization, our hypothesis that the steric demand of the fimembered ring of the
hydroxyprolines will slow down the amide hydrolysis between it and serine needs to be
verified by further ADME tests of the synthesized compounds. Tinetabolic lability in
human, mouse, and rat liver microsomes should be carried out for the derivatives, especially
for the most promising oné&.3. Comparison of the results to the ones of GLM will give insight
to the stability and possible new weak poingsrefined SAR, based on our results as well as
considering the findings reported by Garlagichl.?* for in-depth optimization of GLM, would
offer more insight into the binding of the substrate and key interactions for future
derivatization. A new circle of SBDD to find even better candidates would be followed by the

synthesis and activity testing
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4.4 Experimental

4.4.1 Molecular Networking analysi®

The UHPLGTOFMS/MS data of the Globomycin producer strain crude extracts were
analyzed using molecular networking to allow the variable dereplication of known and
unknownmetabolites. First, the raw data (.d files) were converted to plain text files (.mgf)
containing MS/MS peak lists using MSConvert (ProteoWizardpackage) wherein each parent
ion is represented by a list of fragment mass/intensity value pairs (peak pickindovMS

f S@St thieshab abJolute intensity, 1000, most intense). Molecular networking was
performed following the established protocols using a cosine similarity cutoff of 0.7.

| RRAGAZ2Y I ffeT A2ya YSSR | YAYyAppuzd0s5pwith ai A E & K
least one partneron to be included in the final networkn silicofragmented compounds of

a commercial database (AntiBase 2017) as well as éunuse reference compound MS/MS
database were included in the network as reference substanto narrow down the
molecular structure and to highlight compounds of interest. CytoScape was used to visualize
the data as a network consisting of nodes and edges, wherein each node represents a parent
ion. The edge width represents the cosine sintjascore between nodes (thick edges
indicate high similarity), and the size of the nodes the relative abundance of the ion in the

extract.

4.4.2 Proceduresfor the Globomycin Syntheses
General Procedures
Coupling of the amino acids and fatty ast

If not noted otherwise, all reactions were carried out in a custmunit solid phase peptide

synthesis vessel with a G2 filter and a diameter of 3, 4@n &t room tempeature. Argon

32 Special thanks to Maria Patras for performing the molecular network analysis and helping to identify and
elucidate the new structural assigremts of the related compounds.
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was used for agitation of the resin. 20% Piperidine in DMF and the cleavage cocktail were

freshly prepared on the day of use.

The Fmogrotected amino acid or fatty acid €juiv) and HATU (2éjuiv), dissolved in a
small amount of DMFRwvere added to the swelled resin €huiv) followed byDIPEA (@quiv)

and the resin was agitated for3.hours.

Each coupling step was monitored as described in the general method part for 4SS LC
sample preparation. Fmedeprotection was carried ougfter each coupling step was

completed,asindicated by L@/S result.
LGMS and HRVS sample preparation

The reaction progress of each coupling of the Fpiatected amino acids was monitored
using LEMS. For that a few beads of the resin were sampled2md. SPPS syringe, washed
once with DMF and then-2 times with DCM. The vessel was closed and 20% HFIP in DCM
was added (41.5mL), which changed the color of the beads from yeltmange to a dark red
which again faded over time. The mixture was shdkerl5-30 min and the filtrate was used

for LGMS measurement. For HRS measurement the filtrate was concentratiedvacuocand
dissolved in DMSO.

Fmocdeprotection3!

The mixture wadiltered and the remaining resin was washed five times with DMF. 20%
Piperidine in DMF (280 mL) was added. After agitation formin it was filtrated, rinsed
with DMF and the process was repeated four more times. Then the resnvwashed with
DMF three times.

Cleavage from the resii

To the washed resin, 20% HFIP in DCM was added, coloring the mixture a dark red. The resin
was agitatedfor 10-30 min after which the supernatant was drained and the process was
repeated three more times. The combined filtrates were reduced under pressure and then

dried further using lyophilization.
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Preparation of (&39-1-(((OHfluoren-9-yl)methoxy)carboryl)-3-hydroxypyrrolidine-2-

carboxylic acid 1.13)3°

oH Trans3-Hydroxyproline (6.1@,46.5mmol) was dissolved in THF and saturated,
Q\WO“ aqueous NaHCGolution (1:1; 120nL). Fmo®©OSu (17.29¢, 51.20mmol) was
Il'moc o

13 added and the formed whiterange suspension was stirred at room
temperature for 20h. The reaction progress was monitored by TLC.niikeure was diluted

with water and the pH was adjusted to pt9 using saturated, agueous NaH{30lution. The
aqueous phase was washed three times with diethyl ether, before its pH was adjusted to
pH=1 using I HCI. The acidic aqueous phase was exécthree times with ethyl acetate.

The combinedorganic layers were washed once with brine, dried over MgS(d
concentratedin vacuo The crude product.13(22.59g) was directly used in the next step,
without purification. R(PE:EA; 2:50.53.The NMIR datagiven is a mixture of two rotamers

and corresponds tditerature.3°

'H-NMR (DMSGds, 400a | T @ [ppm] = 7.947.86 (m, 2H, Barom FMoC), 7.747.61 (M,2H,
(Harom Fmoc), 7.467.28 (m, 4H, Barom FmMoc), 4.48.99 (m, 5HH-2, H-3, G+ Fmoc, E
Fmoc), 3.5B8.44 (m, 2HH-5), 1.981.77 (m, 2HH-4).

13GNMR (DMSGds, 100a | 1 @ ppm] = 172.1, 171.80DOH), 154.2, 154.000 Fmoc),
143.80, 143.78, 143.72, 346, 140.7, 140.6Q4uar Fmoc), 127.7, 127.1, 125.22, 125.18,
125.1, 120.15, 120.18Khom FMoc), 73.9, 72.652), 68.2, 67.9G:3), 67.0, 66.7qQH: Fmoc),
46.61, 46.58QH Fmoc), 44.9, 44.3%5 ), 32.3, 31.3G4).

l RRAGAZ2Y I  F@ody=R2.86 0 \8I3T (EBCE.55, 3.34 (bs,4), 2.59, 1.98
09! 0UX w~Md&EppmM]=6P7(EAYP !

UHRMS (ESTOF)M/z cald for GoHboNOs: 354.1336 [M+H] found: 354.1335 [M+H]

Specific rotationc £"& +16.3°(¢ 1.23, CKOH)
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Preparation of (2539-1-(((9H-fluoren-9-yl)ymethoxy)carbonyl)3-((tert-
butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid 1.12)%®

Sms Underargon atmosphereamino acidl.13(10.0g, 28.3mmol) was dissolved in

Q\WOH anhyd. DCM (6061L) and cooled to C. DIPEA (19r0L, 109mmol), followed

FT:Z ° by TBSOTf (22r0L, 95.8nmol) were added at 0C and stirreddr 90min. The
reaction was quenched by the addition of methanol and saturated, aqueou€INddlution
and diluted with diethyl ether. The layers were separated and the aqueous phase was
extracted twice with diethyl ether. The combined organic layers weashed once with
brine, dried over MgSfand concentratedin vacuo The orange syrup was dissolved in
methanol (350mL), saturated, aqueous NaH£6plution (125mL) and water (68nL).
Potassium carbonate (0.@8 4.6mmol) was added and it was stirred aom temperature
for 4days. It was diluted with diethyl ether and washed once with 10% citric acid (w/v). The
agueous phase was washed three times with diethyl ether and the combined organic layers
were washed once with brine, dried over MgSDd concentated in vacuo Purification of
the crude by chromatography (silica, PE:EA,-B01)} yieldedl.12as a colorless, foamy solid
(8.24g, 17.6mmol, 62%). RPE:EA; 2:50.3. The NMR datgivenis a mixture of two

rotamers.

IH-NMR(CDG}, 400a | T 0 ¥ [ppm] =t7.807.66 (M, 2H, Barom FMoOC), 7.647.48 (m, 2H,
QHarom FmMoc), 7.4%.21 (M, 4H, Barom Fmoc), 4.64.08 (m, 5HH-2, H-3, G+ Fmoc, ©
Fmoc), 3.78.60 (m, 2HH-5), 2.131.77 (m, 2HH-4), 0.920.85 (m, 9H, B; TBS), 0.18.05
(m, 6H, SO TBS).

13GNMR(CDG}, 100a | T @&[ppm] = 175.7, 174.2000H), 156.2, 154.€0 Fmoc), 144.1,
144.0, 143.9, 141.4C{uar Fmoc), 127.9, 127.7, 127.2, 127.1, 125.25, 125.21, 125.1, 125.0,
124.9, 120.1, 120.00Harom FMoC), 76.1, 74.533), 68.7, 68.2G¢2), 68.1, 67.7 ¢H Fmoc),

47.3 CHFmoc), 45.2, 45.1G(5), 33.8, 32.9G4), 25.8, OHs TBS), 18.1uart TBS);4.76,-4.81
(SiCHs TBS).

Il RRAGAZ2Y L FRLAYYR dAcipAmit--H6OBNEA) 14.3 (EA).

UHRMS (ESTOF)M/z calcd forGeHsaNGsSi: 468.2201 [M+H]found: 468.2204 [M+H]

Specific rotation "'& -50.7°(c= 1.34, CHG)

35



Preparation of (&Z4R)-1-(((9Hfluoren-9-yl)methoxy)carbonyB4-hydroxypyrrolidine-2-
carboxylic acid1.14)

HO, Trans4-Hydroxyproline (8.0¢, 61.0mmol) was dissolved in THF and
Q\WOH saturated, aqueous NaHGGolution (1:1; 280nL). Fmo€Su (22.6%9,
|

Fmoc 0

114 67.14mmol) wasadded and the formed white suspension was stirred at room
temperature for 20h. Thereaction progress was monitored by TLC. The mixture was diluted
with water and the pH was adjusted to pt9 using saturated, agueous NaH{30lution. The
aqueous phase was washed three times with diethyl ether, before its pH was adjusted to
pH=1 using v HCI. The acidic agueous phase was extracted three times with ethyl acetate.
The combinedorganic layers were washed once with brine, dried over MgS(d
concentratedin vacuo The crude product.14(22.64g) was directly used in the next step,
without further purification. R(PE:EA; 2:50.45. The NMR datgivenis a mixture of two

rotamers.

IH-NMR (DMSQds, 400a | 1 &[ppmi = 7.937.87 (m, 2H, Barom FMocC), 7.767.64 (M, 2H,
(Harom FMoc), 7.477.28 (m, 4H, Barom FMoc), 4.461.12 (m, 5SHH-2, H4, G4 Fmoc, El
Fmoc), 3.56.43 (m, 2H, ¥b), 2.332.11 (m, 1HH-3 a), 2.07#1.89 (m, 1HH-3 b).

13GNMR (DMSGds, 100a | T @ ppm] = 174.0, 173.5Q00H), 154.2, 154.10D Fmoc),
143.7, 143.6, 140.72, 140.70, 140.62, 140.6Qa¢ Fmoc), 127.73127.69, 127.2, 127.1,
125.30, 125.26, 125.13, 125.10, 120.13, 120CH¢m Fmoc), 68.5, 67.8%4), 67.1, 66.6QH:
Fmoc), 57.8, 57.852), 55.0, 54.5@5), 46.6, 46.5@H Fmoc), 39.0*%, 38.0%3).

| RRAGAZ2Y I (FdbudyE R1733M36 @), @ T 1jppm] & b |

UHRMS (ESTOF)M/z calcd forGoH20NGs: 354.1336 [M+H] found: 354.1338 [M+Hi]

Specific rotation® £"& +36.1°(c 1.55, CHOH)

Preparation of (Z4R)-1-(((9H-fluoren-9-yl) methoxy)carbonyh4-((tert-butyldimethylsilyl)-
oxy)pyrrolidine-2-carboxylic acid 1.11)

1880, Under argon atmosphereamino acidl.14 (61.0mmol) was dissolved in
' on anhyd. DCM (80GmL) and cooled to 6C. DIPEA (48tL, 276mmol),
N
Fmoc O followed by TBSOTTf (46r8L, 20d1mmol) were added at OC and stirred for

1.1
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90min. The reaction was quenched by the addition of methanol and saturated, aqueous
NH:CI solution and diluted with diethyl ether. The layers were separated and the aqueous
phase was extrdaed twice with diethyl ether. The combined organic layers were washed once
with brine, dried over MgS£{and concentratedn vacuo The orange syrup was dissolved in
methanol (750mL), saturated, aqueous NaH£E€blution (250mL) and water (13€nL).
Potassim carbonate (1.2%, 9.04mmol) was added and it was stirred at room temperature
for 3days. It was diluted with diethyl ether and washed once with 10% citric acid (w/v). The
agueous phase was washed three times with diethyl ether and the combined olggars

were washed once with brine, dried over MgSDd concentratedn vacuo Purification of

the crude by chromatography (silica, 5 to 50% EA in PE) yiéldédas a colorless, foamy
solid (25.563, 54.66mmol, 90%). RPE:EA; 1:50.24.The NMR dat given is a mixture of

two rotamers and corresponds to literatuf@.

