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Abstract

Natural products (NPs) present great chances to identify novel antimicrobial active substances
with unprecedented structures. Synthetic access to natural derived compounds 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 rather derivatives for the development of in-depth
structure-activity relationship (SAR) studies for future drug development. Peptide-based NPs
with a molecular weight between “small drugs” and “biologics” are still an underexplored type
of NPs, which have the 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 Gram-negative bacteria (MIC of 6.25 pg/mL for E. coli SANK 70569)%°. After
identifying an in-house producer strain, molecular network analysis of extracts derived from
Streptomyces sp. HAG010519 revealed a total of 29 natural 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 issue, a rational design approach to develop more
stable derivatives was performed. Therefore, structure-based drug design (SBDD) and
molecular docking studies were applied to focus the synthesis on the most promising
derivatives. A solid-phase peptide synthesis (SPPS) approach was developed, with a
macrolactamization between amino acids 5 and 4 (Figure 4-7) for the ring closure. The newly
developed synthetic route has overall fewer synthetic steps, a high stereoselectivity for the
fatty acid side chain, and gives a two-step procedure to introduce more extraordinary amino
acid building blocks like hydroxyprolines. The four successfully synthesized derivatives show
noticeable activity against the tested E. coli strains, with the highest one of 16 ug/mL, and that
the docking scores delivered a good assessment between the compounds.

Chapter 2 — Falcitidin is an inhibitor of cysteine protease falcipain-2. Molecular network
revealed over30 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 Dess-Martin oxidation to the aldehyde. Thereby, access to
functionalized pentapeptides was established. In vitro testing against selected proteases, as
well as falcipain-2 and -3 showed superior inhibitory activity than falcitidin itself.

Chapter 3 — In extracts of Pedobacter cryoconitis linear peptides containing 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 this dehydrogenation 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 and to two non-natural derivatives was developed for full structure
elucidation,activity testing of the molecules and future enzymatic assays.

Vi



1. Introduction

Looking at the numbers, the importance of natural products (NPs) in the development 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 product or a mimic 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 organism adapting to environmental
changes.®> # Their structural diversity and unique features often do not follow “Lipinski’s rule
of five”> and differ vastly, compared to molecules derived from combinatorial chemistry
approaches.> 4, Especially microorganisms show a huge potential for the discovery of novel
classes of antimicrobial active substances and future drugs based on NPs.® 7 For years, NPs
have been a great source for “natural product discovery” for the pharmaceutical industry.
Due to an increase of the re-discovery of known molecules, the high costs as well as complex
regulations regarding intellectual properties, natural product discovery programs declined

over the last couple of years.>*

Peptide-based NPs have seen an increase in interest by pharmaceutical industry over the last
years.® 2 With less than 50 amino acids,’ they bridge the gap between small molecule drugs
(<500 Da) and so called “biologics”, drugs consisting of proteins, growth factors or antibodies,
all with a high molecular weight (>5000 Da).1° Protein-based drugs show great selectivity and

less side effects but need to be delivered via injection. In contrast, small molecule drugs often

1D.J. Newman, G. M. Cragg, J. Nat. Prod. 2020, 83, 770-803.

2 M. Lakemeyer, W. Zhao, F. A. Mandl, P. Hammann, S. A. Sieber, Angew. Chem. Int. Ed. 2018, 57, 14440-14475.
3D. A. Dias, S. Urban, U. Roessner, Metabolites, 2012, 2, 303-336.

4 A. Atanasov et al. Nat Rev Drug Discov, 2021, 20, 200-216.

5 C. A. Lipinski, F. Lombardo, B. W. Dominy, P. J. Feeney, Advanced Drug Delivery Reviews, 2001, 46, 1-3, 3-26.

6 P. Monciardini, M. lorio, S. Maffioli, M. Sosio, S. Donadio, Microb. Biotechnol. 2014, 7, 209-220.

7 R. Miiller, J. Wink, Int. J. Med. Microbiol. 2014, 304, 3—13.

8T. Dang, R. D. Siissmuth, Acc. Chem. Res. 2017, 50, 1566-1576.

9 G. B. Santos, A. Ganesan, F. S. Emery, ChemMedChem, 2016, 11, 1-8.



show more side effects but better oral bioavailability.'° Peptides cover the gap between these
two groups of drugs and are an underexplored area in the drug market by now. They emerge
as promising candidates to combine the advantages of both drug classes.!® They can be
biochemically divided into two classes of peptides based on their formation: i) ribosomally
synthesized and post-translationally modified peptides (RiPPs) and ii) nonribosomally

synthesized peptides (NRPs).®

Advances in technology as analytical methods, cultivation and genome mining have the
potential to reinvigorate the NP-based drug discovery approach.* Higher 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 tests and structure 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 derivatives to generate a structure-activity-relationship (SAR) on the

other.

The collaboration of Fraunhofer with the 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 the long-term expertise of
pharmaceutical companies support the development of novel microbial active compounds
derived from natural products for not just pharmaceutical but also veterinary and agricultural

applications.

10D, J. Craik, D. P. Fairlie, S. Liras, D. Price, Chem Bio Drug Des, 2013, 81, 136-147.



2. Objective

Synthetic access to newly found natural products after their discovery and structure
elucidation is still indispensable to this date. Computational chemistry and models cannot
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 order to not just synthesize the one molecule but rather to be flexible
to synthesize derivatives as well. For peptide-based molecules solid-phase peptide synthesis
(SPPS) is the method of choice for quick and easy access to peptide scaffolds. Further
functionalization can be carried out either 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 peptide-based
compound in the field of bioactive natural products and their synthesis. Each chapter contains
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 are included chapter

wise.

Chapter 1 — Globomycin

Globomycin (GLM, 1.1) is an underdeveloped literature known antibacterial
depsicyclopeptide with promising anti Gram-negative activity. To determine possible
weaknesses, ADME studies on GLM will be performed. The results 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. Following this, 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 an in-house producer strain and investigate it to
identify additional active natural congeners for an in-detail structure-activity relationship
(SAR). Therefore, extracts will be generated and analyzed by UHPLC-MS/MS to create a

molecular network in which derivatives will cluster with GLM.



Chapter 2 — Falcitidin analogs

Falcitidin analogs are structurally related to falcitidin, an active inhibitor of the protease
Falcipain 2 which represents a promising target in malaria therapy. Falcitidin was found as
part of another project in a molecular networking. Its clustering in the molecular network 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 be developed and compounds will
be synthesized, followed by activity testing. This chapter will be presented as the submitted

manuscript.
Chapter 3 — Cryopeptide

The so-called 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 Justus-Liebig-University. They contain structural interesting
dehydrogenated amino acids. This chapter will focus on the synthesis of two natural isolated
compounds for comparison and full structure elucidation as well as non-natural derivatives
and aminoacyl-N-acetylcysteamine thioesters (SNACs) of valine to examine the

dehydrogenation process of the amino acids.



3. Materials and methods

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

argon atmosphere.

For monitoring reaction progresses, an 1100 HPLC system with DAD from Agilent (Agilent,
Santa Clara, CA, USA) and an Amazon (Bruker, Billerica, MA, USA) ESI lon trap spectrometer
were used. For TLC glass plates from Merck (TLC Silica gel 60 F,s4) were used. Visualization
was carried out using UV-light (254 nm), and/or TLC dips, such as: potassium permanganate
stain (4.5 g KMnO4, 30 g K2COs3, 4 mL 10 % aqueaous NaOH solution, 450 mL H>0), ninhydrin
stain (5 g ninhydrin, 150 mL EtOH), or ceric ammonium molybdate stain (25 g H3[PMo012040],
10 g Ce(S04)2, 60 mL conc. H2S04, 940 mL H,0) followed by gentle heating.

For manual column chromatography glas columns of different diameters (1-8 cm) and silica
from Macherey Nagel (silica 60) were used. For automated flash chromatography a Biotage®
SP4 from Biotage (Biotage, Uppsala, Sweden) with ISOLUTE Flash Si Il columns of different

sizes from Interchim were used.

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

(Sartorius AG, Gottingen, Germany) system.

UHPLC-UHR-MS analysis was performed on a 1290 UHPLC system (Agilent, Santa Clara, CA,
USA) equipped with DAD and maXis [I™(Bruker, Billerica, MA, USA) ESI-qTOF-UHR-MS with
the gradient: 0 min: 95% A; 0.30 min: 95% A; 18.00 min: 4.75% A; 18.10 min: 0% A; 22.50 min:
0% A; 22.60 min: 95% A; 25.00 min: 95% A (A: H20, 0.1% formic acid (FA); B: Acetonitrile, 0.1%
FA; Flow: 600 pL/min). Column oven temperature: 45 °C. Column: Acquity UPLC BEH C18
1.7um (2.1x100 mm) with Acquity UPLC BEH C18 1.7um VanGuard Pre-Column (2.1x5 mm).

Collision induced dissociation was performed at 28.0-35.05 eV using argon at 1072 mbar.



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

with the determined value.

NMR spectra of synthesized molecules were recorded on an AVANCE IIl HD 600 spectrometer
(600 MHz for 'H, 151 MHz for *3C), an AVANCE Il 400 HD spectrometer (400 MHz for H,
101 MHz for 13C) and an AVANCE 11 400 spectrometer (400 MHz for *H, 101 MHz for *3C) from
Bruker Biospin (Bruker Biospin GmbH, Rheinstetten, Germany). Chemical shifts are reported
in ppm and were referenced to the corresponding residual solvent signal (CDCls: &¢ =
77.16 ppm, &n = 7.26 ppm; DMSO-de: 6¢c = 39.52 ppm, 61 = 2.50 ppm; D20: &4 = 4.79 ppm;
CDs0D,: 6¢ =49.00 ppm, &u = 3.31 ppm). &¢ shifts marked with an * were not observed in the
13C NMR spectrum, but obtained either from HMBC or HSCQ data.

NMR spectra of natural isolated fractions of Falcitidin analogs were measured and interpreted
by Michael Kurz (Sanofi, Frankfurt) and were acquired on a Bruker AVANCE 700 spectrometer
(700 MHz for 'H, 176 MHz for *3C) and a Bruker AVANCE 500 spectrometer (500 MHz for H,
126 MHz for 13C). Both instruments were equipped with a 5 mm TCl cryo probe. For structure
elucidation and assignment of proton and carbon resonances 1D-'H, 1D-'3C, DQF-COSY,
TOCSY (mixing time 80 ms), ROESY (mixing time 150 ms), multiplicity edited-HSQC, and HMBC
spectra were acquired. H-chemical shifts were referenced to sodium-3-
(Trimethylsilyl)propionate-2,2,3,3-d4. 3C-chemical shifts were referenced to the solvent

signal (DMSO-ds: 6¢ = 39.52 ppm).