IH-NMR(CDG}, 400a | T 0 ¥ [ppm] =t7.807.69 (M, 2H, Barom FMoc), 7.647.51 (m, 2H,
QHarom FMoC), 7.447.24 (M, 4H, Barom Fmoc), 4.5%.16 (m, 5HH-2, H-4, Gk Fmoc, @
Fmoc), 3.678.42(m, 2H,H-5), 2.332.06 (m, 2HH-3), 0.920.84 (m, 9H, B; TBS), 0.1:D.04
(m, 6H, SO TBS).

13GNMR(CDGJ, 100a | T @& [¢pm] = 175.7 QOOH), 156.400 Fmoc), 144.2, 143.9, 143.8,
141.5, 141.4, Guat FMoC), 127.9, 127.8, 127.23, 127.18, 125.2, 1,2525.0, 120.1, 120.0,
(QHarom FMOC), 70.3, 69.7T44), 68.2, 67.7QH Fmoc), 58.3, 57.6({2), 55.3, 55.0,&5), 47.3,
47.2 CHFmoc), 40.1, 38.4%3), 25.8, CHz TBS), 18.1Guan TBS);4.65,-4.74 (SiCHs TBS).

| RRAGAZ2Y I FRldnYRE alA dp/ddm Yo 8/ av X n dappm]&E9! 0 X H
60.6 (EA), 14.4 (EA).

UHRMS (ESTOF)M/z calcd forCesHsaNOsSi: 468.2201 [M+H{]found: 468.2200 [M+H]

Specific rotationc 1"8--82.0°(c=1.03, CHG)
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Preparation of (R29-2-((N-benzyt2,4,6trimethylphenyl)sulfonamido}1-phenylpropyl
propionate (1.10)3

mes0;s. ~Bn (1R 29-N-BenzyN-(mesitylenesulfonyl)norephedrine (13.865 31.52mmol)
Oj)\ was dissolved in anhyd. DCM (20Q) and cooled to 0C. Pyridine (3.81L,
° 1_1:h 41 mmol) was slowly added and stirred forrbn. Propionythloride (3.0mL,
34 mml) was added dropwise at°@andthe reaction was stirred at room temperature for
18h. It was washed once each with watemnmHCl,sat. aqueousNaHC®and brine. Drying
over MgS@ concentratingin vacuoand purification by column chromatography (silica,
PE:EA, 4:1) yielded the productiOas white crystals (14.1¢, 29.50mmol, 94%). RPE:EA,

4:1)=0.52

IH-NMR(CDGJ, 400MHz):A 1 [ppm] = 7.287.23 (M, 2HHarom), 7.2£7.08 (M, 6HHarom), 6.87
6.82 (M, 2HHarom), 6.80 (S, 2Hskrom), 5.77 (d, 1H]= 4.0 Hz, B-Ph), 4.64 (d, 1Hl= 16.8 Hz,
CH.-Ph a), 4.53 (d, 1K= 16.8 Hz, B-Ph b), 3.97 (dq, 1H= 6.9, 4.0 Hz,KECH), 2.44 (s, 6H,
CHz Mes), 2.20 (s, 3HHEMes), 2.11 (dg, 1H= 17.2 Hz)= 7.7 Hz, B-CH a), 2.03 (dg, 1H,
J=17.3 Hz)= 7.6 Hz, B-CH b), 1.04 (d, 3HJ= 6.8 Hz, Cid@Hs), 0.94 (t, 3HJ= 7.4 Hz, GH
OHo).

13GNMR (CDG], 100a | T &Y¥ppm] =172.7 QO), 142.6 Guart Mes), 140.4 Guart Mes),
138.81 CGyuart Bn), 138.76 Qquart Ph), 133.5Qquart Mes), 132.3 (Harom Mes), 128.53, 128.50,
127.9,127.5, 127.2, 126 .@Harom), 78.1 CH-Ph), 56.9CH-CH), 48.3 (Ho-Ph), 27.6 (H,-CH),
23.1 (Hs Mes), 21.0(@Hs Mes), 12.9 (CHdts), 8.9 (CHCH).

| RRAGAZ2Y I \FeLAYYR8 acfpRmib-f dady 14

UHRMS (ESTOF)M/z calcd forGsHssNQ:S: 480.2203 [M+Et]found: 480.2201 [M+H]

Specific rotation® & +9.8°(¢ 2.05, CHG)

33T. InoueJ. Liu, D. C. Buske, A. AbikaQrgChem 2002, 67, 52566256.
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Preparation of (1R 29-2-((N-benzyt2,4,6trimethylphenyl)sulfonamido}1-phenylpropyl
(2R 3R)-3-hydroxy-2-methylnonanoate (.6)

meso;s. _8n  Under argon1.10 (10.01g, 20.87mmol) and triethylamine

N
/\/\/\:)\WO\I/‘\ (7.0mL, 50mmol) were dissolved in anhyd. DCM (180),
OH O Ph

stirred for 5min at room temperature and then cooled @8 °C.

* 1 mdicyclohexylboron triflate in anhyd. DCM (@, 42mmmol)
was added dropwise over a time of #8n. After the reaction was stirred for 2tbat -78°C
n-heptanal (5.2nL, 37mmol) was added dropwise and stirred for another hout7&°C. The
reaction was allowed to return to room temperature and was quenched by the addfion
pH7 buffer solution (100nL) and drogen peroxide (4nL, 35w%),it wasthen diluted with
Methanol (250mL). The reaction was stirred for BDconcentratedn vacucand the organic
and agqueous phases were separated. The agueous layer was extracted three times with DCM,
washed once with brine and was dried over.8@. Prepurification of 31% of the crude by
column chromatography (silica, PE:EA, 8:1) was followed by final purificatidifadby
chromatography (0% EA im-heptane). It yielded the unwanted syin6 stereoisomer as a
colorless syrup (15thg, 0.254mmol, overall yield calculated to be: 4%) and the desired-anti

1.6 stereoisomeras a colorless syrup (3.576.01mmol, overall yield calculated to be: 93%,

de=96:4). R(n-heptane:EA; 4:150.29.

IH-NMR(CDG, 400a | T & ppmi = 7.337.14 (M, 8HHarom),6.906.83 (M, 4HHarom), 5.83

(d, 1H,J= 4.3 Hz, BPh Aux), 4.76 (d, 185 16.5 Hz, B-Ph a Aux), 4.54 (d, 1Bt 16.5 Hz,
He-Ph b Aux), 4.12 (dq, 1= 4.9, 6.7 Hz,MECH; Aux), 3.663.58 (m, 1HH-3), 2.48 (s, 6H,

(Hz Mes), 2.47 (dgJ= 6.5, 7.2 Hz, 1H4-2), 2.28 (s, 3H,H5 Mes), 1.531.20 (m, 10H, CH

alkyl), 1.18 (d, 3Hl=, 7.0 Hz, GlaHs Aux), 1.13 (d, 3HI= 7.3 Hz, B:H QU S n Iy 68 0 G =
Hz, CEt9).

13GNMR(CDG], 100a | T @[¥pm]}=174.7Q0), 142.7 Guart Mes), 0.4 Cyuart Mes), 138.6
(Gyuart Bn), 138.3Guart Ph), 133.5Guart Mes), 132.2 Gurom Mes), 128.6, 128.5, 128.1, 127.8,
127.3, 126.1,Qarom), 78.3 (HPh Aux), 73.3%3), 56.9 (H-CH Aux), 48.4(H:-Ph Aux), 45.6
(G2), 34.6 CH alkyl), 31.9CH; alkyl), 29.4 CH; alkyl), 25.5 CH; alkyl), 23.1 CHs Mes), 22.7
(Ch alkyl), 21.0QHs Mes), 14.2 (Bs-H Q 0 = CHM9), ©36 (Ods Aux).

| RRAGAZ2Y | (JRELAYYRE &'A Fydfppanesia{ h 0 & |
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UHRMS (ESTOF)M/z calcd forGsHiNOsSNa: 616.306fM+Na]; found: 616.3062 [M+N4]

Specific rotation® £"& +35.2°(¢=1.42, CHG)

Preparation of (R 3R)-3-Hydroxy-2-methylnonanoic acid 1.8)

] The stereoisomeranti-1.6 (3.525g, 5.936mmol) was dissolved in a

/\/\/\g,h(o mixture of MeOHTHFHO (1:1:1; 105nL) and stirred for Bin until
18 the syrup was completely dissolved. LIOHO K1L.259, 30.00mmol)

was added ad it was stirred at room temperature for 20 LGMS indicated complete

conversion and the mixture was poured into water and extracted three times with DCM. The

combined organic phases were washed once with brine, dried over Mg&roncentrated

in vacug which vyielded the essentially pure auxiliary R@S-N-BenzyN-

(mesitylenesulfonyl)norephedrine) as a white solid (Z358.00mmol, >100%) no purification

needed. The aqueous layer was acidified usimHCI to pH= 1 and extracted three times

with diethyl ether. The combinedrganicphaseswere washed once with brine, dried over

MgSQ and concentratedn vacuo Acid1.8 was obtained as a slightly yellow oil (14,5

6.11mmol, >100%)no further purification necessary.

IH-NMR(CDG, 400a | T @[¢pm] = 3.743.66 (m, 1HH-3), 2.57 (dg, 1H]= 7.0, 6.9 HzA+
2), 1.631.27 (m, 10H, B alkyl), 1.25 (d, 3HI= 7.2 Hz, B-H Q0 = 1 Oy 7l Ha, &D). o | =

I3GNMR(CDG), 100a | 1 @[vpm] = 180.6Q0), 73.4G3), 45.2 G2), 34.78 (Haalkyl), 31.9
(CHaalkyl), 29.3QHpalkyl), 25.5CHalkyl), 22.7 Qb alkyl), 14.4CHeH QO = CHMA). O H 0

| RRAGAZ2Y L FoRLAyYRec[@pm]Zxy HE ay !
UHRMS (ESTOF)M/z calcd forCioH21N2Os: 189.1485 [M+H; found: 189.1484 [M+H]

Specific rotationc 1"8--20.2°(c=1.49, CHG)

Preparation of (R29-2-((N-benzyt2,4,6trimethylphenyl)sulfonamido)}1-phenylpropyl
(2R 3R)-3-hydroxy-2-methyl-5-phenylpentanoate (.7)

MSOZS\N/B" Under argonl.10(1.90g, 3.96mmol) and triethylamine (1318l,
: OYK 9.508mmol) were dissolved in anhyd. DCM (8Q), stirred for
OH O Ph

. 5min at room temperature and then cooled te/8°C. 1M
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dicyclohexylboron triflate in amyd. DCM (7.9nL, 7.9mmmol) was added dropwise over a
time of 45min. After the reaction was stirred for 2tbat-78°C. 3Phenylpropionaldehyde
(2.0mL, 7.5mmol) was added dropwise and stirred for another hourZ& °C. The reaction
was allowed to rairn to room temperature and was quenched by the addition pf/plbuffer
solution (20mL) and hydrogen peroxide (7L, 35w%) it wasthen diluted with Methanol
(50mL). The reaction was stirred for B3concentratedn vacuocand the organic and agqueous
phases were separated. The aqueous layer was extracted three times with DCM, washed once
with brine and was dried over N&Q. Prepurification of the crude by column
chromatography (silica, PE:EA, 5:1) was followed by final purificatida@stychromatogaphy
(0-20% EA im-heptane). It yielded the unwanted syh7 sterecisomer as a colorless syrup
(158mg, 0.258mmol, 7%) and the desired ariti7 stereocisomeras a colorless syrup (2.02
3.29mmol, 83%de=93:7). R(PE.EA; 5:50.21.

IH-NMR(CDG}, 400a | T &[gpmi = 7.317.15 (m, 13HkHarom),6.936.88 (M, 2HHarom), 6.86
(s,2H,Harom Mes), 5.88 (d, 1Hl= 4.4 Hz, B-Ph Aux), 4.72 (d, 1d= 16.5 Hz, B>-Ph a Aux),
4.53 (d, 1HJ= 16.5 Hz, B-Ph b Aux), 4.14 (dq, 18Iz 7.0, 4.3 Hz,KECH; Aux), 3.64 (ddd,
1H,J= 9.1, 6.5, 3.0 HH-3), 2.84 (ddd, 1Hl= 14.0, 9.3, 5.0 HE-5a), 2.66 (ddd, 1H)= 13.7,
9.5, 6.9 HzH-5b), 2.48 (s, 6H,H8 Mes), 2.47 (dqg, 1HI= 7.0, 7.0 HZ+2), 2.28 (s, 3H,16
Mes),1.77 (dddd, 1Hl= 13.5, 10.1, 6.98.3 HzH-4a), 1.70 (dddd, 1Hl= 13.9, 9.3, 4.7, 4.7
Hz,H-4b), 1.19 (d, 3H]= 7.0 Hz, Gld@Hs Aux), 1.14 (d, 3HI= 7.1 Hz, B-H Q0 ®

I3GNMR (CDG, 100a | 1 @& jppm] = 174.6 QO), 142.7 Guar Mes), 142.0 Guar), 140.3
(Gyuart Mes), 138.4 Guart Bn), 138.2 Guart Ph), 133.4 Guart Mes), 132.2 Garom Mes), 128.6,
128.51, 128.45, 128.1, 127.7, 127.3, 126.1, 126:@x{), 78.4 (H-Ph Aux), 72.53), 56.8
(CH-CH Aux), 48.3QH-Ph Aux), 45.642), 36.4 G4), 31.9 G5), 23.0 (Hs Mes), 2.0 O+
Mes), 14.2 (Bs-H QU X spfaxpp O/ |

l RRAGAZ2Y I f FeldyyRe & A Thydmioazy[pphdha 05, 2M2pB (EA) | O @
UHRMS (ESTOF)M/z calcd forG7HssNOsSNa: 636.2754 [M+NaJfound: 636.2755 [M+N4]

Specific rotationc & -20.0°(c=1.00, CHG)
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Preparation of (R 3R)-3-hydroxy-2-methyl-5-phenylpentanoic acid1.9)

The stereoisomer anti-1.7 (987mg, 1.61mmol) was dissolved in a

©\/\£/H(OH mixture of MeOHTHFH.O (1:1:1; 3GmL) and stirred for ®in. LIOH -

1,90H ° H.O (339mg, 8.08mmol) was added and it was stirred at room
temperature for 48h. LGMS showed full conversion and the mixture was poured into water
and extracted three times with DCM. The combined organic phases were washed once with
brine, dried over MgS{and concentratedn vacuowhich yielded the crude auxiliary RS-
N-BenzyN-(mesitylenesulfonyl)norephedrine) as yellow crystals. These were collected from
different reactions and combined for purification by column chromatography (silica, PE:EA;
5:1). The aqueous layer was acidified using2CI to pH= 1 and extracted thredrhes with
diethyl ether. The combined organic phases were washed once with brine, dried oversMgSO

and concentratedin vacuo Crystallization form acetonitrile yielded acld9 as colorless

crystals (14Ing, 0.677mmol, 42%).

IHNMR(DMSGds, 400a | T @ gpm] = 7.367.12 (M, 5HHarom), 3.60 (ddd, 1H]= 9.4, 6.8,
2.8Hz,H3), 2.74 (ddd, 1H]= 13.9, 10.0, 4.Biz,H-5a), 2.55 (ddd, 1H}= 13.8, 10.2, 6.81z,
H-5b), 2.40 (dg, 1Hl= 7.0, 7.(Hz,H-2), 1.67 (dddd, 1Hl= 13.5, 10.1, 6.8, 312z,H-4a), 1.55
(dddd, 1H,J= 9.4, 14.0, 9.4, 4)8z,H-4b), 0.98 (d, 3H]= 7.2Hz, Gk-H QU

13GNMR (DMSGds, 100a | T @ Yopm] = 176.0 QO), 142.3 Guuar), 128.3, 128.2, 125.6
(Gurom), 70.9 G3), 45.8 G-2), 35.2 G4), 31.4G5), 12.6(CGk-H QU ®

Addition: £ T 2 dzy R[pgm) T334 & 0veippm] =/
UHRMS (ESTOF)M/z calcd forGiaHheOsNa: 231.0992 [M+Na]found: 231.0992 [M+N3]

Specific rotationc 1"& +23.0°(¢ 1.65, CHG)

Preparation of2CTF4-Hyp(TBSNH(1.15

OTBS

SO (S 6.20mmol) was swelled in DCM (8@L) for Smin. After
ol M

i1 (3.78g, 8.08mmol) and DIPEA (3400L, 20.00mmol),
dissolvedn DCM (40nL) were added andt wasagitated for 45min. The solvent was filtered

O 2-Chlorotrityl chloride resin (n = 1.56mol/g, 4.00g,

removal of the solvent Fmoecprotected amino acid.l1l
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off and the resin was washed twice with DMF. The capping mixturen{4Qconsisting of
DCM:MeOH:DIPEA (80:15:%ps added and Wvas agitated for 1@nin. After removal of the
solvent, thecapping was repeated once more. The resin was washed three times with DMF
and a sample was taken for determination of the loading. Faemrotection was done with

20% piperidine in DMF (360L) for3 min and the process wasarried outfive times total. The
resin was washed six times with DMF, three times with isopropanol and three times-with
heptane. It was sucked dry and dried furthewacudfor 24 h. Resirl.15(4.229) was stored
under argon at £C. The loading was determined bysaiption to be n=0.481mmol/g (31%).

Preparation of2CF4-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-LeuFmoc(1.17)
oms Resinl.15 (n=0.481mmol/g, 4.20g, 2.02mmol) was
swelled in DMF for 3fnin. After removal of the solvent,
)j \?/)K%/Fmoc FmoecL-serine(TBSPH (2.681, 6.071mmol) and HATU
(2.228g, 5.860mmol) were added, dissolved in a small
volume ofDMF followed by DIPEA058uL, 12.10mmol)

TBSO

and more DMF. The mixture was agitated fan.3After Fmoedeprotection, a solution of
FmoctL-allo-isoleucineOH (2.13%, 6.047mmol) and HATU (2.22§ 5.854mmol) in DMF,
were added, followed by DIPEA (2Q88 12.10mmol) and moreDMF. The mixture was
agitated for 2.5h. Fmoedeprotection was followed by the coupling BmocN-Me-L-leucine

OH (2.22%, 6.055mmol), which was dissolved witHATU (2.23@, 5.865mmol) in a small
amount of DMF. Thenixture was agitated for 2.6. The supernatant was drained, thesin

was washed five times with DMF, three times each with DCM, methanol and diethyl ether. It
was sucked dry and dried furthen vacuofor 12h. The finished resih.17 (5.03g,

n =0.402mmol/g) was stored under argon atL.

Preparation of2CF4-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leualkyl-BHA(1.18)

Resinl.17 (n=0.402mmol/g, 1.512g, 0.607mmol)
OTBS
was swelledrn DMF for 60min. The supernatant was
CBH13 drainedand after Fmoaleprotection the resin was

TBSO washed twice with anhyd. DMF. The resin was
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suspended in a smalolume ofanhyd. DMFThe solution ofacid 1.8 (279mg, 1.48mmol)

and triethylamine (20QuL, 1.44mmol) in DMF wagooled to 0°Cand DEPC (90%, 24,
1.42mmol) was addedt was directly transferred to the peptide vessel and the mixture was
agitated for 20h. Due to incomplete conversion, as indicated byM& result, thecoupling
step was repeatedl'he mixture waslrained the resin was washed twice with anhy. DMF and
suspended in a small amount of anhyd. DMF. A@d138mg, 0.733mmol) was dissolved in
anhy. DMF and triethylamine (1Q@Q, 0.72Immol). It was cooled to 8C and DEPC (90%,
121pL,0.714mmol) was added. It was directly transferred to the peptide vessel and the
mixture was agitated for & after which HRMS indicated almost full conversion. &h
supernatant was filtered off anthe resin was washed five times each with DMF and DCM.

The resin coupled peptidé.18was used directly in the next step.

UHRMS (ESTOF)M/z calcd forCisHssNaOoSh: 857.5850 [M+H] found: 857.5846 [M+H]

Preparation of2CF4-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leualkyl-BHAGIy-alloc (1.20)

OTBS Resin couplegeptide1.18(0.607mmol) was
OO\”\\"L—NS H\é/ o | swelled in THF for 1@in, filtered and
© o)jN "u;‘j/N\[o\/\O(CGHB Ao suspended in anhyd. THF. AlglgcineOH

so” T ¥ (343 mg, 2.18nmol), dissolved in anhdy. THE,

120 was added, followed by DIC (385,

2.16mmol) and DMAP (27.mg, 0.227mmol). The resin was agitated for h@fter which the
step was repeated. The supernatanasvfiltered off, the resin was washed once with anhyd.
THF and then suspended in anhyd. THF. AllpadneOH (346 mg, 2.1mmol), dissolved in
anhyd. THF, was added to the resin, followed by DIC|{B33.16nmol) and DMAP (27 i2g,
0.223mmol). The mixire was agitated for & after which HRMS indicated full conversion.
The supernatant wadrainedand the resin was washed once with DCM. The resin coupled

peptide1.20was directlyusedin the next step.

UHRMS (ESTOF)M/z calcd forCioHozNsOr2Sk: 9986276 [M+HT; found: 998.6276 [M+H]
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Preparation of HOO@-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leualkyl-BHAGIy-NH; (1.22)

OTBS Resin coupled peptide.20 (0.607mmol) was

HO Z i
b
o
(0]

N o | = swelled in DCM for 1&in. It wasfiltered, washed

H . N : CeH13 . .

)j " \[O\/\O( with anhyd. DCM and then suspended in anhyd.
0 NH,

1880 T\ DCM. Pd(PP$ (83mg, 0.072nmol) was added,

. followed by Phenylsilane (2rbiL, 17mmol). The
mixture was agitated for b after which HRMS indicated full conversiorihe solvent was
removed and the resin wasashed five times with DCM until the solvent ran clear. Cleavage
of the peptide from the resin was done as described in the general method Paetlinear

peptide 1.22was used without further purification.

UHRMS (ESTOF)M/z calcd forGsHsgNsO10Sp: 914.6064 [M+H] found: 914.6065 [M+H]

Preparation of (R 7R 10S13516520R 21a9-13-((R)-secbutyl)-20-((tert-
butyldimethylsilyl)oxy)16-(((tert-butyldimethylsilyl)oxy)methyl}6-hexyt10-isobutyl-7,9-
dimethyltetradecahydropyrrolo[2, }][1]oxa[4,7,10,13,16]pentaazacyclononadecine
1,4,8,11,14,1%hexaone(1.31)

| Linear peptidel.22(0.607mmol) was dissolved in DCM:DMF
£/ (15:1; 320mL). HATU (82&qg, 2.18mmol), followed by

N
° : ° (0] NH
T Oﬁ/H/\ DIPEA (61@L, 3.60mmol) were added and the mixture was
NH
o ) NH

stirred for 17h at room temperature after which HRS

TBSO™ NK{ —OoTBs showed complete conversion. It was extractedidg with

131 water, once with brine, dried over Mg%énd concentrated

in vacuo Prepurification by column chromatography (silica, PE:EA; 1:2) yiel@gds slightly

yellow needles (32fng, 0.367mmol, 60% over 4 steps): RE:EAL1:2)=0.73.

UHRMS (ESTOF)m/z calcd for GisHgsNsQeSpNa: 918.5778 [MM4*; found: 918.5776
[M+Na}
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Preparation of (&R7R10S13516520R 2189-13-((R-secbutyl)-6-hexyl20-hydroxy-16-
(hydroxymethyl)}10-isobutyl-7,9-dimethyltetradecahydropyrrolo[2,1-
f][1]Joxa[4,7,10,13,16]pentaazacyclononadecitie4,8,11,14,1thexaone(1.2)

'f/ Under argon peptidel.31 (296mg, 0.330mmol) was
dissolved in anhyd. THF (&f.) in a TefloRround bottom
OTO ° o flask. Acetic acid (1436L, 25.09nmol) was added, followed
W\ by TBAF (18.0L, 62.2nmol) and the mixture was stirred at
;C\{—OH room temperature for 2. It was dilutedwith EA, washed
twice with saturated,aqueous NaHCsolution, once with
brine, dried over MgS{and concentratedn vacuo Purification by semi preparative HPLE (5
50-75-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 pum,n250 fiotOrate:

3 mL/min) yieldedl.2 as a colorless solid (66g, 0.10mmol, 30%).

IH-NMR(DMSQds, 600a | T & gpm] = 8.81 (minor, NGly), 8.58 (minor, NSer), 8.49 (d,
1H,J= 4.6Hz, \HSer), 8.21 (d, 1H= 9.3Hz, NHallolle), 8.07 (d, 1H]= 8.3Hz, NHGly), 6.68
(minor, NHallolle), 5.215.13 (m, 1H, BSer), 5.1%.08 (m, 1H, OH-Hlyp), 5.05 (ddd,,J
=10.2, 6.4, 3.6 Hz;GHO BHA), 4.67 (dd, 1B 8.5, 4.31 1 XH4Hyp), 4.40 (dd, 1H=9.5,
4.61 T XHdllolle), 4.26 (d, 1H]= 81 Hz, L aGly), 4.23 (d, 1H= 8.3Hz, Gk b Gly), 4.20
ndmn 6-@F¥4-Hyp), 202(ddd, IHII ¢ ®T 3 c ©OHSer),B8.6@acdpd So¥3
CHaSer),3.5% ®onp O0-GBk0 H{l TNEMeLeu), 3.4 ®o o0 O-Ta,bdHYp, +
h-CH, Gly minor), 3.18.11 (m, 2H, ZH, BHA), 3.10 (s, 3H;@Hs), 2.27 (ddd, 1H])= 12.5,
49,49 1 SHoa4Hyp), 2.13 dn o oO-THeb 4d & TIH, dN-Me Leu), 1.801.71 (m,

H 1 XCHallolle), 1.731.64 (m, 1H, 4H,a BHA), 1.6 ®dp n  6-@b NuMe keu) 1.52
1.45 (m, 1H, ©+b b BHA), 1.481 ®0oy  O-@8N-Me Leh), 1!3&1 do H o-Traalol =
lle), 1.321.17 (m, 14H, & BHA), 1.1m ®n H  6-GFzbaliplle}, 0.99 (d, 3HII' T & |
CH; BHA), 0.941 dy 0 6 YEsaliol f 3% &, b N-Me Leu, 90+ BHA), 0.69 (d, 3H=

c dp -aHialolle).