NMR spectra of natural isolated fractions of the Cryopeptides were measured on a Bruker
Avance Ill 600 MHz spectrometer (600 MHz for *H, 151 MHz for *3C) equipped with a Prodigy
cryoprobe (Brucker, Ettlingen, Germany). Chemical shifts are reported in ppm and were
referenced to the corresponding residual solvent signal (DMSO-ds: 6c = 39.52 ppm, &n =
2.50 ppm; CD30D: &¢ = 49.00 ppm, &x = 3.31 ppm) and interpreted by Dr. Yang Liu.



4. Chapter 1 - Globomycin

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

und Pierre Despeyroux from Evotec.

My main contributions to the project are:

e Coordination of the project

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

e I|dentifying MS results of molecular network (with M. Patra)

e Co-development of the synthetic strategies (with S. Schuler and Evotec chemists)

e Syntheses and analytics of derivatives

4.1 Introduction

Infectious diseases caused 20% of deaths worldwide in 2017.1! Even if the mortality caused
by infectious diseases is slowly decreasing, the threat of multi-drug resistance is growing.'> 13
The WHO addresses the urgency in a list of “Global Priority Pathogens” that include 12

different species.’* The acronym ESKAPE summarizes the six most important ones:

11 Hannah Ritchie, Max Roser, 2018 - "Causes of Death". Published online at OurWorldinData.org. Retrieved
from: https://ourworldindata.org/causes-of-death [last accessed: 26" March 2021].

12 https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death, [last accessed: 26" March
2021].

13 CDC. “Antibiotic Resistance Threats in the United States”, 2019. Atlanta, GA: U.S. Department of Health and
Human Services, CDC; 2019.

4 WHO. Global priority list of antibiotic-resistant bacteria to guide research, discovery, and development of new
antibiotics, 2017. Can be founs under: http://www.who.int/medicines/publications/WHO-PPL-
Short Summary 25Feb-ET NM_WHO.pdf [last accessed: 26" March 2021].
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E - Enterococcus faecium (Gram-positiv)

S - Staphylococcus aureus (Gram-positiv)

K - Klebsiella pneumoniae (Gram-negative)

A - Acinetobacter baumannii (Gram-negative)
P - Pseudomonas aeruginosa (Gram-negative)
E - Enterobacter (Gram-negative)

Antibiotic resistance is a natural evolutionary process, be it an acquired response on
environmental change, a coincidental mutation or the intrinsical property of bacteria to be
resistant.’® The mis- and overuse of antibiotics is further accelerating the development of
resistances in organisms. Besides the almost instant development of resistances, a lack of new
and novel compounds is aggravating the situation.® Only 17 new antibiotics were approved
and marketed in the US between 2000-2018.17 In December 2020, 43 antibiotics were in
clinical development. Nevertheless, none represents a novel class or a novel mode of action
against Gram-negative ESKAPE pathogens.'® New antibiotics, especially novel antibiotic
classes and novel modes of action are severely needed to treat infectious diseases, especially

against Gram-negative bacteria.

As Penicillin, one of the first antibacterial natural products, was found in nature,® 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 products or derivatives thereof.}” The
diversity and properties of natural products are a great source of novel structures and mode
of actions. Over time, the discovery of novel natural products declined though, and the
rediscovery of known compounds became more frequent.? The broadening of the secondary

metabolite spectra of examined species is one way to address this problem and the inclusion

15 J. M. A. Blair et al. Nat Rev Microbiol, 2015, 13, 42-51.
16 G, Annunziato, Int. J. Mol. Sci. 2019, 20, 5844.
17 M. Lakemeyer, W. Zhao, F. A. Mandl, P. Hammann, S. A. Sieber, Angew. Chem. Int. Ed. 2018, 57, 14440-14475.

Bhttps://www.pewtrusts.org/en/research-and-analysis/issue-briefs/2021/03/tracking-the-global-pipeline-of-
antibiotics-in-development. [Accessed: 26t March 2021].

1% A. Flemming, Br J Exp Pathol, 1929, 10 (3), 226-236.
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of hard to cultivate species. Other alternatives are underexplored natural products, which
were found in the past but their potential was not actively exploited due to limited
technologies. Those known compounds offer a great starting point 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 as structure based drug design (SBDD) or molecular docking can aid in the

development of structural optimization.

Globomycin (1.1, GLM) and its naturally occurring congeners, as shown in Figure 4-2,
represent a class of such underexplored natural products. This cyclic depsipeptide was first
isolated in 1978 from four different Actinomyces strains and consists of five amino acids
(AA-1 - AA-5) as well as a B-hydroxy fatty acid (BHA) as lipophilic side chain.?® Three main

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

1. Gram-negative activity
2. A novel target, the lipoprotein signal peptidase Il (LspA)

3. Chemical structure allows wide optimization

Its activity against Gram-negative bacteria! and Mycobacterium tuberculosis*? addresses the
most important field of antibiotic research. The Gram-negative activity of GLM originates
from inhibition of the signal peptidase LspA, a transmembrane enzyme, which catalyzes the
release of signal peptides from bacterial membrane pro-lipoproteins to apo-lipoproteins.
Globomycin functions as a non-cleavable peptide, blocking the binding side of LspA and
unprocessed pro-lipoproteins accumulate in the cytoplasmic membrane, resulting in cell

death (Figure 4-1, highlighted in red).?

20 M. Inukai, R. Enokita, A. Torikata, M. Nakahara, S. Iwado, M. Arai, J. Antibiot. 1978, 31, 410-420.

21T, Kiho, M. Nakayama, K. Yasuda, S. Miyakoshi, M. Inukai, H. Kogen, Bioorg. Med. Chem. 2004, 12, 337-361.
22N. Banaiee, W. R. Jacobs, J. D. Ernst, J. Antimicrob. Chemother. 2007, 60, 414-416.

23 M. W. Weichert et al. Nat Commun. 2017, 8, 15952.
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Figure 4-1: Lipoprotein posttranslational processing in Gram-negative bacteria.?®> The by
Globomycin (1.1) targeted enzyme LspA and its role in the process is highlighted in red. GLM
functions as a non-cleavable peptide for LspA and pro-lipoproteins accumulate in the
membrane, resulting in cell death.

LspA offers two advantages as an antibiotic target: i) it is exclusively found in bacteria,
therefore a low risk of target-based adverse effects in humans can be expected and ii) it has
not been addressed by marketed antibiotics yet. Based on the cyclic peptide structure of 1.1,
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 other natural or non-natural amino acids or for mimetics. This can aid in the
development of a more profound Structure-Activity Relationship (SAR) and improvement of
physicochemical properties like metabolic liability, log D values and overall ADME

qualities.?* 2>

24 F. Hoffmann-La Roche AG, Genentech, Inc., Cyclic Peptide Antibiotics, W02019/052545 A1, 2019.
25 K. Garland et al. Bioorg Med Chem Lett, 2020, 30 (20), 127419.
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Figure 4-2: Globomycin (1.1) and its literature known naturally occurring congeners.2®

The published synthetic approaches (see Figure 4-3 and Table 4-1) differed in two main
aspects, namely the ring closure and the stereoselective synthesis of the lipophilic side chain.
Sarabia’s 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 synthesis of the B-hydroxy acid was explored in two
different approaches, both complex multi-step preparations with a moderate overall yield.?’
Kiho and co-workers pursued a convergent synthesis based on three fragments. The di- and
tripeptide fragments were synthesized in the liquid phase and 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 procedures with high overall yields. One focused on Evans chemistry and the other on a
norephedrine based auxiliary to introduce the stereochemistry.?® Both, the Sarabia group as
well as Kihos group relied on different protecting groups for each of the hydroxyl groups of

threonine and serine, see Table 4-1 and Figure 4-3.

26T, Kiho, M. Nakayama, K. Yasuda, S. Miyakoshi, M. Inukai, H. Kogen, Bioorg. Med. Lett. 2003, 13, 2315-2318.
27 F, Sarabia, S. Chammaa, C. Garcia-Ruiz, J Org Chem, 2011, 76 (7), 2132-2144.
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Table 4-1: Comparison of Sarabia and Kihos synthetic strategies.?% 2’

Kiho et al. Sarabia et al.

Style convergent linear

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

Ring closing step macrolactamization macrolactonization

between AA-4 and AA-3

Protecting groups Thr(TBS), Ser(Bn) Thr(TBS), Ser(Bn)
BHA Evans auxiliary, Sulfur ylides
Norephedrine auxiliary, Sharpless asymmetric epoxidation

Mitsunobu based apporach

T

(o} NH
(0]

NH
Kiho et al. Sarabia et al.
0 NH
Fragment A
HN “—OH
OH HO
: | o 'L
OH O HN :
OH O
NH

(6]
NH

0} O
NH ° O/ \ﬂ/\NH
Fragment B

/ io
o
T

o

o
NH

o _NH ° { oB

., HN ‘—O0Bn

NH HO “—OBn

TBSO 2 { TBSO o

(6]

Fragment C

Figure 4-3: Simplified retrosynthetic approach of Kiho’s (blue) and Sarabia’s (red) work to
Globomycin (1.1).2%27

Kiho et al. published activity results of GLM analogues in which they showed initially the
importance of the lipophilic side chain and its length, the need for a methylation of the

nitrogen on AA-1, and the importance of the serine in 2004.%! Besides this first SAR data,

12



Vogeley et al. presented the crystal structure of LspA in complex with Globomycin. This 3D
model offers a deeper understanding of molecular interactions 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 Asp143 located in the catalytic center, which is

occupied by the serine of Globomycin.?®

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 in-house metabolomic library for a producer strain and natural
Globomycin analogues.

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

3. Evaluating new structural elements and derivatives utilizing structure-based 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 reverse database search
was performed, based on the m/z value of the proton adducts and their retention time,
referencing to the commercially available Globomycin authentic standard. Using this
approach, a producer stain (Streptomyces sp. HAG010519) was identified in the in-house
metabolomic database of Fraunhofer by Dr. Maria Patras, and it produced Globomycin,
SF-1902 A;a and Az, in high titers. Based on the existing data of the producer strain, together

we performed a molecular network analysis (see Figure 4-4), which revealed a larger group

28 | Vogeley et al. Science, 2016, 351 (6275), 876-880.
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of derivatives (marked in blue) encompassing the congeners SF-1902 A2 - A5 reported in

literature (marked in red, Figure 4-4) and new ones (marked in green).

668.385
672.418

670.388

628.393

Figure 4-4: Molecular Networking Cluster of the Globomycin family of structural related
compounds. Highlighted in yellow is the precursor ion corresponding to Globomycin (1.1), in
red literature known compounds SF-1902 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 following, congeners refer to compounds with the highest structural similarity to
Globomycin and the literature known SF-1902 A2 - A5, whereas derivatives differ in a greater
structural way from the mother compound e.g., containing different amino acids. In the
extract we found 20 new congeners based on the molecular network (nodes in green) and
specific searches. For that we deduced structures, derived of Globomycin and its congeners,
and searched specifically for them in the chromatogram of the extract. For seven we proposed
a structure based on the comparison of their fragmentation pattern to that of Globomycin,
shown in Figure 4-5. These congeners differ only in the length of the lipophilic side chain and

the residue of AA-2.

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
proposed structures based on the fragmentation pattern, mostly modifications of the

lipophilic side chain.
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compound AA-2 n MF
Globomycin (1.1)  allo-lle 5 C32Hs57Ns0q

SF-1902 A:
SF-1902 Aza allo-lle 3 C30Hs3Ns509
SF-1902 Az Val 4 C30Hs3N509
M’L SF-1902 Asa Val 5 C31Hs5Ns509
nZ AA-1 SF-1902 Asp (allo)-lle 4 C31Hs5N509
AA_:TO © o SF-1902 Asa1 allole 6  CasHsoNsOs
NH o) R Ans SF-1902 Azaz lle 6 C33Hs9Ns09
o NH or Leu 6
Y { Con SF-1902 Asc
AA-4 HO 0 ans SF-1902 Asp Val 7 C33Hs59Ns509
SF-1902 As allo-lle 7 C34H61N509
SF-1902 Asa Val 3 C29H51N509
SF-1902 Aeb (allo)-lle 2 C29H51N509
SF-1902 A7a (allo)-lle 1 C28Ha9Ns09
SF-1902 As Val 1 C27H47Ns09

Figure 4-5: Structure of Globomycin (1.1), its natural occurring congeners and the novel
found isomers (marked in blue). Proposed structures are based on the comparison of their
fragmentation pattern to that of GLM. The stereogenic centers are based on GLM and needs
to be confirmed by NMR or crystallography.

For the remaining compounds either the intensity was too low for fragmentation or it was
overlapping with other fragmentation patterns. Detailed MS/MS data and chromatograms
can be found in the Supporting Information 4.5.1, as well as a detailed structural overview of

all congeners (Figure S 4-1, Figure S 4-2).

Our proposed structures are based on the comparison of the fragmentation pattern of new
molecules to that of GLM. The specificity of the fragmentation pattern and the distinct
fragmentation order of Globomycin (Figure S 4-3) allows for a reliable structural assignment
and regiochemical interpretation of the new compounds. Since all derivatives and congeners
are very likely synthesized by the same Non-Ribosomal Peptide Synthase (NRPS) gene cluster,
it can be assumed that the stereochemistry is conserved. However, this hypothesis needs to
be confirmed by structure elucidation via NMR or crystallography. In 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 Gram-negative antibiotic with a minimal inhibitory
concentration (MIC)-value of 6.25 pg/mL for E. coli SANK 70569.2° In cooperation with Sanofi
we determined MIC values of 8 and 8-16 ug/mL for the E. coli strains ATCC 35218 and
ATCC 25922, respectively. Our early ADME tests as well as a physicochemical evaluation of
Globomycin indicate it to be a promising antibacterial lead structure. Overall, the natural
compound shows drug like properties based on its log D value (pH 7.4: 3.95), its solubility of
0.215 mg/mL (phosphate buffer at pH 7.4) and its moderate CYP3A4 inhibition. Its low
permeability (in CaCo-2 model of intestinal resorption) can be neglected for an intravenous
application. It has a high chemical stability (100%, phosphate buffer pH 7.4, 24 h at 25 °C) and
is stable in simulated gastric, intestinal fluids, and in human plasma. The only liability
observed from these early in vitro eADME studies is a high metabolic lability in human, mouse,
and rat liver microsomes, which needs to be addressed for future derivatives. The main
metabolite we found in the in vitro metabolism study of human liver microsomes indicates a
cleavage between AA-3 and AA-4 (Ser and Thr) by amide hydrolysis. Two more metabolites

were determined to be hydroxylated at AA-1 (N-Me-Leu) and the lipophilic side chain.

4.2.3 Structure Based Drug Design (SBDD) and Molecular Docking

To address the liability of the natural substrate based on the metabolites found in the eADME
test, the focus was put on AA-4 and AA-3 as well as the lipophilic side chain. Figure 4-6 shows
Globomycin in complex with LspA (PDB: 5DIR). Favorable hydrogen bonds (yellow) are formed
between the hydroxyl group of serine and Asp 124 and Asp143, the catalytic dyad, as well as

from various carbonyl groups to Arg 116 and Asn 112.

29Y. Xiao, K. Gerth, R. Miiller, D. Wall, Antimicrob. Agents Chemother. 2012, 56, 2014-2021.
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Figure 4-6: Globomycin (in orange) in complex with LspA (PDB 5DIR). Favorable hydrogen
bonds are depicted in yellow.

To conserve the residues Asp 124 and Asn 143 of the catalytic center and maintain the
interactions between it and serine, we focused on introducing favorable interactions to
Asn 54. Therefore, we introduced hydroxyprolines in the place of the allo-threonine of GLM,
further representing also a complement to the large number of so far described GLM
analogues.?* 2> The assumption was, that additional hydrogen bonds could be formed and the
pocket could be filled out in a better way, due to the steric room of the five-membered ring.
To test the optimal position of the hydroxyl group, we exploited 3- and 4-hydroxyproline.
Knowing the importance of the lipophilic side chain and the structure of the enzyme, our idea
was to utilize Phe 59 for aromatic interactions, specifically sandwich m-mt-stacking. During the
docking process the most promising derivatives were chosen, based on synthetic availability
and docking scores, as presented in Table 4-2. Graphic results of the molecular docking can

be found in more detail in the Supporting Information 4.5.2.
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Table 4-2: Results of molecular docking and SBDD.

structure Docking Docking
Score Score
[kcal/mol] [kcal/mol]
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Based on the docking score of =99 kcal/mol for GLM the results shown in Table 4-2 indicate a
higher activity than Globomycin for all derivatives. To study the effect of structural
modifications, we only implemented one change for the derivatives 1.2 and 1.3. The
allo-threonine was exchanged to 4-Hyp and 3-Hyp, respectively, whereas the length of the
lipophilic side chain was kept identical to GLM. Based on the docking scores, the 3-Hyp residue
of 1.3 (-107.6 kcal/mol) has a greater effect than the 4-Hyp residue of 1.2 (-104.2 kcal/mol).
This is also the case for the comparison of 1.4 and 1.5, both containing an aromatic side chain
but different hydroxyprolines, where the docking score is again higher for the 3-Hyp

derivative 1.4. In order to examine the replacement of the alkyl residue, we introduced an
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ethane-phenyl substituent as an aromatic linker to study the effect of an aromatic moiety.
Based on the results of the molecular docking, this length seems to be ideal to position the
phenyl close enough to Phe 59 for favorable m-m interactions. Comparing compounds 1.2 and
1.5, which only differ in the type of linker, they show similar docking scores in the range of
-104 kcal/mol, suggesting that the effect of the side chain on the affinity is low. This is
confirmed by comparing the docking scores of derivatives with longer chains, which vary only
marginally. Detailed pictures of the molecular docking of the four chosen structures can be

found in the Supporting Information (4.5.2).

4.2.4 Synthesis

Based on the aforementioned findings, a total synthetic route was favored for the four target
compounds. In cooperation with Evotec, we planned our synthesis adopting the advantages
of SPPS of Sarabia et al. and the preparation of the lipophilic side chain based on Kiho’s work.
The differences and similarities of both synthetic strategies are summarized in Table 4-1 and
were discussed in section 4.1. Figure 4-7 exemplifies on Globomycin the retrosynthetic
approach of Kiho (blue), Sarabia (red) and the newly developed one in green. Our first tries
adopting the macrolactonization procedure of Sarabia et al. resulted in very poor yields, so
we switched our focus on macrolactamization to close the ring instead. To avoid unnecessary
deprotection steps, we implemented a universal protecting group for the hydroxyl functions
of amino acid building blocks, simplifying the overall synthesis. Since our first trial of using tBu
failed due to deprotection issues, we choose TBS as the universal protecting group for further
synthesis. This new synthetic approach combines the advantages of both literature 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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Figure 4-7: Simplified retrosynthetic approach of Kihos (blue) and Sarabias (red) work, as
well as the newly developed retrosynthetic approach (green), exemplified on Globomycin.

The generalized Scheme 4-1 gives an overview of the newly developed route. Our strategy
can be segmented into six parts: (1) Esterification of the first amino acid to the resin; (2)
coupling of amino acids and Fmoc-deprotection; (3) connecting the B-hydroxy acid (BHA); (4)
attaching protected glycine and deprotection; (5) cleavage from the resin; (6) ring closure via
macrolactamization and final deprotection 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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Scheme 4-1: Generalized synthesis of Globomycin and derivatives. It can be divided in six
parts. Over 60% of the steps are carried out on solid support, eliminating purifications for
intermediates allowing for a fast and easy procedure.

For the overall synthesis the required building blocks, consisting of TBS-protected 3- and 4-
hydroxyproline and the chosen B-hydroxy acids, needed to be prepared beforehand.
Preparing the BHAs we tried using the Evans as well as the Norephedrine auxiliary based on
the procedures by Kiho et al.?® Due to unexpected problems during the hydrolysis of the
Evans-aldol product, we chose the norephedrine route, as depicted in Scheme 4-2. For the
aldol addition this method offered high diastereoselectivity of 93:7 and 96:4 for the n-alkyl
(1.6) and the aromatic linker (1.7), respectively. However, the yields of both compounds over
the aldol addition and hydrolysis varied greatly. For the n-alkyl linker (1.8) a yield of 93% was
achieved. The aromatic linker (1.9) was obtained in just 34% over the same steps. Especially
the hydrolysis with just 42% compared to the quantitative conversion of the alkyl linker
affects the overall yield. Part of that could be attributed to the purification via crystallization,
which was not optimized further. After hydrolysis of the anti-aldol product the norephedrine

auxiliary was recovered in yields of 77-89%.
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Scheme 4-2: Synthesis of lipophilic side chains based on norephedrine auxiliary.