13GNMR (DMSGds, 100a | T & [gpm] = 176.4Q0 BHA), 171.80allolle), 171.0 O N
Me Leu), 170.7Q0 4Hyp), 169.7QD Ser), 168.400 Gly), 76.0 (BH BHA), 68750 fCH N-

Me[ S dz0 T -Qd 41 dByLIVOY -Gl SN &i-Gf 40 dBoLJVosh -G n ¢S NHTH p o Db

alloL f S0 Z-Gp4eHy), 4104QH; Gly), 40.1 (N-Gs), 40.F (2-CH BHA), 38180 iCH; 4-
| & LJ0 = -GbipN®e[ $dz0 T -Gdallohly), 30.1 GH2 BHA), 30.7 (4H: BHA), 28.8@H;
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10T -GHpalioy. £ &0 Z-CHNfVI® teu),028.2 @H: BHA)H H ©y0OHs @ N-Me Leu),
2200, 1! 03 -Gb®Me[63 dz0 T -Gan 11 O & H-Gcaltd de), 1319 (9CHs
102 -Grijalde de). O 1

| RRAGAZ2Y I F[Rpday/=R5.75 (DAW),I3BEMO I HPTnN 65aCOI HDpI
[ppm] = 40.4 (DMSO)

UHRMS (ESTOF)M/z calcd forCssHsaNsOo: 668.4229 [M+H] found: 668.4233 [M+H]

Specific rotation® 1"&-70.9°(c=1.10, CHG)

Preparation of Pol4-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leurarom-BHA(1.19)

oTBS Resinl.17 (n=0.402mmol/qg, 1.11q,
OOT“GS o | 0.446mmol) was swelled in DMF fori2 The
o)j/ N I supernatant wasdrained and after Fmoe
O O
TBSO deprotection the resin was washed twice with
1.19

anhyd. DMF.It was supended in a small
amount of anhyd. DMF.The solution ofacid1.9 (321mg, 1.54mmol) and triethylamine
(208pL, 1.50mmol) inanhy. DMFwas cooled to 0C DEPC (9%, 252uL, 1.49mmol) was
added, itwas directly transferred to the peptide vessel and thixtore was agitated for 18.
The step was repeatedue to incomplete conversiorcid1.9 (104mg, 0.499mnmol) and
triethylamine (69uL, 0.50mmol) were dissolved ianhy. DMFand cooled to GC.DEPC (90%,
84 uL, 0.50nmol) was addedand it wastransferred to the peptide vessel and existing
mixture. It was agitated for 2@ after which HRMS indicated almost full conversion. The
supernatant waslrained and the resin was washed five times each with DMF and DCM. The

resin coupled peptidd.19wasdirectlyusedin the next step.

UHRMS (ESTOF)M/z calcd forCisHsiNaOoSh: 877.5537 [M+H] found: 877.5533 [M+H]
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Preparation of Pol-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leurarom-BHAGIy-alloc (1.21)
Cgms Resin coupled peptid&.19(0.446mmol) was
Qom\\‘. . 0 IY\(\/@ swelled in THF for 9fin, filtered and
H <
5 "N " suspended in anhyd. THF. AlgigcineOH
o o) o\ﬂ/A\N/Nbc
7880 5 H (447 mg, 2.8mmol), dissolved in anhdy. THF,
121 was added, followed by DIC (4fb,
3.00mmol) and DMAP (36149, 0.300mmol). The resin was agitated for BQafter which

HRMS indicated full conversion. Thepmrnatant was filtered off and the resin was washed

once with DCM. The resin coupled peptil@1was directlyusedin the next step.

UHRMS (ESIin/z calcdfor GiHsaNsO12Sh: 1018.5963 [M+H] found: 1018.5950 [M+H]

Preparation of HOO@-Hyp(TBS)-Se(TBS)1-allo-lle-N-Me-L-Leuarom-BHAGIy-
NH (1.23

Resin coupled peptide.21 (0.446mmol) was

OTBS
Ho L—g swelled in DCM for 16in. It was drained
A N (o) I g
1! O)TH o NY\(\/@ washed with anhyd. DCM and then suspended in
H
0 ° °Yw anhyd. DCM. Pd(PBR(59 mg, 0.05Immol) was
o
1.23

added, followed by Phenylsilane (14gL0L,

12.00mmol). The mixture was agitated forh3after which HRMS indicated full conversion.

TBSO

The mixture was filteredndwashed five times with DCM until the solvent ran clear. Cleavage
of the peptide from the resin was done as described in the gemeethod part. The linear

peptide 1.23was used without further purification.

UHRMS (ESTOF)M/z calcd forCyHsaNsOwoSh: 934.5751 [M+H] found: 934.5745 [M+H]
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Preparation of (R 7R 10S13516520R 21a9-13-((R)-secbutyl)-20-((tert-
butyldimethylsilyl)oxy)16-(((tert-butyldimethylsilyl)oxy)methyl}10-isobutyl-7,9-dimethyl-
6-phenethyltetradecahydropyrrolo[2,3f][1]oxa[4,7,10,13,16]pentaazacyclononadee-
1,4,8,11,14,17hexaone(1.32)

| Linear peptidel.23 (0.446mmol) was dissolved in DCM:DMF
" (15:1; 256mL). HATU (57hg, 1.50mmol), followed by DIPEA

(6] (6] o

T 2%\ (425pL, 2.50mmol) were added and the mixture was stirred for
NH
O)C\ i 16 h at room temperature after which HRS showed comple
TBSON N{ —OTBS conversion. It was extracted twice with water, once with brine,
132 dried over MgS@and concentratedn vacuo Prepurification by
column chromatography (silica, PE:EA; 1:2) yieldgP as a colorless oil (16€g,
0.184mmol, 41% over 4 stepdk (PE:EAL:2)=0.69.

UHRMS (ESTOF)M/z calcd forCizHsNsOsSh: 916.5646 [M+H] found: 916.5637 [M+H]

Preparation of (R 7R 10S13516520R 21a9-13-((R)-secbutyl)-20-hydroxy-16-
(hydroxymethyl)}10-isobutyl-7,9-dimethyl-6-phenethyttetradecahydropyrrolo[2,1
fl[1]oxa[4,7,10,13,16]pentaazacyclonordecine1,4,8,11,14,1/hexaone(1.5)

Dy

Under argon peptidd.32(168mg, 0.183nmol) was dissolved

; “l'f/ in anhyd. THF (1®L) in a Teflo@round bottom flask. Acetic
OTO ° g v acid (791uL, 13.8mmol) was added, followed by TBAF (160,
. I TH)W/\ 34.5mmol) and the mixture wastirred at room temperature
Hov N‘\{"—O” for 22h. It was diluted with EA, washed twice with satted,
15 aqueous NaHColution, once with brine, dried over MgsO

and concentratedn vacuo Purification by semi preparative HPLC-{505% AcCN + 0.1%
FA, NUCLEODUR® C18 Gravity SB, 3 um, 250nx, Iow rate: 3mL/min) yieldedl.5as a
colorless oil (49ng, 0.07Immol, 39%).

H-NMR(DMSGds, 600a | T & gpm] = 8.88 (minor, NGly), 8.6Qminor, NH Ser), 8.49 (d,
1H,J= 4.2Hz, NHSer), 8.21 (d, 1H= 9.4Hz, MHallolle), 8.01 (d, 1H]= 8.4Hz, NHGly), 7.29
7.14 (m, 8H, Barom BHA), 6.68 (minor, Nallo lle), 5.14 (ddd, 2H]l= 10.0, 6.0, 3.9 Hz;G--
O BHA), 5.18.01 (m, 2H, 6 Sa, OH 4Hyp), 4.67 (dd, 1HI' y ®p = -CH4fHyp), 4. BE
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(dd, 1IHJI' P p = -CAabqile),1427(d, 1H]= 8.5 Hz, Bz a Gly), 4.24 (d, 1H= 8.1 Hz,

Gk b Gly), 4.20n dmn  6-@4-Hyp), £02(ddd, 1HI' T dn X T -OGASEr), 8620 |1 X
odpc O-CkaSe) 356 dnc O6-GL0 o] INBEMeLeu), 3.48.36 (m, 4H,

LDt & Y Oy 8, NEHyp), 3.263.21 (m, 2H, LHBHA), 3.12 (s, 3H-GHs N-Me Leu),

2.622.57 (m, 2H, 8H, a, b BHA), 2.26 (ddd, 1Bk 12.6p ®n I  nGhya 4Hyp)z2.14

Hdnn O-8kb4d 18 LI dN-Me Leu), 2.02.94 (m, 2H, €+, a BHA), 1.83.71 (m,

3H, 40406 . |-CHzallolle), 1.61 (ddd, IHII' Mo ® 3 yGrbE-Meled, 149 = |
Mm®dnn  o-GHN-Me Led), 1440m o H O-GHzaalioller 1.2iIm ®nn  o-GHballol ~
lle), 1.03 (d, 3HII' T & mMCHE BHE), 088 (d, 6H]' ¢ @& oCHsla]bR-Me Leu), 0.86 (t,

3H,JI' T ®pCHslallofe), 0.70 (d, 3HII ¢ @ diHslallo Be). !

13GNMR (DMSGds, 100a | T & [ppm] = 176.4Q0 BHA), 171.70Q allo lle), 171.0 QO N-

Me Leu), 170.7Q0 4Hyp), 169.7@ Ser), 168.500 Gly), 141.7Guar BHA), 128.3, 128.2,

125.8 (Harom BHA), 75.83CHh . | | 0 SCHB-eh® n[ B Hz0-CH 4t & Iy T 6Gbn dT G |
{ SND Z -Gd 4 PoLIoosh -G n ¢ & Nd TH gilaoldi 5 VELCHHh BHYW), 4HACH:

Gly),40.0 (NOHs N-Me Leu), 39.7 (2-CH BHA), 38706 i, 4-1 & LJ0 = -GbhyNavia Led)]

o T ®x1Hadadlle), 32.6 (40 BHA), 295 @&H,. | | 0 I -Gixalby f 8 O Z-CHNM&c 6

[ Sdz0 T~ -CGHera g S 0 S dz0-EHs biNvedSr [0S dz0 THsm b Do T oGl 6
Lf S0 Z-CHyaliodie). 06 ¢

| RRAGAZ2Y It Appdky K23FFA)I5/76 DEM), 33833 = H dp ne[ppm a { h 0 ©
= 40.4 (DMSO)

UHRMS (ESTOF)M/z calcd forCssHsaNsOo: 688.3916 [M+H] found: 688.3920 [M+H]

Specific rotation 1"8--104.6°(c=0.98, CHG)

Preparation of2CF3-Hyp(TBSNH (1.16)

O 2-Chlorotrityl chloride resin (n = 1.56mol/g, 6.01g, 9.32mmol)
TBSO,
A O o z_) was swelled in DCM (50L) for 10min. After removal of the
‘ 0'1! H  solvent the solution ofFmoeprotected amino acid..12 (5.62g,
12.0mmol) and DIPEA (BmL, 29.4mmol) in DCM 60 mL) was
1.16
addedand agitated for 1.%. The solvent was filtered off and the

resin was washed twice with DMF. The capping mixture n{Bf) consisting of
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DCM:MeOH:DIPEA (80:15:8)as added and it was agitated for frin. The mixture was
drainedand the capping was repeated once more. The resin was washed three times with
DMF and a sample was taken for determination of the loading. Faepootection was done

with 20% piperidine iDMF (30mL) for 3min and the process wasrried outfive times total.

The resin was washed six times with DMF, three times with isopropanol and three times with
n-heptane. It was sucked dry and then dried furtirevacudfor 24 h. Resirnl.16(6.80g) was
stored under argon at 4C. The loading was determined by absorptmbe n=0.353mmol/g
(23%).

Preparation of2CF3-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-LeuFmoc(1.24)

TBSO Resinl.16 (n=0.353mmol/g, 6.00g, 2.12mmol) was

O TI jb/ swelled in DMF for 3fhin. The solvent wasemoved, and
)j Fmoc @ solution ofFmocL-serine(TBSOH (2.813), 6.368mmol)
J\(( and HATU (2.338, 6.149mmol) in DMF wasadded,

followed by DIPEA (2160, 12.704nmol) and moe DMF.