For the hydroxyproline derivatives, the Fmoc- and TBS-protected amino acid building blocks
were synthesized as shown in Scheme 4-3 following standard literature procedures.® The
synthesis was done once in a 6-8 g scale for both building blocks and furnished the desired
products in moderate to high yields over both steps. Synthesis of both, Fmoc- and TBS-
protected 4-Hyp (1.11) could be performed with yields of 90%, whereas the protected 3-Hyp
(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 hydrogen bond.

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
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90% over both steps
1.14 1.1

Scheme 4-3: Fmoc- and TBS-protection of 3- and 4-hydroxypronline building blocks.

30 A, Agarkov, S. J. Greenfield, T. Ohishi, S. E. Collibee, S. R. Gilbertson, J. Org. Chem. 2004, 69 (23), 8077-8085.
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The 2-Chlorotrityl chloride (2-CTC) resin was chosen because of its hyper-acid lability for SPPS.
Esterification of the resin with the first amino acid followed standard procedures and the
loading was determined by UV/VIS-absorption for each prepared resin.3! Since the samples
needed to be dried in vacuo first and were then stored under argon overnight, the determined
loading of the resin could have been a source of error for following calculations. In the
presence of the Fmoc-protecting group amino acids and short peptides bound to the 2-CTC
resin are very prone to cleavage.?! Based on the loading of the purchased 2-CTC resin, the
yield was 31% for the 4-Hyp variant (1.15) and 23% for the 3-Hyp variant (1.16). Those are
very low yields for a standard procedure, which is usually known for high yields. Besides an
incorrect determination of the loading, steric hindrance of the TBS-protected hydroxyproline
could have been a factor for it. This would explain the even lower yield of the 3-Hyp resin
where the bulky TBS-protecting group is positioned closer to the resin compared with the 4-
Hyp derivative. Following coupling steps based on the estimated loading were successful, so

our calculated load seemed appropriate.

The synthesis of 1.2 and 1.5 is depicted in Scheme 4-4. The peptide chain of 1.2 and 1.5 are
identical, allowing for a split approach for the synthesis. Based on the determined loading of
53, the overall yield, for a total of nine steps, not taking the Fmoc-deprotection steps into
account, for 1.2 is 14% and for 1.5 it is 13%. The coupling of the first three amino acids was
achieved with 84%. The following three steps were carried out on solid support in the same
vessel to avoid losing too much material during a transfer. Therefore, we did not determine
the yields of those intermediates. Ring closure was directly performed after cleavage of the
cyclization precursor from the resin. The protected derivatives were only prepurified by

column chromatography before the final deprotection step.

31 w. Chan, P. White, Fmoc Solid Phase Peptide Synthesis Practical Approach, Oxford University Press, Oxford,
1999.
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Scheme 4-4: Synthesis of 1.2 and 1.5. Over 60% of the synthetic steps were carried out on solid support. For 1.2 an overall yield of 14% and
for 1.5 13% was achieved. The ring closure, as one of the final steps, is the macrolactamization of glycine and 4-hydroxyproline. All reactions
were carried out at room temperature, detailed conditions can be found in the experimental part (4.4.2).
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For the derivatives 1.3 and 1.4 (see Scheme 4-5) the overall yield overall steps is 10% and
17%, respectively. The SPPS of the first three amino acids and Fmoc-deprotection is slightly
lower with just 69%. The following six steps with yields of 14% and 24% are comparable with
the ones from 1.2 and 1.5 with 17% and 16% over the same 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 determined loading of the attachment of the
hydroxyprolines to the resin needs to be considered. The sensitivity of the amino acid-resin
bond as long as the Fmoc-group is attached and its storage overnight could have led to an
error-prone load, which in turn affects the calculation of the overall yield. During the initial
synthesis we focused on the timely delivery of a variety of Globomycin derivatives to establish

a SAR. Therefore the yields and synthesis processes were not optimized at this stage.

4.2.5 Antibacterial Activity

Globomycin and the synthetic derivatives 1.2, 1.3, 1.4 and 1.5 were tested against a panel of
Gram-negative bacteria (E. coli, P. aeruginosa, K. pneumoniae and A. baumannii) as well as
Gram-positive (S. aureus) and a surrogate of M. tuberculosis (i.e., M. smegmatis) (Table 4-3).
Besides the activity for E. coli ATCC 25922 AhldE, which was performed by Evotec (Sebastien
Coyne, PhD and team), all other screenings were performed at the Fraunhofer Institute
(Dr. M. Marner and team). By internal standards, activities of > 128 ug/mL are considered
inactive, 32-64 ug/mL are weakly active, 4-16 pug/mL are moderately active and < 2 ug/mL are

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

|
N
\/\/kﬂ/ compounds R? RZ R3

O 1.2 n-butyl H OH
W\ 1.3 n-butyl OH H

1.4 Ph  OH H

Rzl)i\“ { - 15 Ph  H OH

R® o)
MIC [pg/mL]

Globomycin 1.2 13 14 1.5
E. coli ATCC 25922 wt 16 >128 16-32 64 >128
E. coli ATCC 25922 AtolC 0.5 1 0.5 1 2
E. coli ATCC 25922 MHC 8-16 16 2 8 32
E. coli ATCC 25922 AhldE 0.5 4 1 4 8
P. aeruginosa PAO1 >64 >64 >64 >64 >64
P. aeruginosa PA0750 64 64 64-32 >64 >64
K. pneumoniae ATCC 30104 64 >64 >64 >64 >64
A. baumannii ATCC 19606 >64 >64 >64 >64 >64
S. aureus ATCC 33592 >64 >64 >64 >64 >64
M. smegmatis ATCC 607 >64 >64 >64 >64 >64
Docking Score [kcal/mol] -99.833 -104.244 -107.569 -108.369 -104.718

Against all other bacteria except E. coli all compounds (1.1 — 1.5) were either not active or
barely active. The derivatives 1.3 and 1.4, as well as Globomycin (1) showed activity against
all tested E. coli strains. For the wild type (E. coli ATCC 25922 wt) Globomycin was still the
most active compound, followed by the 3-hydroxyproline compounds 1.3 and 1.4 with a
slightly lower activity. The 4-hydroxyporoline derivatives 1.2 and 1.5 showed no activity. In
MHC the activity was significantly higher compared to the standard medium for all compounds
except Globomycin itself, with 1.3 showing the highest activity. The same applies for the Ah/dE
variant, where all tested compounds also showed significantly higher activities, with GLM
having the best result, followed by the 3-hydroxyproline derivative 1.3. Both, the AhIdE variant
and the MHC medium affect the stability of the (outer) membrane. The target of GLM, LspA,
is located in the inner membrane of the cell (Figure 4-1). The higher activities of all compounds
of the AhldE variant and the MHC variation, compared to the weaker activities against the wild
type indicate that a permeability problem may be the cause. The results of the AtolC variant,

where all derivatives are highly active, compared to those of the wild type, suggested that the
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compounds are actively transported out of the cell by efflux-mechanisms. Again, GLM and 1.3
showed the best results with 0.5 ug/mL. Overall, compounds 1.2, 1.3, 1.4 and 1.5 showed
moderate to high activity for the MHC and AhIdE variants, with the 3-hydroxyproline, n-butyl
derivative 1.3 being the most active one against all E.coli strains, representing a good lead

structure for further optimization.

The comparison of the activity results to the docking scores shows a trend and assessments
of derivatives is possible. The lower docking scores of 1.2 and 1.5 (~ -104 kcal/mol) and better
ones for 1.3 and 1.4 (~ -108 kcal/mol) corresponded to the determined activities. As
predicted by docking, the 3-Hyp derivatives 1.3 and 1.4 showed higher activity as the 4-Hyp
ones (1.2 and 1.5). The docking scores predicted only a marginal effect of the aromatic residue
on the activity, comparing 1.3 to 1.4 and 1.2 to 1.5. The results showed a slight decrease of
the activity for the phenyl moiety, comparing compounds 1.3 (16-32 ug/mlL) to 1.4
(64 pg/mL). The hypothesis of favorable interactions of Phe 59 to the aromatic residue and -
ni-stacking therefor did not work out. This shows the limitation of computer-based methods

and that the results are an estimation and testing the compounds is indispensable.

4.3 Summary and Outlook

With just 17 antibiotics approved between 2000 - 2018 and the development of multi-drug
resistance, the need for novel antibiotics is more pressing than ever. Natural products offer
an abundant diversity of active compounds. They, and structures derived from them, make
up over 80% of marketed antibiotics.?” Besides the strategy to find novel natural products,
exploiting underdeveloped substances of the past and using their potential for optimization
is another approach. Globomycin (1.1, GLM), first reported in 1978,2° is such an
underdeveloped substance and presents a very attractive lead structure to develop further
based on the following attributes: i) its Gram-negative activity; ii) its structural setup which
allows for modification and iii) its unique target LspA, which is exclusively found in bacteria
and has not been exploited by other antibiotics yet. Additionally, the crystal structure of GLM

in complex with LspA allows for a computer-aided approach,?* like structure-based drug
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design (SBDD). The high potential became apparent in 2020 when Garland et al. published
their work about the optimization of Globomycin analogs with a variety of newly developed,

synthesized and tested structures.?

In search of new natural congeners of Globomycin for SAR expansion, we were able to find
an in-house producer strain (Streptomyces sp. HAG010519). Using molecular networking and
specific searches, we found a total of 29 structures related to Globomycin. For seven of 20
found new congeners and for four of nine newly found derivatives we proposed a structure.
However, it turned out that all in this way identified derivatives were meanwhile described in

patent literature.?

Our early on approach of physiochemical tests to explore possible weaknesses, like 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 drug-like properties, but a high metabolic liability of the
natural substrate (1.1). The amide bond cleavage between AA-3 and AA-4 (Ser and Thr) as a
major metabolic pathway was identified. We used the published structure-activity
relationship (SAR) of GLM,2 SBDD and molecular docking to evaluate the binding pocket and
to develop new analogues. To address the high liability we exchanged the natural allo-
threonine for 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 Asn 54 and filling out the pocket in the catalytic cavity
more due to the sterically demanding five-membered ring (Figure 4-6, 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 Phe 59 (Figure 4-6, Supporting Information 4.5.2).

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

The successful, newly developed synthetic route combines the advantages of the literature
known ones,?®?” 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 synthetic steps overall. It offers
a high stereoselectivity for the synthesis of the fatty acid side chain, based on the
norephedrine auxiliary, with a dr of 93:7 and 96:4 for the n-alkyl (1.6) and the aromatic linker
(1.7), respectively. The synthesis of the protected amino acid building blocks is performed in

just two steps with yields of 62% and 90% for 4-Hyp (1.11) and 3-Hyp (1.12), 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 chosen 2-CTC resin, was not as successful
as we expected. With yields of only 23% for the 3-Hyp variant (1.16) and 31% for the 4-Hyp
variant (1.15) and problems during the determination of the loading due to the sensitivity of
the amino acid-resin bond, this step needs to be optimized for future syntheses. Over 60% of
the synthetic steps were 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 macrolactamization approach and gives moderate to good overall yields of 10-17%
over just nine steps, not taking the Fmoc-deprotection steps into account. Our synthetic

approach offers a robust and easily modified route to derivatives of Globomycin.

The four derivatives (1.2 — 1.5) only show noticeable activity against the tested E. coli strains
(Table 4-3). Against the wild type, GLM (1.1) shows the highest activity with 16 pg/mL,
followed by the 3-Hyp derivative 1.3 and 1.4 with 16-32 ug/mL and 64 pug/mL, respectively.
The 4-Hyp derivatives 1.2 and 1.5 are not active. All derivatives show significant higher activity
for the media variation with MHC and the AhldE and AtolC variants, suggesting a permeability
problem and an active efflux mechanism that pumps the compounds out, especially since
LspA, the target of Globomycin, is located in the inner membrane of the cell (Figure 4-1). Of
all derivatives 3-hydroxyproline, n-butyl derivative 1.3 shows the highest activity. The aromatic
linker of 1.4 has a negative effect on the activity compared to 1.3, indicating that there are no
interaction to Phe 59 as hoped for. Comparison of the activity results to the calculated docking
scores show a good estimation and assessments of derivatives is possible, but it is no

guarantee for active compounds and testing is indispensable.

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 parameters can then be
addressed for derivatives, aided by computer-based methods, such as SBDD and molecular
docking to narrow down potential lead structures. The herein reported hydroxyproline-based
GLM series represents a further diversification of the so far published SAR and the most

promising derivative 1.3 can be used as new starting point for a refined SBDD approach. The
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presented synthetic route based on SPPS allows for a robust, fast and easy access to new

analogues.

To improve our synthetic approach further, the 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 vyields, if it is due to the steric hindrance of the protected
hydroxyprolines or the method to determine the loading of the resin. For the next circle of
optimization, our hypothesis that the steric demand of the five-membered 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. The metabolic lability in
human, mouse, and rat liver microsomes should be carried out for the derivatives, especially
for the most promising one 1.3. Comparison of the results to the ones of GLM will give insight
to the stability and possible new weak points. A refined SAR, based on our results as well as
considering the findings reported by Garland et al.,?® 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 analysis®?

The UHPLC-qTOF-MS/MS data of the Globomycin producer strain crude extracts were
analyzed using molecular networking to allow the variable dereplication of known and
unknown metabolites. 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 picking: vendor MS
level = 1-2; threshold: absolute intensity, 1000, most intense). Molecular networking was
performed following the established protocols using a cosine similarity cutoff of 0.7.
Additionally, ions need a minimum of six shared fragments (tolerance Appm 0.05) with at
least one partner ion to be included in the final network. In silico fragmented compounds of
a commercial database (AntiBase 2017) as well as our in-house reference compound MS/MS
database were included in the network as reference substances to 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 similarity score 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 Procedures for the Globomycin Syntheses
General Procedures
Coupling of the amino acids and fatty acids3!

If not noted otherwise, all reactions were carried out in a custom-built solid phase peptide

synthesis vessel with a G2 filter and a diameter of 3, 4 or 5 cm at room temperature. Argon

32 Special thanks to Maria Patras for performing the molecular network analysis and helping to identify and
elucidate the new structural assignments 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 Fmoc-protected amino acid or fatty acid (3 equiv) and HATU (2.9 equiv), dissolved in a
small amount of DMF, were added to the swelled resin (1 equiv), followed by DIPEA (6 equiv)

and the resin was agitated for 1-5 hours.

Each coupling step was monitored as described in the general method part for the LC-MS
sample preparation. Fmoc-deprotection was carried out after each coupling step was

completed, as indicated by LC-MS result.
LC-MS and HR-MS sample preparation

The reaction progress of each coupling of the Fmoc-protected amino acids was monitored
using LC-MS. For that a few beads of the resin were sampled in a 2 mL SPPS syringe, washed
once with DMF and then 2-3 times with DCM. The vessel was closed and 20% HFIP in DCM
was added (1-1.5 mL), which changed the color of the beads from yellow-orange to a dark red
which again faded over time. The mixture was shaken for 15-30 min and the filtrate was used
for LC-MS measurement. For HR-MS measurement the filtrate was concentrated in vacuo and

dissolved in DMSO.
Fmoc-deprotection3?

The mixture was filtered and the remaining resin was washed five times with DMF. 20%
Piperidine in DMF (20-30 mL) was added. After agitation for 2-5 min it was filtrated, rinsed
with DMF and the process was repeated four more times. Then the resin was washed with

DMF three times.
Cleavage from the resin3!

To the washed resin, 20% HFIP in DCM was added, coloring the mixture a dark red. The resin
was agitated for 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 (2S,3S5)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-hydroxypyrrolidine-2-
carboxylic acid (1.13)3°

OH Trans-3-Hydroxyproline (6.10 g, 46.5 mmol) was dissolved in THF and saturated,
Q\WOH aqueous NaHCOs solution (1:1; 120 mL). Fmoc-OSu (17.27 g, 51.20 mmol) was
)
Fmoc

113 added and the formed white-orange suspension was stirred at room
temperature for 20 h. The reaction progress was monitored by TLC. The mixture was diluted
with water and the pH was adjusted to pH = 9 using saturated, agueous NaHCOs solution. The
aqueous phase was washed three times with diethyl ether, before its pH was adjusted to
pH =1 using 1 M HCI. The acidic aqueous phase was extracted three times with ethyl acetate.
The combined organic layers were washed once with brine, dried over MgSOs and
concentrated in vacuo. The crude product 1.13 (22.59 g) was directly used in the next step,

without purification. Rf (PE:EA; 2:1) = 0.53. The NMR data given is a mixture of two rotamers

and corresponds to literature.®

1H-NMR (DMSO-ds, 400 MHz): 84 [ppm] = 7.94-7.86 (m, 2H, CHarom FmMoc), 7.71-7.61 (m, 2H,
CHarom FmMoc), 7.46-7.28 (m, 4H, CHarom Fmoc), 4.40-3.99 (m, 5H, H-2, H-3, CH> Fmoc, CH
Fmoc), 3.57-3.44 (m, 2H, H-5), 1.98-1.77 (m, 2H, H-4).

13C.NMR (DMSO-ds, 100 MHz): 8¢ [ppm] = 172.1, 171.8 (COOH), 154.2, 154.0 (CO Fmoc),
143.80, 143.78, 143.72, 143.66, 140.7, 140.6 (Cquat Fmoc), 127.7, 127.1, 125.22, 125.18,
125.1, 120.15, 120.13 (CHarom FMoc), 73.9, 72.8 (C-2), 68.2, 67.9 (C-3), 67.0, 66.7 (CH, Fmoc),
46.61, 46.58 (CH Fmoc), 44.9, 44.3 (C-5 ), 32.3, 31.3 (C-4).

Additional found signals: 61 [ppm] = 12.86 (bs), 8.31 (CHCls), 5.55, 3.34 (bs, H.0), 2.59, 1.98
(EA), 1.17 (EA). 8¢ [ppm] = 59.7 (EA).

UHR-MS (ESI-TOF) m/z calcd for CaoH20NOs: 354.1336 [M+H]*; found: 354.1335 [M+H]*

Specific rotation [a]éo =+16.3°(c = 1.23, CH30OH)
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Preparation of (2S,35)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-((tert-

butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid (1.12)%

oTBS Under argon atmosphere, amino acid 1.13 (10.0 g, 28.3 mmol) was dissolved in

Q\WOH anhyd. DCM (600 mL) and cooled to 0 °C. DIPEA (19.0 mL, 109 mmol), followed
|

Fmoc o

112 by TBSOTf (22.0 mL, 95.8 mmol) were added at 0 °C and stirred for 90 min. The
reaction was quenched by the addition of methanol and saturated, aqueous NH4Cl solution
and diluted with diethyl ether. The layers were separated and the aqueous phase was
extracted twice with diethyl ether. The combined organic layers were washed once with
brine, dried over MgS04 and concentrated in vacuo. The orange syrup was dissolved in
methanol (350 mL), saturated, aqueous NaHCOs solution (125 mL) and water (65 mL).
Potassium carbonate (0.63 g, 4.6 mmol) was added and it was stirred at room temperature
for 4 days. It was diluted with diethyl ether and washed once with 10% citric acid (w/v). The
aqueous phase was washed three times with diethyl ether and the combined organic layers
were washed once with brine, dried over MgSO4 and concentrated in vacuo. Purification of
the crude by chromatography (silica, PE:EA, 20:1-0:1) yielded 1.12 as a colorless, foamy solid
(8.24 g, 17.6 mmol, 62%). Rs (PE:EA; 2:1) =0.3. The NMR data given is a mixture of two

rotamers.

1H-NMR (CDCls, 400 MHz): = 84 [ppm] = 7.80-7.66 (m, 2H, CHarom Fmoc), 7.64-7.48 (m, 2H,
CHarom Fmoc), 7.43-7.21 (m, 4H, CHarom Fmoc), 4.60-4.08 (m, 5H, H-2, H-3, CH> Fmoc, CH
Fmoc), 3.73-3.60 (m, 2H, H-5), 2.13-1.77 (m, 2H, H-4), 0.92-0.85 (m, 9H, CH3 TBS), 0.14-0.05
(m, 6H, Si-CHs TBS).

13C-NMR (CDCl3, 100 MHz): 8¢ [ppm] = 175.7, 174.2 (COOH), 156.2, 154.8 (CO Fmoc), 144.1,
144.0, 143.9, 141.4, (Cquart Fmoc), 127.9, 127.7, 127.2, 127.1, 125.25, 125.21, 125.1, 125.0,
124.9, 120.1, 120.0, (CHarom Fmoc), 76.1, 74.5 (C-3), 68.7, 68.2 (C-2), 68.1, 67.7 (CH2 Fmoc),

47.3 (CH Fmoc), 45.2, 45.1 (C-5), 33.8, 32.9 (C-4), 25.8, (CH3 TBS), 18.1 (Cquart TBS), -4.76, -4.81
(Si-CHs TBS).