TBSO

The mixture was agitated for 1tb After Fmoedeprotection, Fmog-allo-isoleucineOH
(2.2449, 6.350mmol) and HATU (2.34f) 6.154mmol) were added dislved in asmall
volume ofDMF, followed by DIPEA (216Q., 12.70nmol) and more DMF. Thaixture was
agitated for 1.5h. After Fmoedeprotection, Fmoé\-Me-L-leucineOH (2.34@, 6.368mmol)
and HATU (2.348, 6.162mmol)were disolved in amall quantity oDMF,and added to the
resin.DIPEA (216(L, 12.70nmol) and more DMwere added andhe mixture was agitated
for 3h. The supernatant was drained, thesin was washed five times with DMF, three times
each with DCM, methanol and diethyl ether. It was sucked dry and dried furthercucfor

12 h. The finished resifh.24(8.65g, n=0.245 mmol/g,) was stored under argon at’€.

UHRMS (ESTOF)M/z calcd forCisHr7NaOsSh: 909.5224 [M+H] found: 909.5223 [M+H]

Preparation of2CTF3-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leualkyl-BHA(1.25)

Resinl.24 (n=0.245mmol/g, 2.05g, 0.502nmol) was swelled in DMF for 3Bin. The

supernatant wasdrained and after Fmoaleprotection the resin was washed twice with
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TBSO anhyd. DMFIt was suspended in a small amouoft
O \“ \F/ anhyd. DMF.Acid1.8 (284mg, 1.51Immol) and
)j i‘;r \ﬂ/\(CeHm triethylamine (208uL, 1.50mmol)were dissolved in
TBSO anhyd DMF and cooled to @C.DEPC (9%, 2521L,
1.49mmol) was added, ivas directly transferred to
the peptide vessel and themixture was agitated for 16. Due to incomplete conversion, as
indicated by LBAS, the step was repeatedhe mixture was filtered off, the resin was washed
twice with anhy. DMF and suspended in a small amount of anhyd. BdM#&1.8 (102mg,
0.542mmol) and triethylamine (69uL,0.50mmol) weredissolved in anhy. DMF amdoled
to 0°C.DEPC (98, 84uL, 0.496nmol) was added and it wasansferred to the peptide
vessel The mixture was agitated for 2.B, after which HRMS indicated almost full

conversim. The supernatant wadrained and the resin was washed five times each with DMF

and DCM. The resin coupled peptiti25was directlyusedin the next step.

UHRMS (ESTOF)M/z calcd forCisHssNaOoSh: 857.5850 [M+H] found: 857.5864 [M+H]

Preparation of2CF3-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leualkyl-BHAGIy-alloc (1.27)

TBSO Resin coupled peptide.25(0.502mmol) was
O WI \F/ iy swelled in THF for 1@in, filtered and
f? Y\( o  Alloe suspended inanhyd. THF. The solution of
TBSO AllocglycineOH (242 mg, 1.58mol), in
anhyd. THFwas added, followed by DIC
(232pL, 1.50mmol) and DMAP (1&g, 0.16mmol). The resin was agitated for h7after
which the step was repeated. The supernatant weained the resin was washed once with
anhyd. THF and then suspended in anhyd. THF.-gljoa;neOH (258 mg, 1.6&imol),
dissolved in anhdy. THF was added, followed by DICY260.68nmol) and DMAP (18g,
0.16mmol). The mixture waagitated for 90min after whch HRMS indicated full conversion.
The supernatant waskemovedand the resin was washed once with DCM. The resin coupled
peptide1.27was directlyusedin the next step.
UHRMS (ESTOF)M/z calcd forCigHeaNsO12Sk: 998.6276 [M+H] found: 998.6273M+H]
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Preparation of HOOG-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leualkyl-BHAGIy-NH; (1.29)

TBSO,

z_> Resin coupled peptide.27 (0.502mmol) was
(@)

swelled in DCM for 16nin. It wasfiltered, washed

N H?/ ° ]
N ., N CeH1s
)j Nij \ﬂ/\‘o/ with anhyd. DCM and then suspended in anhyd.
o) \ﬂ/\NHZ
(0]
1.29

HO_
b
(o]

e DCM. Pd(PP# (58mg, 0.050mmol) was added,

followed by Phenylsilane (1484, 12.00nmol).

The mixture was agitated fortg after which HRMS indicated full conwsion. The mixture
was filtered andwashed five times with DCM until the solvent ran clear. Cleavage of the

peptide from the resin waperformed as described in the general method pakinear

peptide 1.29was used without further purification.

UHRMS (ESTOF)M/z calcd forCisHsaNsOroSh: 914.6064 [M+H] found: 914.6066 [M+H]

Preparation of (R7R10S1351652152189-13-((R)-secbutyl)-21-((tert-
butyldimethylsilyl)oxy)}16-(((tert-butyldimethylsilyl)oxy)methyl}6-hexyt10-isobutyl-7,9-
dimethyltetradecahydropyrrolo[2, }f][1]oxa[4,7,10,13,16]pentaazacyclononadecine
1,4,8,11,14,1+hexaone(1.33

Linear peptidel.29 (0.502mmol) was dissolved in
Nf/ DCM:DMF (15:1; 256mL). HATU (57&yg, 1.50mmol),

OTO © 6P followed by DIPEA (428., 2.50mmol) were added and the
NH Oj/H/\ mixture was stirred for 8 at room temperatureafter which

TEson \ «EHOTBS HRMS indicated complete conversion. It was extracted
° twice with water, once with brine, driedver MgS®@and

1.33
concentratedin vacuo Prepurification by column chromatography (silica, PE:EA, 1:2) yielded

1.33as slightlyyellow needles (128g, 0.139mmol, 28% over 4 steps): (RE:EA; 1:20.72.

UHRMS (ESTOF)M/z calcd forGisHgsNsOoSp: 896.5%9 [M+HT; found: 896.5956 [M+N4]
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Preparation of (R7R10S513516521S521a9-13-((R-secbutyl)-6-hexyt21-hydroxy-16-
(hydroxymethyl)}10-isobutyl-7,9-dimethyltetradecahydropyrrolo[2,1-
fl[1]Joxal4,7,10,13,16]pentaazacyclononadecitie4,8,11,14,1Fhexaone(1.3)

Under argon peptide1.33 (125mg, 0.139mmol) was
dissolved in anhyd. THF () in a TefloRround bottom

N

O o O

Zﬁji(\ flask. Acetic acid (60fL, 10.5mmol) was added, followed by
" TBAF (7.51L, 26mmol) and the mixture was stirred at room
“—OH

\I\:NH
0 ‘
HO! N{
(0]
1.3

dried over MgS@and cacentratedin vacuo Purification by semi preparative HPLC-750
95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 pmm2b0feiidate: 3mL/min)
yielded1.3as a colorless solid (47g, 0.070nmol, 51%).

temperature for 9h. It was diluted with EA, washed twice

with saturated, aqueous NaHC{»olution, once with brine,

IH-NMR(DMSQds, 600a | T & gpm] = 8.79 (minor, NGly), 8.69 (minor, NSer), 8.56 (d,
1H,J= 4.2Hz, \HSer), 8.22 (d, 1H= 9.4Hz, Mallolle), 8.10 (d, 1H]= 8.6Hz, NHGly), 6.62
(minor, NH allolle), 5.33 (d, 1H]= 3.6Hz, OH 3Hyp), 5.06 (ddd, 1H= 10.0, 6.3, 3.Hz, 3
CHO BHA), 452 ®on T 6 -GI3-Hyp), 460 dn v 6 XEI3-Hyp), .42h(dd, 1H=
9.2,3.20 T XHallolle), 4.28 (d, 1H]= 8.8Hz, Gk a Gly), 4.25 (d, 1H=8.8Hz, G b Gly),
3.95 (ddd, 1H)=7.3,6.3,4.4 1T XHSer), 3.63.50 0 Y ZCHaaIS&r), 3.58.45 (m, 3H,
i-GHho { SNEa S [ Sdza3Hyp),3.4% dop O-THb 3HYpIEL Gly minor),
3.16:3.10 (m, 1H, THBHA), 3.09 (s, 3H;6Hs N-Me Leu), 2.09 (ddd, 18z 13.7, 9.4, 5.81z,
i-GhaN-MeLeu), 1.8 ®T n  o-@hallon £ F¥kia, b 3Hyp), 1.761.64 (m, 1H, T+
a BHA), 1.61 (ddd, 1B 14.0, 8.2, 6.1 1 XH,bN-Me Leu), 1.51..44 (m, 1H, £H, b BHA),
1.44m do ¢ O-THBN-Me Leh), 1130 o H  O6-BHzaalolle), 1.291.18 (m, 11H, i&
BHA), 1.07 (ddd, 1H= 13.7, 7.5, 7.5 T XH;ballolle), 0.99 (d, 3H]=6.91 1 =CHzBRA),
0.89n ®y 0 6 ¥(Hsaliofle, 304 | ! -BHs a,bN-Me Leu), 0.70 (d, 3H=6.91 T =
CHz allo lle).

13GNMR (DMSQds, 100a | T & ppm] = 176.4Q0 BHA), 172.000 allo lle), 170.900 N

Me Leu), 169.500 3Hyp), 168.5Q0 Gly), 168.300 Ser), 75.9(@ . | | 0 XH3Hyg)n 06

c pP«EH IHYp), 69.1 0 TCHN-Me[ S dz0 = -Cebfi SN &i-Cp p PO NBXHafloo Pp 6 h
Lt S0 Z-CHa3aHgp), 4163CH, Gly), 40.1 (2-CH BHA, NOHs0 = o-@HdNaMed.éu), 37.8

0 iCHallolle), 31.0 0+ BHA), 30.6 @H,. | ! 0 X -@BHEY), ZB:7C. | ! 0 -Hp Py O
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GhalloL £ SO Z-CHNMSLEU),@3.20+H. | ! 0 T -Grad-ve Leu), 22.0QH BHA),
HMOLCHION-Me[ Sdzo = -Gt @11 OEH-Qgald e, ¥CH:. | | 0 I -Givalloc O 4
lle).

| RRAGAZ2YFf  JF@uhE B304k B ¥ # DY nd[pprs] a 40 (DMSO)

UHRMS (ESTOF)M/z calcd forCssHsaNsOo: 668.4229 [M+H] found: 668.4232 [M+H]

Specific rotation® 1"& -59.3°(c=1.08, CHG)

Preparation of2CF3-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leuarom-BHA(1.26)

TBSOZ Resinl.24 (n=0.245mmol/g, 2.06q,

Oo\g " H?/ 0 Lﬁ/\(\/@ 0.505mmol) was swelled in DMF forhl The
o)tr I u%j L supernatant wasdrained and after Fmoe
1880 deprotection the resin was washed twice with
e anhyd. DMF. The resin was suspended in a
small amant of anhyd. DMF.The solution of adl.9 (206mg, 0.989mmol) and
triethylamine (213uL, 1.54mmol)in anhy. DMF an@vas cooled to 0C DEPC (90%, 25%&.,
1.52mmol) was addedit was directly transferred to the peptide vessel and the mixture was
agitated for 1%h. The step was repeated due to incomplete conversion, as indicated-by LC
MS result. Acid1.9 (160mg, 0.768nmol) and triethylamine (139uL, 1.00mmol) were
dissolved iranhyd. DMF and cooled to TC DEPC (90%, 16&, 0.992nmol) was adde@nd

it was transferred to the peptide vessel and existing mixturevas agitated for &, after
which HRMS indicated almost full conversion. The supernatant d@sned and the regn

was washed five times each with DMF and DCM. The resin coupled p&@@isas directly

usedin the next step.

UHRMS (ESTOF)M/z calcd forCisHsiNaOoSh: 877.5537 [M+H] found: 877.5560 [M+Hi]
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Preparation of2CF3-Hyp(TBS)-Ser(TBS)-allo-lle-N-Me-L-Leuarom-BHAGIy-alloc (1.28)

TBSO, Resin coupled peptide.26 (0.505mmol) was
o) 2 B B . . .
Qll N H\b/ o Lﬁ/\(\/@ swelled in THF for 1Min, filtered and
o)‘j N I aee SUspended in anhyd. THF. AligigcineOH
o] N
Tes0 \[cl/\H (242 mg, 1.52mol), disolved in anhdy. THF
.28

was added, followed by DIC (28R,
1.50mmol) and DMAP (21#hg, 0.175mmol). The resin was agitated foh7after which the

1

step was repeated. The supernatant was filtered off, the resin was washed once with anhyd.
THF and then suspded in anhyd. THF. AllgtycineOH (477 mg, 3.0mol), dissolved in
anhyd. THF was added to the resin, followed by DIC|{#£63.00nmol) and DMAP (36.1®g,
0.300mmol). The mixture was agitated forh4 after which HRMS indicated almost full
converson. The supernatant wadrainedand the resin was washed once with DCM. The resin

coupled peptidel.28was directlyusedin the next step.