Additional found signals: 64 [ppm] = 1.25. &¢ [ppm] = 60.6 (EA), 14.3 (EA).

UHR-MS (ESI-TOF) m/z calcd for C26H3aNOsSi: 468.2201 [M+H]*; found: 468.2204 [M+H]*

Specific rotation [a]éo =-50.7°(c = 1.34, CHCI5)
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Preparation of (2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-hydroxypyrrolidine-2-
carboxylic acid (1.14)

HO, Trans-4-Hydroxyproline (8.00g, 61.0 mmol) was dissolved in THF and
%OH saturated, aqueous NaHCOs solution (1:1; 280 mL). Fmoc-OSu (22.65 g,
|

Fmoc 0

14 67.14 mmol) was added and the formed white suspension was stirred at room
temperature for 20 h. The reaction progress was monitored by TLC. The mixture was diluted
with water and the pH was adjusted to pH = 9 using saturated, agueous NaHCOs solution. The
aqueous phase was washed three times with diethyl ether, before its pH was adjusted to
pH =1 using 1 M HCI. The acidic aqueous phase was extracted three times with ethyl acetate.
The combined organic layers were washed once with brine, dried over MgSOs and
concentrated in vacuo. The crude product 1.14 (22.64 g) was directly used in the next step,

without further purification. Ry (PE:EA; 2:1) = 0.45. The NMR data given is a mixture of two

rotamers.

1H-NMR (DMSO-ds, 400 MHz): 84 [ppm] = 7.93-7.87 (m, 2H, CHarom FmMoc), 7.70-7.64 (m, 2H,
CHarom Fmoc), 7.47-7.28 (m, 4H, CHarom Fmoc), 4.46-4.12 (m, 5H, H-2, H-4, CH, Fmoc, CH
Fmoc), 3.56-3.43 (m, 2H, H-5), 2.31-2.11 (m, 1H, H-3 a), 2.07-1.89 (m, 1H, H-3 b).

13C.NMR (DMSO-ds, 100 MHz): 8¢ [ppm] = 174.0, 173.5 (COOH), 154.2, 154.1 (CO Fmoc),
143.7, 143.6, 140.72, 140.70, 140.62, 140.60 (Cquart Fmoc), 127.73, 127.69, 127.2, 127.1,
125.30, 125.26, 125.13, 125.10, 120.13, 120.10 (CHarom Fmoc), 68.5, 67.8 (C-4), 67.1, 66.6 (CH,
Fmoc), 57.8, 57.5 (C-2), 55.0, 54.5 (C-5), 46.6, 46.5 (CH Fmoc), 39.0%, 38.0 (C-3).

Additional found signals: 64 [ppm] = 5.17, 3.36 (H20), 1.17 (EA). 6¢ [ppm] =/
UHR-MS (ESI-TOF) m/z calcd for C20H20NOs: 354.1336 [M+H]*; found: 354.1338 [M+H]*

Specific rotation [m]é0 =+36.1°(c = 1.55, CH30H)

Preparation of (25,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-((tert-butyldimethylsilyl)-
oxy)pyrrolidine-2-carboxylic acid (1.11)

TBSO Under argon atmosphere, amino acid 1.14 (61.0 mmol) was dissolved in
ot anhyd. DCM (800 mL) and cooled to 0 °C. DIPEA (48.0 mL, 276 mmol),
Fmoc © followed by TBSOTf (46.2 mL, 201 mmol) were added at 0 °C and stirred for

1.1
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90 min. The reaction was quenched by the addition of methanol and saturated, agueous
NH4Cl solution and diluted with diethyl ether. The layers were separated and the aqueous
phase was extracted twice with diethyl ether. The combined organic layers were washed once
with brine, dried over MgSO4 and concentrated in vacuo. The orange syrup was dissolved in
methanol (750 mL), saturated, aqueous NaHCOs solution (250 mL) and water (130 mL).
Potassium carbonate (1.25 g, 9.04 mmol) was added and it was stirred at room temperature
for 3 days. It was diluted with diethyl ether and washed once with 10% citric acid (w/v). The
aqueous phase was washed three times with diethyl ether and the combined organic layers
were washed once with brine, dried over MgS04 and concentrated in vacuo. Purification of
the crude by chromatography (silica, 5 to 50% EA in PE) yielded 1.11 as a colorless, foamy
solid (25.56 g, 54.66 mmol, 90%). Rs (PE:EA; 1:1) = 0.24. The NMR data given is a mixture of

two rotamers and corresponds to literature.3°

1H-NMR (CDCls, 400 MHz): = &y [ppm] = 7.80-7.69 (M, 2H, CHarom Fmoc), 7.61-7.51 (m, 2H,
CHarom FMoC), 7.44-7.24 (m, 4H, CHarom Fmoc), 4.57-4.16 (m, 5H, H-2, H-4, CH, Fmoc, CH
Fmoc), 3.67-3.42 (m, 2H, H-5), 2.33-2.06 (m, 2H, H-3), 0.91-0.84 (m, 9H, CHs TBS), 0.11-0.04
(m, 6H, Si-CHs TBS).

13C-NMR (CDCl3, 100 MHz): 8¢ [ppm] = 175.7 (COOH), 156.4 (CO Fmoc), 144.2, 143.9, 143.8,
141.5, 141.4, (Cquart Fmoc), 127.9, 127.8, 127.23, 127.18, 125.2, 125.1, 125.0, 120.1, 120.0,
(CHarom FMoc), 70.3, 69.7 (C-4), 68.2, 67.7 (CH, Fmoc), 58.3, 57.6, (C-2), 55.3, 55.0, (C-5), 47.3,
47.2 (CH Fmoc), 40.1, 38.4 (C-3), 25.8, (CHs TBS), 18.1 (Cquart TBS), -4.65, -4.74 (Si-CHs TBS).

Additional found signals: &x [ppm] = 5.30 (DCM), 4.12 (EA), 2.05 (EA); 1.26 (EA). &c [ppm] =
60.6 (EA), 14.4 (EA).

UHR-MS (ESI-TOF) m/z calcd for CagH3sNOsSi: 468.2201 [M+H]*; found: 468.2200 [M+H]*

Specific rotation [a]éo =-82.0°(c = 1.03, CHClIs)
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Preparation of (1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl
propionate (1.10)33

MesO;S. B (1R,2S)-N-Benzyl-N-(mesitylenesulfonyl)norephedrine (13.35 g, 31.52 mmol)
Lﬂ/o\‘)\ was dissolved in anhyd. DCM (200 mL) and cooled to 0 °C. Pyridine (3.3 mL,
° 1_1:h 41 mmol) was slowly added and stirred for 5 min. Propionyl chloride (3.0 mL,
34 mml) was added dropwise at 0 °C and the reaction was stirred at room temperature for
18 h. It was washed once each with water, 1 m HCl, sat. aqueous NaHCOs3 and brine. Drying
over MgSQ4, concentrating in vacuo and purification by column chromatography (silica,

PE:EA, 4:1) yielded the product 1.10 as white crystals (14.15 g, 29.50 mmol, 94%). Rr (PE:EA;
4:1) =0.52.

1H-NMR (CDCls, 400 MHz): &y [ppm] = 7.28-7.23 (m, 2H, Harom), 7.21-7.08 (m, 6H, Harom), 6.87-
6.82 (M, 2H, Harom), 6.80 (s, 2H, Harom), 5.77 (d, 1H, J = 4.0 Hz, CH-Ph), 4.64 (d, 1H, J = 16.8 Hz,
CHy-Ph a), 4.53 (d, 1H, J = 16.8 Hz, CHo-Ph b), 3.97 (dq, 1H, J = 6.9, 4.0 Hz, CH-CH3), 2.44 (s, 6H,
CHs Mes), 2.20 (s, 3H, CHs Mes), 2.11 (dq, 1H, J = 17.2 Hz, J = 7.7 Hz, CH-CH3 a), 2.03 (dg, 1H,
J=17.3 Hz, J = 7.6 Hz, CH>-CHs b), 1.04 (d, 3H, J = 6.8 Hz, CH-CHs), 0.94 (t, 3H, J = 7.4 Hz, CHa-
CHs).

13C-NMR (CDCls, 100 MHz): 8¢ [ppm] = 172.7 (CO), 142.6 (Cquart Mes), 140.4 (Cquart Mes),
138.81 (Cquart Bn), 138.76 (Cquart Ph), 133.5 (Cquart Mes), 132.3 (CHarom Mes), 128.53, 128.50,
127.9,127.5,127.2,126.1 (CHarom), 78.1 (CH-Ph), 56.9 (CH-CHs), 48.3 (CH,-Ph), 27.6 (CH2-CHs),
23.1 (CHs Mes), 21.0 (CHs Mes), 12.9 (CH-CHs), 8.9 (CH,-CH).

Additional found signals: 64 [ppm] = 1.49. &¢ [ppm] =/

UHR-MS (ESI-TOF) m/z calcd for C28H33NO4S: 480.2203 [M+H]*; found: 480.2201 [M+H]*

Specific rotation [m]é0 =+9.8°(c = 2.05, CHCls)

33 T. Inoue, J. Liu, D. C. Buske, A. Abiko, J. Org. Chem. 2002, 67, 5250-5256.
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Preparation of (1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl
(2R,3R)-3-hydroxy-2-methylnonanoate (1.6)

Meso,s. _Bn Under argon 1.10 (10.01g, 20.87 mmol) and triethylamine

N
/\/\/\;)\”/0\‘/‘\ (7.0 mL, 50 mmol) were dissolved in anhyd. DCM (150 mL),
OH O Ph

stirred for 5 min at room temperature and then cooled to -78 °C.

* 1 mdicyclohexylboron triflate in anhyd. DCM (42 mL, 42 mmmol)

was added dropwise over a time of 45 min. After the reaction was stirred for 2.5 h at -78 °C
n-heptanal (5.2 mL, 37 mmol) was added dropwise and stirred for another hour at -78 °C. The
reaction was allowed to return to room temperature and was quenched by the addition of
pH 7 buffer solution (100 mL) and hydrogen peroxide (40 mL, 35 w%), it was then diluted with
Methanol (250 mL). The reaction was stirred for 20 h, concentrated in vacuo and the organic
and aqueous phases were separated. The aqueous layer was extracted three times with DCM,
washed once with brine and was dried over Na;SOa. Prepurification of 31% of the crude by
column chromatography (silica, PE:EA, 8:1) was followed by final purification by flash
chromatography (0-20% EA in n-heptane). It yielded the unwanted syn-1.6 stereoisomer as a
colorless syrup (151 mg, 0.254 mmol, overall yield calculated to be: 4%) and the desired anti-

1.6 stereoisomer as a colorless syrup (3.57 g, 6.01 mmol, overall yield calculated to be: 93%,

de = 96:4). Rf (n-heptane:EA; 4:1) = 0.29.

1H-NMR (CDCls, 400 MHz): &4 [ppm] = 7.33-7.14 (m, 8H, Harom),6.90-6.83 (m, 4H, Harom), 5.83
(d, 1H, J = 4.3 Hz, CH-Ph Aux), 4.76 (d, 1H, J = 16.5 Hz, CH»-Ph a Aux), 4.54 (d, 1H, J = 16.5 Hz,
CH2-Ph b Aux), 4.12 (dq, 1H, J = 4.9, 6.7 Hz, CH-CH3 Aux), 3.66-3.58 (m, 1H, H-3), 2.48 (s, 6H,
CHsz Mes), 2.47 (dq, J = 6.5, 7.2 Hz, 1H, H-2), 2.28 (s, 3H, CH3 Mes), 1.51-1.20 (m, 10H, CH;
alkyl), 1.18 (d, 3H, J =, 7.0 Hz, CH-CH3 Aux), 1.13 (d, 3H, / = 7.3 Hz, CH3-2’), 0.87 (t, 3H, /= 6.8
Hz, CHs-9).

13C-NMR (CDCl3, 100 MHz): 8¢ [ppm] = 174.7 (CO), 142.7 (Cquart Mes), 140.4 (Cquart Mes), 138.6
(Cquart Bn), 138.3 (Cquart Ph), 133.5 (Cquart Mes), 132.2 (Carom Mes), 128.6, 128.5, 128.1, 127.8,
127.3,126.1, (Carom), 78.3 (CH-Ph Aux), 73.3 (C-3), 56.9 (CH-CHs Aux), 48.4 (CH»-Ph Aux), 45.6
(C-2), 34.6 (CHz alkyl), 31.9 (CH2 alkyl), 29.4 (CH; alkyl), 25.5 (CH; alkyl), 23.1 (CHs Mes), 22.7
(CHz alkyl), 21.0 (CHs Mes), 14.2 (CHs-2’), 14.2 (CH3-9), 13.6 (CH3 Aux).

Additional found signals: 64 [ppm] = 2.64 (DMSO). ¢ [ppm] =/
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UHR-MS (ESI-TOF) m/z calcd for C3sH47NOsSNa: 616.3067 [M+Na]*; found: 616.3062 [M+Na]*

Specific rotation [oz]éO =+35.2°(c = 1.42, CHCl5)

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

/\/\/\/Lf( The stereoisomer anti-1.6 (3.525 g, 5.936 mmol) was dissolved in a

OH

o mixture of MeOH-THF-H,0 (1:1:1; 105 mL) and stirred for 5 min until
1.8

the syrup was completely dissolved. LiOH - H,0 (1.259 g, 30.00 mmol)
was added and it was stirred at room temperature for 20 h. LC-MS 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 MgSO4 and concentrated
in vacuo, which vyielded the essentially pure auxiliary ((1R,2S)-N-Benzyl-N-
(mesitylenesulfonyl)norephedrine) as a white solid (2.54 g, 6.00 mmol, >100%) no purification
needed. The aqueous layer was acidified using 1 m HCl to pH = 1 and extracted three times
with diethyl ether. The combined organic phases were washed once with brine, dried over
MgSO4 and concentrated in vacuo. Acid 1.8 was obtained as a slightly yellow oil (1.15 g,

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

1H-NMR (CDCls, 400 MHz): &1 [ppm] = 3.74-3.66 (m, 1H, H-3), 2.57 (dq, 1H, J = 7.0, 6.9 Hz, H-
2), 1.61-1.27 (m, 10H, CH- alkyl), 1.25 (d, 3H, J = 7.2 Hz, CHs-2’), 0.89 (t, 3H, J = 7.1 Hz, CH3-9).

13C-NMR (CDCls, 100 MHz): 8¢ [ppm] = 180.6 (CO), 73.4 (C-3), 45.2 (C-2), 34.78 (CH2 alkyl), 31.9
(CHa alkyl), 29.3 (CH2 alkyl), 25.5 (CHa alkyl), 22.7 (CH2 alkyl), 14.4 (CH3-2"), 14.2 (CH3-9).

Additional found signals: 8x [ppm] =/ 8¢ [ppm] =/
UHR-MS (ESI-TOF) m/z calcd for C1oH21N>03: 189.1485 [M+H]*; found: 189.1484 [M+H]*

Specific rotation [a]éo =-20.2°(c = 1.49, CHClIs)

Preparation of (1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl
(2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoate (1.7)
MesOS<y~B"  Under argon 1.10 (1.90 g, 3.96 mmol) and triethylamine (1318 pl,
(0]
: \‘/K 9.508 mmol) were dissolved in anhyd. DCM (30 mL), stirred for
OH O Ph

5 min at room temperature and then cooled to -78°C. 1™
1.7
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dicyclohexylboron triflate in anhyd. DCM (7.9 mL, 7.9 mmmol) was added dropwise over a
time of 45 min. After the reaction was stirred for 2.5 h at -78 °C. 3-Phenylpropionaldehyde
(1.0 mL, 7.5 mmol) was added dropwise and stirred for another hour at -78 °C. The reaction
was allowed to return to room temperature and was quenched by the addition pf pH 7 buffer
solution (20 mL) and hydrogen peroxide (7.5 mL, 35 w%), it was then diluted with Methanol
(50 mL). The reaction was stirred for 23 h, concentrated in vacuo and the organic and aqueous
phases were separated. The aqueous layer was extracted three times with DCM, washed once
with brine and was dried over NaSOs. Prepurification of the crude by column
chromatography (silica, PE:EA, 5:1) was followed by final purification by flash chromatography
(0-20% EA in n-heptane). It yielded the unwanted syn-1.7 stereocisomer as a colorless syrup
(158 mg, 0.258 mmol, 7%) and the desired anti-1.7 stereoisomer as a colorless syrup (2.02 g,

3.29 mmol, 83%, de = 93:7). Ry (PE:EA; 5:1) = 0.21.

1H-NMR (CDCls, 400 MHz): &1 [ppm] = 7.31-7.15 (m, 13H, Harom),6.93-6.88 (M, 2H, Harom), 6.86
(s, 2H, Harom Mes), 5.88 (d, 1H, J = 4.4 Hz, CH-Ph Aux), 4.72 (d, 1H, J = 16.5 Hz, CH,-Ph a Aux),
4.53 (d, 1H, J = 16.5 Hz, CH,-Ph b Aux), 4.14 (dq, 1H, J = 7.0, 4.3 Hz, CH-CHs Aux), 3.64 (ddd,
1H,J=9.1, 6.5, 3.0 Hz, H-3), 2.84 (ddd, 1H, J = 14.0, 9.3, 5.0 Hz, H-5a), 2.66 (ddd, 1H, J = 13.7,
9.5, 6.9 Hz, H-5b), 2.48 (s, 6H, CHs Mes), 2.47 (dg, 1H, J = 7.0, 7.0 Hz, H-2), 2.28 (s, 3H, CHs
Mes),1.77 (dddd, 1H, J = 13.5, 10.1, 6.9, 3.3 Hz, H-4a), 1.70 (dddd, 1H, J = 13.9, 9.3, 4.7, 4.7
Hz, H-4b), 1.19 (d, 3H, J = 7.0 Hz, CH-CHs Aux), 1.14 (d, 3H, J = 7.1 Hz, CH3-2').

13C-NMR (CDCls, 100 MHz): 6¢ [ppm] = 174.6 (CO), 142.7 (Cquart Mes), 142.0 (Cquart), 140.3
(Cquart Mes), 138.4 (Cquart Bn), 138.2 (Cquart Ph), 133.4 (Cquart Mes), 132.2 (Carom Mes), 128.6,
128.51, 128.45, 128.1, 127.7, 127.3, 126.1, 126.0 (Carom), 78.4 (CH-Ph Aux), 72.5 (C-3), 56.8
(CH-CHs Aux), 48.3 (CH,-Ph Aux), 45.6 (C-2), 36.4 (C-4), 31.9 (C-5), 23.0 (CH3 Mes), 21.0 (CHs
Mes), 14.2 (CHs-2’), 13.5 (CHs Aux).

Additional found signals: 64 [ppm] =4.13, 2.05, 1.27 (EA). &¢ [ppm] = 60.5, 21.2, 14.3 (EA)

UHR-MS (ESI-TOF) m/z calcd for C37Ha3NOsSNa: 636.2754 [M+Na]*; found: 636.2755 [M+Na]*

Specific rotation [a]éo =-20.0°(c = 1.00, CHClIs)
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Preparation of (2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoic acid (1.9)

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

©\/\£/L”/OH mixture of MeOH-THF-H,0 (1:1:1; 30 mL) and stirred for 5 min. LiOH -
19 H.O (339 mg, 8.08 mmol) was added and it was stirred at room
temperature for 48 h. LC-MS 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 MgS04 and concentrated in vacuo which yielded the crude auxiliary ((1R,25)-
N-Benzyl-N-(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 using 2 m HCl to pH = 1 and extracted three times with
diethyl ether. The combined organic phases were washed once with brine, dried over MgSQ0a4
and concentrated in vacuo. Crystallization form acetonitrile yielded acid 1.9 as colorless

crystals (141 mg, 0.677 mmol, 42%).

1H-NMR (DMSO-de, 400 MHz): 84 [ppm] = 7.30-7.12 (m, 5H, Harom), 3.60 (ddd, 1H, J = 9.4, 6.8,
2.8 Hz, H-3), 2.74 (ddd, 1H, J = 13.9, 10.0, 4.6 Hz, H-5a), 2.55 (ddd, 1H, J = 13.8, 10.2, 6.8 Hz,
H-5b), 2.40 (dq, 1H, J = 7.0, 7.0 Hz, H-2), 1.67 (dddd, 1H, J = 13.5, 10.1, 6.8, 3.2 Hz, H-4a), 1.55
(dddd, 1H, J = 9.4, 14.0, 9.4, 4.6 Hz, H-4b), 0.98 (d, 3H, J = 7.2 Hz, CH3-2").

13C-NMR (DMSO-ds, 100 MHz): &c [ppm] = 176.0 (CO), 142.3 (Cquart), 128.3, 128.2, 125.6
(Carom), 70.9 (C-3), 45.8 (C-2), 35.2 (C-4), 31.4(C-5), 12.6(CH3-2").