UHRMS (ESIin/z cald for GiHsaNsO12Sh: 1018.5963 [M+H] found: 1018.5959 [M+H]

Preparation of HOOG-Hyp(TBS)L-Ser(TBS)-allo-lle-N-Me-.-Leur  arom-BHAGIy-
NH: (1.30)

TBS0 Resin coupled peptide.28 (0.505mmol) was
HO\“\\.D o | swelled in DCM for 4Min. It was filtered,
o o)j/n & NW/\(\/Q washed with anhyd. DCM and thensgpended
s’ ° ° °YM: i anhyd. DCM. Pd(PBE(59mg, 0.05Immol)

130 ’ was added, followed by Phenylsilane (1481

12.00mmol). The mixture was agitated forh3after which HRMS indicated full convsion.
The mixture was filtered andashed five times with DCM until tis@lvent ran clear. Cleavage
of the peptide from the resin wagserformedas described in the general method pdithear

peptide 1.30was used without further purification.

UHRMS (ESTOF)M/z calcd forCiHsaNsOroSk: 934.5751 [M+H] found: 934.5753M+HT
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Preparation of (R7R10S1351652152189-13-((R)-secbutyl)-21-((tert-
butyldimethylsilyl)oxy)16-(((tert-butyldimethylsilyl)oxy)methyl}10-isobutyl-7,9-dimethyl-
6-phenethyltetradecahydropyrrolo[2,if][1]oxa[4,7,10,13,16]pentaazacyclononadecine
1,4,8,11,14,17hexaone(1.34)

Linear peptidel.30 (0.505mmol) was dissolved in DCM:DMF
(15:1; 256mL). HATU (579, 1.51mmol), followed by DIPEA

(0] (0] o
T g V" (425pL, 2.50mmol) were added and thenixture was stirred
" W\ for 17h at room temperature after which HRMS indicated

TBSS%C\N\("’TOTBS complete conversion. It was extracted twice with water, once
1.34 ’ with brine, dried over MgSQand concentratedin vacuo
Prepurification bycolumn chromatography (silica, PE:EA) ¥i@ldedl.34as a yellowish foam
(376mg, 0.419mmol, 83% over 4 steps): (RE:EA; 1:2)0.71.

UHRMS (ESTOF)M/z calcd forCiHsoNsOoSh: 916.5646 [M+H] found: 916.5659 [M+H]

Preparation of (7R 10S13516521S521a9-13-((R-secbutyl)-21-hydroxy-16-
(hydroxymethyl)}10-isobutyl-7,9-dimethyl-6-phenethyttetradecahydropyrrolo[2,1
f][1]Joxal4,7,10,13,16]pentaazacyclonordecinel,4,8,11,14,1#hexaone(1.4)

| Under agon peptidel.34(376mg, 0.419mmol) was dissolved
f/ in anhyd. THF (25L) in a Teflo®round bottom flask. Acetic

N
(0] 5 [¢]
T Zj/h%/\ acid (176QuL, 30.75mmol) was added, followed by TBAF
NH
N (22.1mL, 76.3nmol) and the mixture was stirred at room
0 .

HO'™ Nx{ —OH temperature for 18h. It was diluted with EA, washed twice with
14 saturated, aqueous NaHCOsolution, once with brinedried
over MgS®@and concentratedn vacuo Purification by semi preparative HPLC-75805%
AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 260, XIdd rate: 3mL/min)

yielded1.4as a colorlessil (83mg, 0.12mmol, 29%).

IH-NMR(DMSGds, 600MHI 0 i{pprn] = 8.90 (minor, NGly), 8.77 (minor, NSer), 8.58 (d,
1H,J= 4.1Hz, NHSer), 8.23 (d, 1H= 9.4Hz, NHallolle), 8.05 (d, 1H]= 8.7Hz, NHGly), 7.29
7.14 (m, 6H, Barom BHA), 6.62 (minor, Nallo lle), 5.15 (ddd, 1H= 9.9, 6.2, 4.0z, 3CH-O
BHA), 4.49 (d, 1H' o ® yCHB-HyR), 414501 ®n m 0 -GE3| ©ILEH dfolle), 4.30
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(d, 1H,J= 8.5 Hz, Bx a Gly), 4.27 (d, 1H= 8.9 Hz, B2 b Gly), 3.96 (ddd, 1H= 6.4, 6.4, 4.7

| T XHSBer),3.610 Ppp O-BkaSer), I58 dnc O-TEO of TMNE3IIME LIZ h
CHN-Me Leu), 3.4® ®o ¢p O6-@b 3nHypY 3.393.34 (m, 2H, B: Gly, minor), 3.28.19

(m, 2H, 20HBHA), 3.12 (s, 3H;0H: N-Me Leu), 2.62.56 (m, 2H, £+ a,b BHA), 2.10 (ddd,
1H,J=13.F P H =-ChaNMe Lelu)g2.04.93 (m, 1H, 4+, a BHA), 1.83.69 (m, 5H,
4-CH, 06 . |-CHZa, b3l & L¥&Hallolle), 1.62 (ddd, IHIT Mo ® X yCbN- ¢ dH |
Me Leu), 1.46u ®n 1 6-@HN-Me Lek), 11401 do o o-@aalolle), 1.111.05 (m,

M| SOHpballolle), 1.03 (d, 3HII' ¢ ®y-GHBHE), 00 dy n O YEsalloh f 531 ¢
CHs a, bN-Me Leu), 0.70 (d, 3HJ' ¢ @ ditHslalio Be).

13GNMR (DMSGds, 100a | T @& gpm] = 176.4Q0 BHA), 172.00D allo lle), 170.9 0O N-
Me Leu), 169.500 Ser), 168.500 Gly), 168.400 3Hyp), 141.7 Guar BHA), 128.3, 128.2,

125.7 CHarom BHA), 75.83CHh . | | 0 ZCHBIN &0 D -G @IOD LIH I -@GHipdn o h
Me Leu)c n @40 § N T -Ap p @6 NId¥H afiod. ® B 0 & CHa 3AHYP), 4103CH;
Gly),40.00 (NOHsN-Me Leu), 39.7(2-Q . | | 0 SQGhd\yaBm [ Sidz0-EHallotlepT 0 |
326 (40H. | | 03X -GblyB4Hyp), 205 (8. | | U I -Gymlbtht 6 0 -CHNMec 0!

[ Sdz0 T -CGhra ye Léu)H M Pk bBNaS [ Sdzo THmh Do T 6Gralpd 06 !
Lf S0 Z-CHyaliode). o !

I RRAGAZ2Y It JFpbrdkyE BR274FAES5/75 (DEN), 3R25 (HO), 2.54 (DMSO),HD
Ser and ® 3-Hyp werenot observedp c[ppm] = 40.4 (DMSO)

UHRMS (ESTCF)m/z calcd forGesHsaNsOy: 688.3916 [M+H] found: 688.3917 [M+Hi]

Specific rotation® £"& -52.5°(c=0.99, CHG)

4.4.3 Activity Tests Bioassays

Determination of the minimum inhibitory concentrations (MIC) of purified compouh@s
1.3, 1.4and 1.5were done by micro broth dilution assays in 96 well platéachcompound

wasdissolved in DMS@ a 6.4 mg/mL stock solution and tested in triplicates.

For the bacteria E. coliATCC 25922E. coliATCC 2592%tolG t @ | SNUHZAEyi2 al
t S NHzI A Y 2 &k, jpneumoniaeATCC 30104A. baumanniATCC 19606S. aureus
ATC@3592an overnight culture (37°C, 180rpm) was diluted to 5> ddlis/mL in cation
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adjusted Mueller Hinton Il mediunBécton, Dickinson and Compankprd ® !G2/t/A H p dH H

a | /G K&ernight culturewas cultivatedin regular cation ajisted Mueller Hinton I

medium, density adjustment andlilutioan assag were performed with cation adjusted

Mueller Hinton Il mediumsupplemented with NaHGO44 mM. The pre culture ofM.
smegmatisATCC 607 was incubated in Brki@art Infusion broth Becton, Dickinson and
Company48h, 37°C, 180pm) before the cell concentration was adjusted in Mueller Hinton

Il medium. As positive controls, dilution series-G4pno >3Ik Y[ 0 2 FlinBaAnd@ I YLIA O/
gentamycin were prepared, except fof. smegmatiswhere isoniazid was usddstead of

gentamycin as third positive contrahd for9 ® | G2/d/p dkkKE R 96 IOINIBIR Tt 2EI OA Y
O2ft WEINBY dzd SR As aegaive yonthB pude®ell gensions were used. After

incubation cell growth was assessed by measuring the turbidity with a microplate
spectrophotometer at 600 nm (LUMIstar® Omega BMG Labtech)MFemegmatiscell

viability was evaluated after 48 (37°C, 18@om, 85% rH) via ATRigntification (BacTiter

Df 2> tNRBYS3IL0 FOO2NRAYy3I (2 GKS YIydzFIl Ol dzNB N
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4.5 Supporting Information

4.5.1 Chromatogramsand spectraof natural extract

TableS4-1: Overview of lterature known congeners & Globomycin (1) andhew isomers
(blue).

known ne roposed ne
compound MF [M+H]* m/z W . W prop W
structures isomers structures
Globomycin 1.1)
Hs7N 656.4229 1 0 0
SF1o02 A AEMNEO
SF1902 A GaoHs3Ns0p9 628.3916 1 3 SF1902 An
SF1902 A Ga1Hs5Ns0e 642.4073 1 3 SF1902 A
SF1902 Aaz or
SF1902 HsoN 670.4386 2 6
A CoablsaNsOo SF1902 A
SF1902 A G34Hs1N500 684.4542 1 1 0
SF1902 Aa
SF1902 Hs1N 614.3760 0 3
A CooblsaNsOs SF1902 Ao
SF1902 A GogHa9NsOo 600.3%03 0 3 SF1902 Aa
SF1902 A CGo7Ha7NsOo 586.3447 0 1 SF1902 A
total 6 20 7
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Figure SI-1: Overview of Globomycin and natural accuring congenerEdBE2A1-As. Newfound congeners are shown in blue.
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Intens. - Globomycin A2p_3_01_27052.d: MS2(656.4227), 31.8-39.7eV, 11.5m
[94
4 \/\/\/\fg\z _\_l
v ——— $-0.000l —
150 o 5 o W\ T-0.0001 ——
] o NH — G +0.0001 —
] o] H20
NH
| o _NH
1004 HN )A\\IOI 280[2270
HO 5
1 ) co/ic2Hg
i Globomycin (1.1)
. COIC2H
| O HO H2O
50| 252.2321 H2O
| COIC2H4 o0
i 298.2376
g 355.2591 65614227
153.1273 456.3067
543.3386
1 428.3118 _ 507.3177 620.4017 ﬂ
0 . . . | . . L el . X — — . - B L, \ ___._ a . . . .___. L, . .
100 200 300 400 500 600 mz
; SUDSIESUS SIS US|
© © © © ©
o z S z S - z S z_ o AL
: ) = : ) = ] = 2 = I
O 0 © 42° 9 o0 o #° o o
Chemical Formula: C47H3,NO5* Chemical Formula: C47H3oNO,* Chemical Formula: C;gH3oNO*  Chemical Formula: C4oH4,0"
z, Exact Mass: 298.2377 Exact Mass: 280.2271 Exact Mass: 252.2322 Exact Mass: 153.1274
I

Chemical Formula: C1gH35N,04*
Exact Mass: 355.2591

Figure $1-3: Fragmentation pattern of Globomycin (1.1).
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Figure $4-4: Chromatogram oHAGO010519 extract, with extracted chromatograms of literature known congeners of Globomiay: BP(
brown: EIC of SE902 A (628.3916+ 0.005), green: EIC of-3B02 A (642.4073:0.005), blue: EIC of Globomycinl) (656.422% 0.005), purple
EIC of SE902 A (670.4386t 0.005) and black: EIC of-8802 A (684.4542+ 0.005). For SE902 A and A a total of 4 isomers each were foul
for SF1902 A a total of 5 isomers were found and for-$802 A just the known one.
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Figure $1-5: Chromatogram oHAG010519 extract, with extracted chromatograms of novel congenerd 8R A-As of Globomycin.Grey
BPC; light blue: EIC of-8%02 A (586.3447+ 0.005), light green: EIC 8+1902 A (600.3603t 0.005), orange: EIC of-3802 A (614.3760t
0.005). For SE902 A just one isomer was found, for 8802 A 3 isomers and for SE902 A 6 isomers were found total.
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Figure $1-6: EIC of SE902 A2 (628.3916 = 0.005) asdmparision of fragmentation pattern of known SE902 A2a andhew SF1902 A2l
and its proposed structure.
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Figure $4-8: EIC of SE902 A4 (670.4386 = 0.005) and comparision of fragmentation patterkrmwn SF1902 A4al and new SE902 A4l
and its proposed structure.
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Figure S$1-9: EIC of SE902 A5 (684.4542 + 0.0Q8he fragmentation pattern and proposed structure.
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Figure S1-10: EIC of SE902 A6 (614.3760 + 0.005phe fragmentation pattern of new SA902 A6a and A6b and their proposed structure
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Figure S1-11: EIC of SE902 A (600.3603t 0.005), the fragmentation pattern and proposed structure.
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Figure S1-12: EIC of SE902 A8 (586.3447 + 0.005), the fragmentation pattemnd proposed structure.
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TableS 4-2: Overview of novelderivatives of GLM (1) based on the molecular network
(Figure4-4) and determined chemical formula.

[M+H]*m/z  chemical formular fragmentation pattern

670.403 Ga2Hs5N5010 Figure S1-13
654.408 Ga2Hs5N500
587.402 CogHsaN4Os Figure S1-15
670.388 GogHs5N50n3 FigureS4-16
674.435 Ga2Hs9Ns0n0
688.385 Gs3Hs1Ns0n0 Figure S1-18
672.418 Ga2Hs7Ns0n0 Figure S1-19
ml:] o Sanok_41 GO7 Xp 4 01 005) T 14016V,
] /T“/?\/’Ti Tomm 5 -oaor
150 T
100 W cmmuo
HN—{—DH
o] H
Chemical Fomnula; C-;HegNsOyo" G6RBAY
Exact mass: 670.4022 ‘H m‘zasl amn e s k
olﬁn""‘ﬁw““am 200 A
o] Q o
/T/\"T\/err'«J == ~'J oA J
T 7 = T >~ == T >~ \g
OH Q & oo,,c' Q
Exact mass: 312.2168 Exact mass: 204.2064 Exact mass: 2668.2115

Figure $1-13: Fragmentation pattern oim/z = 670.4005 and its proposed structure.
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Figure S1-14: Fragmentation pattern oim/z = 654.4083 and its proposed structures.
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Figure S1-15: Fragmentation pattern oim/z = 587.4018 and proposed structural elements.
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FigureS4-16. Fragmentation pattern oim/z = 670.3870 and proposed structural elements.
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Figure S1-17: Fragmentation pattern oim/z = 674.4336 and proposed structural elements.
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Figure S1-18: Fragmentation pattern oim/z = 688.4491 and proposed structural elements.
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Figure S1-19: Fragmentation pattern ofim/z = 672.4181 and its proposed structure.
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4.5.2 Structure Based Drug Design

Figure $1-21: Globomycin ¢range and derivativel.5(green) in LspAPDB 5DIR)
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Figure $1-23: Globomycin ¢range) and derivativel.3(green) in LspAPDB 5DIR)
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4.5.3 NMR and MS/MS2 data for synthetic compounds

*H-NMR (DMSO-ds, 400 MHz)

M 12.86

OH

OH
N
|

Fmoc 0

1.13

(2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-hydroxypyrrolidine-2-carboxylic acid (1.13)
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$3C-NMR (DMSO-ds, 101 MHz)
(2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-hydroxypyrrolidine-2-carboxylic acid (1.13)
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Figure $1-24: NMR spectra of..13in DMSQds.
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*H-NMR (CDCls, 400 MHz)
(2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid (1.12)
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Figure $1-25: NMR spectra ol..12in CDG
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*H-NMR (DMSO-ds, 400 MHz)
(2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (1.14)
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3C-NMR (DMSO-ds, 101 MHz)
(2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (1.14)
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Figure $1-26: NMR spectra ofl..14in DMSQds.



*H-NMR (CDCls, 400 MHz)
(2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid (1.11)
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Figure $1-27: NMR spectra ol..11in CDG
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*H-NMR (CDCls, 400 MHz)
(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl propionate (1.10)

[rel]

Mes0,S Bn LRIk K a3 5 3 §c8 % 33
\N/ P=P=P=- (0w wn A © o NN - -
EEEESEE = == = = EEE = =
Lffo\k/‘\ e i AT
o Ph )
1.10
|
| | Le
|
| |
|
il |
—mn
- et % [
| - | l c,
< |42 > > -~ o
. L I I T I 1~ T
8 6 4 2 0 [ppm]
$3C-NMR (CDClz, 101 MHz) E
(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl propionate (1.10)
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Figure $1-28: NMR spectra of..10in CDGl
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*H-NMR (CDCls, 400 MHz)
(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl (2R,3R)-3-hydroxy-2-methylnonanoate (1.6)
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Figure $1-29: NMR spectra ol.6in CDCGl
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*H-NMR (CDCls, 400 MHz) E
(2R,3R)-3-hydroxy-2-methylnonanoic acid (1.8) L
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Figure $1-30: NMR spectra of Bin CDGl
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*H-NMR (CDCls, 400 MHz)
(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl (2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoate (1.7)
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13C-NMR (CDCl3, 101 MHz)
(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl (2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoate (1.7)
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Figure $1-31: NMR spectra of..7in CDG
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*H-NMR (DMSO-ds, 400 MHz)
(2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoic acid (1.9)
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Figure 1-322 NMR spectra of..9in DMSQds.
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'H-NMR (DMSO-ds, 600 MHz)
(6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-6-hexyl-20-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-f][1]oxa
[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.2)
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$3C-NMR (DMSO-ds, 101 MHz)
(6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-6-hexyl-20-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-f][1]Joxa
[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.2)
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Figure $1-33: NMR spectra of..2in DMSQds.
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TableS4-3: NMR data forl.2in DMSQds (600MHz, 100MHZz)

Position 1 13C [ppm] 11 QOLILIYET oYX «kZ
L-N-Me-Leucine
CO 171.0 -
N-CH 40.1* 3.10 (s, 3H)
h-CH 68.5* 3.553.45 (m, 2H, overlay)
. 2.132.03 (m, 3Hopverlay)
'-Ch 38.2 1.641.54 (m, 2H)
1-CH 24.6 1.451.38 (m, 2H)
1-Cha 22.8 0.940.83 (m, 20H, overlay)
1-CH b 21.7 0.940.83 (m, 20H, overlay)
L-allo-Isoleucine
CO 171.8 -
NH ] 8.21 (d, 1H, J = 91)
6.68 (minor)
h-CH 53.9 4.40 (dd, 1HJ=9.5, 4.6Hz)
i -CH 37.8 1.80-1.71 (m, 2H)
1.381.32 (m, 2H)
'-Ch 25.8 1.11-1.02 (m, 2H)
1-CH 13.9 0.69 (d, 3H, J =6.9 Hz)
1-ChH 11.6 0.940.83 (m, 20H, overlay)
L-Serine
CO 169.7 -
NH ) 8.49 (d, 1HJ= 4.6Hz)
8.58 (minor)
h-CH 54.3 4.02 (ddd, 1H, J&7, 6.7, 4.6 Hz)
. 3.61-3.56 (m, 1H)
) -CH-OH 60.7 3.55:3.45 (m, 2H, overlay)
i -OH - 5.21-5.13 (m, 1H)
L-4-Hydroxyproline
CO 170.7 -
N - -
h-CH 59.3 4.67 (dd, 1H)=8.5, 4.3Hz)
. 2.27 (ddd, 1H, J =125, 4.9, A9
' Lh 38.8 2.132.03 (m, 3Hoverlay)
+-CHOH 66.8 4.204.10 (m, 2H)
1-OH - 5.135.08 (m, 1H)
1-Ch 53.5 3.453.33 (m, 4H, overlay)
Glycine
CO 168.4 -
NH ) 8.07 (d, 1HJ= 8.3Hz)
8.81 (minor)
4.26 (d, 1H, J = 8Hz)
Ch 41.4 4.23 (d, 1H, J = 8%)
3.453.37 (m, 4H, overlay) minor
BHA
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1-CO 176.4

2-CH 40.1* 3.153.11 (m, 2H)
H-QH 14.7 0.99 (d, 3H, J=7.0 Hz)
3-CHO 76.0 5.05 (ddd, 2H, J = 10.2, 6.4, 3.6 Hz)
1.71-1.64 (m, 1H)

4Ch 30.7 1.52-1.45 (m, 1H)
5-8-Ch g;é 28.8,23.2, 1.321.17 (m, 14H, overlay)
9-CH 13.9 0.940.83 (m, 20H, overlay)
|me[r;;]. SaS_085_C1_A2p P1-C-6_01_59209.d: HVIS2(668.4233), 32.0-40.1eV, 11.5
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Chemical Formula: Co7Hs7N,Og* Chemical Formula: Cy4H4,N306" Chemical Formula: C4gH35N0,4*
Exact Mass: 555.3388 Exact Mass: 468.3068 Exact Mass: 355.2591
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Chemical Formula: C47H3oNO,* Chemical Formula: C4gH3oNO*  Chemical Formula: C4oH4,0"
Exact Mass: 280.2271 Exact Mass: 252.2322 Exact Mass: 153.1274

Chemical Formula: C47H3,NO3*
Exact Mass: 298.2377

Figure $1-34: MS? fragmentation ofl.2 and its fragmentation pattern
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*H-NMR (DMSO-ds, 600 MHz)
(6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-20-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-
fl[1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.5)

[rel]

Figure $1-35: NMR spectra ofl..5in DMSQds.
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TableS4-4: NMR data forl.5in DMSQds (600MHz, 100MHZz)

Position 1 13C [ppm] 1 QOLILIY&T oYX k=X
L-N-Me-Leucine

CO 171.0 -

N-CH 40.0 3.12 (s, 3H)

h-CH 69.0 3.543.46 (m, 3H, overlay)

2.14-.2.04 (m, 3H, overlay)

'-Ch 38.1 1.61 (ddd, 1HJ= 13.9, 8.2, 5.8i7)
1-CH 24.6 1.481.40 (m, 1H)
1-CH 22.8,21.7 0.88 (d, 6HI= 6.3Hz)
L-allo-Isoleucine
CO 171.7 -
NH ] 8.21 (d, 1HJ= 9.4Hz)
6.68 (minor)
h_-CH 53.9 4.40 (dd, 1HJ)= 9.4, 4.3Hz)
I -CH 37.7 1.831.71 (m, 3H, overlay)
1.40-1.32 (m, 1H)
'-Ch 25.8 1.11-1.04 (m, 1H)
1-CH 13.9 0.70 (d, 3HJ= 6.9 Hz)
1-CH 11.6 0.86 (t, 3H,)= 7.5 Hz)
L-Serine
CO 169.7 -
NH ] 8.49 (d, 1HJ= 4.2Hz)
8.60 (minor)
h-CH 54.3 4.02 (ddd, 1HJ= 7.0, 7.0, 4.#42)
. 3.623.56 (m, 1H)
) -CH-OH 60.7 3.543.46 (m, 3H, overlay)
i -OH - 5.125.01 (m, 2H, overlay)
L-4-Hydroxyproline
CO 170.7 -
N - -
h-CH 59.3 4.67 (dd, 1H)=8.5, 4.2Hz)
. 2.26 (ddd, 1H, J = 12.6, 5.0, &3
'-Ch 38.7 2.14.2.04 (M, 3H, overlay)
1 -CHOH 66.8 4.21-4.14 (m, 1H)
+-OH - 5.125.01 (m, 2H, overlay)
1-Ch 53.5 3.44-3.36 (m, 4H, overlay)
Glycine
CO 168.5 -
NH ) 8.01 (d, 1HJ= 8.4Hz)
8.88 (minor)
4.27 (d, 1HJ= 8.5Hz)
CH 41.4 4.24 (d, 1H)= 8.1Hz)
3.44-3.36 (m, 4H, overlay) minor
BHA
1-CO 176.4 -
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2-CH 39.7 3.26:3.21 (m, 2H)

H-QR 14.7 1.03 (d, 3HJ= 7.1 Hz)
3-CHO 75.8 5.14 (ddd, 1HJ=10.0, 6.0, 3.9 Hz)
2.021.94 (m, 2H)
4-CH 32.6
1.831.71 (m, 3H, overlay)
5-CH 29.5 2.622.57 (m, 2H)
Cquart 141.7 -
128.3, 128.2
CHrom ' ' 7.297.14 (m, 8H
125.8 (m, 8H)
Ime[nsl;)] SaS 0103 C1_Alp_P1-A3_01_50250.d: M52(688.3920), 32540 7V, 104
o
200 n
HO G— P °
N-Me-L
150 CO —
10] 300.1958
50 2722008
173.0962 318.2064 460. 2805 88,2756 68813920
‘ 189 0868 ‘ ‘ 379 1863 506 2861 575 3076
0
NH NH = NH =
‘. . o
N{”—OH , N{”—OH [ NH
AN A
o HO o HO
Chemical Formula: C35H54N509* Chemical Formula: CpgHy3N4Og* Chemical Formula: CygH3gN30g*
Exact Mass: 688.3916 Exact Mass: 575.3075 Exact Mass: 488.2755
| | |
N N = N
= = H = =
OTO 0 ¢ OH 0 .C' 0 ¢
NH,
Chemical Formula: Cy4H34N,0,* Chemical Formula: C1gH,gNO3* Chemical Formula: C19H,6NO"
Exact Mass: 375.2278 Exact Mass: 318.2064 Exact Mass: 300.1958
7 N\C = = o
H 1
o o
Chemical Formula: CgH,gNO* Chemical Formula: C1,H430"
Exact Mass: 272.2009 Exact Mass: 173.0961

Figure $1-36: MS? fragmentation ofl.5 and its fragmentation pattern
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*H-NMR (DMSO-ds, 600 MHz)
(6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-6-hexyl-21-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1- F
f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.3)
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Figure 1-37: NMR spectra of..3in DMSQds.
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TableS4-5: NMR data forl.3in DMSQds (600MHz, 100MHz)

Position 1 13C [ppm] 11 QOLILIYET oYX «kZ
L-N-Me-Leucine
CO 170.9 -
N-CH 40.1* 3.09 (s, 3H)
h-CH 69.1* 3.553.45 (m, 2H, overlay)
. 2.09 (ddd, 1H, J = 13.7, 9.4, B3
' -Ch 38.1 1.61 (ddd, 1H, J = 14.0, 8.2, 612)
1-CH 24.5 1.441.39 (m, 1H)
1-Cha 22.8 0.890.83 (m, 15H, overlay)
1-CH b 21.7 0.890.83 (m, 15H, overlay)
L-allo-Isoleucine
CO 172.0 -
NH ] 8.22 (d, 1H, J = 9Hz)
6.62 (minor)
h-CH 53.9 4.42 (dd, 1H, J =9.2, 32)
i -CH 37.8 1.81-1.70 (m, 4Hoverlay)
1.391.32 (m, 1H)
'-Ch 25.8 1.07 (ddd, 1H, J = 13.7, 7.5, H)
1-CH 13.9 0.70 (d, 3H, J =6.9 Hz)
1-CH 11.6 0.890.83 (m, 15H, overlay)
L-Serine
CO 168.3 -
NH ) 8.56 (d, 1H, J = 412z)
8.69 (minor)
h-CH 55.3 3.95 (ddd, 1H, J %3, 6.3, 4.4H2z2)
. 3.61-3.55 (m, 1H)
) -CH-OH 60.4 3.55:3.45 (m, 3H, overlay)
i -OH - -
L-3-Hydroxyproline
CO 169.5 -
N - -
h-CH 69.3 4.464.42 (m, 1H,)
i -CHOH 74.0 4.52-4.47 (m, 1H)
i -OH - 5.33 (d, 1H, J = 3Hz)
1-Ch 30.2 1.81-1.70 (m, 4Hoverlay)
3.553.45 (m, 3H, overlay)
t-Ch 44.8 3.453.35 (m, 2H, overlay)
Glycine
CO 168.5 -
NH ) 8.10 (d, 1H, J = 8Hz)
8.79 (minor)
4.28 (d, 1H, J = 8Hk)
Ch 41.3 4.25 (d, 1H, J = 8Hk)
3.45-3.35 (m, 2H, overlay) minor
BHA
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1-CO 176.4

2-CH 40.1* 3.163.10 (m, 1H)
H-OH 14.7 0.99 (d, 3H, J = 6.9 Hz)
3-CHO 75.9 5.06 (ddd, 1H, J =10.0, 6.3, Bl2)
1.70-1.64 (m, 1H)

4Ch 30.6 1.51-1.44 (m, 1H)
5-8-Ch g;g 28.1,23.2, 1.291.18 (m, 11H, overlay)
9-CH 13.9 0.89-0.83 (m, 15Hoverlay)
lme[r;)] SaS_093_C1_Alp_P1-A2 01 59249.d: wlfl_z(ees.ztzzs), 32.040.1eV, 11.9
1259 WO 5 Hyp s

100] VL 280|2271

™ 27.9947,

, 1531271 1390370 350.2173 l 486.3176 555.3388 .
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Chemical Formula: C33H5gN50g" Chemical Formula: C,7Hs7N4,Og"  Chemical Formula: Cp4HsoN30g* Chemical Formula: C19H35N20,"
Exact Mass: 668.4229 Exact Mass: 555.3388 Exact Mass: 468.3068 Exact Mass: 355.2591
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Chemical Formula: C47H3,NO3* Chemical Formula: C17H3oNO,* Chemical Formula: C1H3oNO™ Chemical Formula: C4oH4;0*
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Figure $1-38: MS? fragmentation ofl.3 andits fragmentation pattern
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'H-NMR (DMSO-ds, 600 MHz)
(6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-21-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-

fl[1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.4)
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fl[1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.4)
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Figure $1-39: NMR spectra of..4in DMSQds.
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TableS4-6: NMR data forl.4in DMSQds (600MHz, 100MH2).

Position 1 13C [ppm] 1 QOLILIY&T oYX k=X
L-N-Me-Leucine

CO 170.9 -

N-CH 40.0¢ 3.12 (s, 3H)

h-CH 69.0 3.553.46 (m, 3Hoverlay)

2.10 (ddd, 1H)=13.9, 9.2, 5.61z)

'-Ch 38.1 1.62 (ddd, 1HJ= 13.9, 8.2, 6.2i7)
1-CH 24.6 1.461.40 (m, 1H)
1-Cha 22.8 0.920.84 (m, 12H, overlay)
1-CH b 21.7 0.920.84 (m, 12H, overlay)
L-allo-Isoleucine
CO 172.0 -
NH ] 8.23 (d, 1HJ= 9.4Hz)
6.62 (minor)
h-CH 53.9 4.454.41 (m, 2H, overlay)
I -CH 37.7 1.831.69 (m, 5H, overlay)
1.40-1.33 (m, 1H)
'-Ch 25.9 1.11-1.05 (m, 1H)
1-CH 13.9 0.70 (d, 3HJ= 6.9 Hz)
1-CH 11.6 0.92-0.84 (m, 12H, overlay)
L-Serine
CO 169.5 -
NH ) 8.58 (d, 1HJ=4.1Hz)
8.77 (minor)
h-CH 55.3 3.96 (ddd, 1HJ)=6.4 ,6.4, 4.Hz)
. 3.61-3.55 (m, 1H)
) -CH-OH 60.4 3.55:3.46 (m, 3H, overlay)
i -OH - n.o.
L-3-Hydroxyproline
CO 168.4 -
N - -
h-CH 69.3 4.454.41 (m, 2H, overlay)
i -CHOH 74.1 4.49 (d, 1HJ= 3.8 Hz)
i -OH - n.o.
1-Ch 30.2 1.831.69 (m, 5H, overlay)
3.553.46 (m, 3H, overlay)
t-Ch 44.8 3.463.39 (m, 1H)
Glycine
CO 168.5 -
NH ) 8.05 (d, 1HJ)= 8.7Hz)
8.90 (minor)
4.30 (d, 1HJ= 8.5Hz)
Ch 41.3 4.27 (d, 1HJ= 8.9Hz)
3.393.34 (m, 2H, overlay) minor
BHA
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1-CO 176.4
2-CH 39.7* 3.253.19 (m, 2H)
H-CH 14.7 1.03 (d, 3HJ= 6.8 Hz)
3-CHO 75.8 5.15 (ddd, 1HJ=9.9, 6.2, 4.0 Hz)
2.01-:1.93 (m, 1H)
4Ch 32.6 1.83-1.69 (m, 5H, overlay)
5-Ch 29.5 2.622.56 (m, 2H)
Cquart 141.7 -
128.3, 128.2,
CHuom 125.7 7.297.14 (m, 5H)
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Figure $1-40: MS? fragmentation ofl.4 and its fragmentation pattern
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5. Chapter 2¢ Falcitidin analogs

This work is a joined project with fellow PhD student Stephan Brinkmann. The compound

series was firstly identified in the context of the PPP with Evotec and was followed up

afterwards as part of a dalboration with the work group of Prof. Dr. Schirmeister from the

University of Mainz and Prof. Rosenthal, MD of the University of California, San Francisco.

My main contributions to the project are:

1
1
1
1

Input to the structure elucidation of the detected massof the molecular network
Development of the synthetic strategy
Syntheses and analytics of 18 derivatives

Manuscript drafting

Submitted manuscript inACS Chemical BiolofR022):

https://pubs.acs.org/doi/full/10.1021/acschembio.1c00861
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Cysteine Protease Inhibitors: Pentacitidins Are More Potent
Falcitidin Analogues
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ABSTRACT: Protease inhibitors represent a promising therapeutic option for the treatment of parasitic diseases such as malaria
and human African trypanosomiasis. Falcitidin was the first member of a new class of inhibitors of falcipain-2, a cysteine protease of
the malaria parasite Plasmodium falciparum. Using a metabolomics dataset of 25 Chitinophaga strains for molecular networking
enabled identification of over 30 natural analogues of falcitidin. Based on MS/MS spectra, they vary in their amino acid chain length,
sequence, acyl residue, and C-terminal functionalization; therefore, they were grouped into the four falcitidin peptide families A—D.
The isolation, characterization, and absolute structure elucidation of two falcitidin-related pentapeptide aldehyde analogues by
extensive MS/MS spectrometry and NMR spectroscopy in combination with advanced Marfey’s analysis was in agreement with the
in silico analysis of the corresponding biosynthetic gene cluster. Total synthesis of chosen pentapeptide analogues followed by in
vitro testing against a panel of proteases revealed selective parasitic cysteine protease inhibition and, additionally, low-micromolar
inhibition of @-chymotrypsin. The pentapeptides investigated here showed superior inhibitory activity compared to falcitidin.

B INTRODUCTION mens that are the standard treatment for falciparum malaria, is
Parasitic diseases such as malaria and sleeping sickness (human of great concern. Hence, there is a great need to discover new
African trypanosomiasis, HAT) are poverty-associated diseases i

that have a massive impact on human life, especially in tropical active compounds to serve as lead structures for the

areas."” Protozoan parasites of the Trypanosoma genus,
transmitted by tsetse flies, are responsible for HAT.” With
fewer than 3000 cases in 2015, the number of reported cases of
HAT has reached a historically low level in recent years.” On
the contrary, 229 million malaria cases and 409,000 deaths
were estimated in 2019.” Plasmodium falciparum is the most
virulent malaria parasite, causing nearly all deaths® as well as
most drug-resistant infections.”” Resistance to most available
antimalarials, including artemisinin-based combination regi-

development of new antimalarial drugs.™"
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Figure 1. MS$™networking analysis revealed more than 30 natural falcitidin analogues. (a) Complete MS*network based on extracts of 25
Chitinophaga strains. (b) Close view of the falcitidin network color-coded according to the four molecule families A—D. (c) Molecular structure,
formula, and calculated mass of falcitidin (1), which was putatively annotated for the parent ion of m/z 548.357 [M + H]".

Papain-family cysteine proteases represent interesting
therapeutic targets against several infectious diseases, including
malaria (falcipains) and HAT (rhodesain).” Synthetic or
natural product-based small molecule inhibitors were inves-
tigated and proved falcipains and rhodesain to be promising
I:m'ge(’.s.T‘ﬁ However, developing compounds that target these
cysteine proteases into drugs has proved challenging, in part
due to the difficulty of achieving sn’:lct:tivilfy.9 The acyltetrapep-
tide falcitidin and its synthetic analogues were described as first
members of a new class of cysteine protease inhibitors. In a
falcipain-2 assay, the natural compound showed an 1Cg, value
in the low micromolar range, and the optimized synthetic
analogues showed sub-micromolar IC;, activity against
Plasmodium falciparum in a standard blood-cell assay. Instead
of reactive groups that covalent-reversibly or covalent-
irreversibly bind to active-site cysteines, these compounds
share a C-terminal amidated proline.'™"!

High structural diversity in combination with diverse
biological activities make natural products a valuable source
in the search for new lead candidates for drug development.
Technological improvements in resolution and accuracy of
spectrometry methods followed by complex and large dataset
analysis allow the application of metabolomics techniques
based on, for example, ultrahigh-performance liquid chroma-
tography in line with high-resolution tandem mass spectrom-
etry (UHPLC-HRMS/MS) for the discovery and character-
ization of these metabolites present in a given s;arnple.12 Data
visualization and interpretation using tandem mass spectrom-
etry (MS/MS) networks (molecular networking) allow the

577

automatic annotation of MS/MS spectra against library
compounds as well as the identification of signals of interest
and their analogues.”

In this study, molecular networking was applied to analyze a
previously generated dataset based on bacterial organic extracts
originated from 2§ Chitinophaga strains (phylum Bacteroi-
detes) in which falcitidin was putatively annotated.'t We
aimed to investigate if additional natural analogues were
produced by these strains and discovered more than 30 natural
analogues. A gene encoding a multimodular nonribosomal
peptide synthetase was identified and linked in silico to the
production of the pentapeptide aldehydes. After isolation and
structure elucidation of two natural aldehyde analogues, total
synthesis of all four pentapeptide aldehydes and their
carboxylic acid and alcohol derivatives was successfully
achieved. In activity testing against a panel of proteases, they
performed better than the reference falcitidin and revealed low-
micromolar IC;, activity against a-chymotrypsin, falcipain-2,
and falcipain-3. Three of them also showed activity against
rhodesain.

B RESULTS AND DISCUSSION

Discovery of Falcitidin Analogues. Exploration of the
genomic and metabolomic potential of the Bacteroidetes genus
Chitinophaga revealed a high potential to find chemical
novelty."" In the framework of this previous metabolomic
study of Chitinophaga, an inhibitor of the antimalarial target
falcipain-2, falcitidin (1),'" was detected."* Originally wrongly
described as myxobacterium-derived tetrapeptides produced

htepsy//doi.org/10.1021 /acschembio. 1c00861
ACS Chem. Biol. 2022, 17, 576-589
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