Additional found signals: &1 [ppm] = 3.34 (H20). &c [ppm] =/
UHR-MS (ESI-TOF) m/z calcd for C12H1603Na: 231.0992 [M+Na]*; found: 231.0992 [M+Na]*

Specific rotation [OL]EO =+23.0°(c = 1.65, CHCls3)

Preparation of 2CT-4-Hyp(TBS)-NH (1.15)

O 2-Chlorotrityl chloride resin (n = 1.55 mmol/g, 4.00g,

OTBS

A O o / < 6.20 mmol) was swelled in DCM (30 mL) for 5 min. After

removal of the solvent, Fmoc-protected amino acid 1.11
(3.78 g, 8.08 mmol) and DIPEA (3400 uL, 20.00 mmol),

1.15

dissolved in DCM (40 mL), were added and it was agitated for 45 min. The solvent was filtered
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off and the resin was washed twice with DMF. The capping mixture (40 mL), consisting of
DCM:MeOH:DIPEA (80:15:5), was added and it was agitated for 10 min. After removal of the
solvent, the capping was repeated once more. The resin was washed three times with DMF
and a sample was taken for determination of the loading. Fmoc-deprotection was done with
20% piperidine in DMF (30 mL) for 3 min and the process was carried out five 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 dried further in vacuo for 24 h. Resin 1.15 (4.22 g) was stored

under argon at 4 °C. The loading was determined by absorption to be n = 0.481 mmol/g (31%).

Preparation of 2CT-4-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-Fmoc (1.17)

oms Resin 1.15 (n=0.481 mmol/g, 4.20g, 2.02 mmol) was
swelled in DMF for 30 min. After removal of the solvent,

)j/ /\KE(Fmoc Fmoc-L-serine(TBS)-OH (2.681 g, 6.071 mmol) and HATU
TBSO (2.228 g, 5.860 mmol) were added, dissolved in a small
volume of DMF, followed by DIPEA (2058 uL, 12.10 mmol)

and more DMF. The mixture was agitated for 3 h. After Fmoc-deprotection, a solution of
Fmoc-L-allo-isoleucine-OH (2.137 g, 6.047 mmol) and HATU (2.226 g, 5.854 mmol) in DMF,
were added, followed by DIPEA (2058 uL, 12.10 mmol) and more DMF. The mixture was
agitated for 2.5 h. Fmoc-deprotection was followed by the coupling of Fmoc-N-Me-L-leucine-
OH (2.225 g, 6.055 mmol), which was dissolved with HATU (2.230 g, 5.865 mmol) in a small
amount of DMF. The mixture was agitated for 2.5 h. The supernatant was drained, the resin
was washed five times with DMF, three times each with DCM, methanol and diethyl ether. It

was sucked dry and dried further in vacuo for 12 h. The finished resin 1.17 (5.03 g,

n = 0.402 mmol/g) was stored under argon at 4 °C.

Preparation of 2CT-4-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-alkyl-BHA (1.18)

Resin 1.17 (n =0.402 mmol/g, 1.512 g, 0.607 mmol)

OTBS
was swelled in DMF for 60 min. The supernatant was

\[\/\A/CBH13 drained and after Fmoc-deprotection the resin was
)j/ washed twice with anhyd. DMF. The resin was

TBSO
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suspended in a small volume of anhyd. DMF. The solution of acid 1.8 (279 mg, 1.48 mmol)
and triethylamine (200 uL, 1.44 mmol) in DMF was cooled to 0 °C and DEPC (90%, 241 ulL,
1.42 mmol) was added. It was directly transferred to the peptide vessel and the mixture was
agitated for 20 h. Due to incomplete conversion, as indicated by LC-MS result, the coupling
step was repeated. The mixture was drained, the resin was washed twice with anhy. DMF and
suspended in a small amount of anhyd. DMF. Acid 1.8 (138 mg, 0.733 mmol) was dissolved in
anhy. DMF and triethylamine (100 puL, 0.721 mmol). It was cooled to 0 °C and DEPC (90%,
121 plL, 0.714 mmol) was added. It was directly transferred to the peptide vessel and the
mixture was agitated for 5h after which HR-MS indicated almost full conversion. The
supernatant was filtered off and the resin was washed five times each with DMF and DCM.

The resin coupled peptide 1.18 was used directly in the next step.

UHR-MS (ESI-TOF) m/z calcd for CasHssN4OsSiz: 857.5850 [M+H]*; found: 857.5846 [M+H]*

Preparation of 2CT-4-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-alkyl-BHA-Gly-alloc (1.20)

:OTBS Resin coupled peptide 1.18 (0.607 mmol) was

0 v
9
]

o

N H\é/ 0 L - swelled in THF for 10 min, filtered and
)j/ I ﬁ;‘j/ \D)/\or\ﬂ/\N/A"oc suspended in anhyd. THF. Alloc-glycine-OH
7880 g " (343 mg, 2.15 mmol), dissolved in anhdy. THF,

120 was added, followed by DIC (335 uL,
2.16 mmol) and DMAP (27.7 mg, 0.227 mmol). The resin was agitated for 16 h after which the
step was repeated. The supernatant was filtered off, the resin was washed once with anhyd.
THF and then suspended in anhyd. THF. Alloc-glycine-OH (346 mg, 2.17 mmol), dissolved in
anhyd. THF, was added to the resin, followed by DIC (335 uL, 2.16 mmol) and DMAP (27.2 mg,
0.223 mmol). The mixture was agitated for 8 h after which HR-MS indicated full conversion.
The supernatant was drained and the resin was washed once with DCM. The resin coupled

peptide 1.20 was directly used in the next step.

UHR-MS (ESI-TOF) m/z calcd for CagH92Ns501,Si2: 998.6276 [M+H]*; found: 998.6276 [M+H]*
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Preparation of HOOC-4-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-alkyl-BHA-Gly-NH> (1.22)
:OTBS Resin coupled peptide 1.20 (0.607 mmol) was

HO_
b
(0]
(o]

N o | = swelled in DCM for 15 min. It was filtered, washed

N . N : CeH1s
" N \H/\( with anhyd. DCM and then suspended in anhyd.

e} (o] O\H/\NHZ
1880 5 DCM. Pd(PPHs)s (83 mg, 0.072 mmol) was added,
1.22

followed by Phenylsilane (2.1 mL, 17 mmol). The
mixture was agitated for 1 h after which HR-MS indicated full conversion. The solvent was
removed and the resin was washed five times with DCM until the solvent ran clear. Cleavage
of the peptide from the resin was done as described in the general method part. The linear

peptide 1.22 was used without further purification.

UHR-MS (ESI-TOF) m/z calcd for CasHgsNsO10Siz: 914.6064 [M+H]*; found: 914.6065 [M+H]*

Preparation of (6R,7R,10S,135,16S,20R,21aS5)-13-((R)-sec-butyl)-20-((tert-
butyldimethylsilyl)oxy)-16-(((tert-butyldimethylsilyl)oxy)methyl)-6-hexyl-10-isobutyl-7,9-
dimethyltetradecahydropyrrolo[2,1-f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-
1,4,8,11,14,17-hexaone (1.31)

| Linear peptide 1.22 (0.607 mmol) was dissolved in DCM:DMF

e (15:1; 320mL). HATU (828 mg, 2.18 mmol), followed by
OT ’ g V" DIPEA (612 pL, 3.60 mmol) were added and the mixture was
o I T:H/\ stirred for 17 h at room temperature after which HR-MS
TBSOM" N‘(;_OTBS showed complete conversion. It was extracted twice with
1.31 water, once with brine, dried over MgS04 and concentrated

in vacuo. Prepurification by column chromatography (silica, PE:EA; 1:2) yielded 1.31 as slightly
yellow needles (329 mg, 0.367 mmol, 60% over 4 steps). Rf (PE:EA; 1:2) = 0.73.

UHR-MS (ESI-TOF) m/z calcd for CssHssNsOoSioNa: 918.5778 [M+Na]*; found: 918.5776
[M+Na]*
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Preparation of (6R,7R,108,13S5,16S,20R,21aS)-13-((R)-sec-butyl)-6-hexyl-20-hydroxy-16-
(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-
fl[1]oxa[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.2)

Under argon peptide 1.31 (296 mg, 0.330 mmol) was
dissolved in anhyd. THF (15 mL) in a Teflon® round bottom
flask. Acetic acid (1436 pL, 25.09 mmol) was added, followed
by TBAF (18.0 mL, 62.2 mmol) and the mixture was stirred at

;C\{_O” room temperature for 21 h. It was diluted with EA, washed

twice with saturated, aqueous NaHCOs solution, once with

brine, dried over MgS04 and concentrated in vacuo. Purification by semi preparative HPLC (5-
50-75-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate:

3 mL/min) yielded 1.2 as a colorless solid (66 mg, 0.10 mmol, 30%).

1H-NMR (DMSO-ds, 600 MHz): 81 [ppm] = 8.81 (minor, NH Gly), 8.58 (minor, NH Ser), 8.49 (d,
1H,J=4.6 Hz, NH Ser), 8.21 (d, 1H, J=9.3 Hz, NH allo lle), 8.07 (d, 1H, J=8.3 Hz, NH Gly), 6.68
(minor, NH allo lle), 5.21-5.13 (m, 1H, OH Ser), 5.13-5.08 (m, 1H, OH 4-Hyp), 5.05 (ddd, 2H, J
=10.2, 6.4, 3.6 Hz, 3-CH-O BHA), 4.67 (dd, 1H, J = 8.5, 4.3 Hz, a-CH 4-Hyp), 4.40 (dd, 1H, J = 9.5,
4.6 Hz, a-CH allo Ile), 4.26 (d, 1H, J = 8.1 Hz, CH; a Gly), 4.23 (d, 1H, J = 8.3 Hz, CH; b Gly), 4.20-
4.10 (m, 2H, y-CH 4-Hyp), 4.02 (ddd, 1H, J = 6.7, 6.7, 4.6 Hz, a-CH Ser), 3.61-3.56 (m, 1H, B-
CH; a Ser), 3.55-3.45 (m, 2H, B-CH; b Ser, a-CH N-Me Leu), 3.45-3.33 (m, 4H, 6-CH- a, b 4-Hyp,
a-CH; Gly minor), 3.15-3.11 (m, 2H, 2-CH, BHA), 3.10 (s, 3H, N-CHs), 2.27 (ddd, 1H, J = 12.5,
4.9, 4.9 Hz, B-CH; a 4-Hyp), 2.13-2.03 (m, 3H, B-CH: b 4-Hyp, B-CH; a N-Me Leu), 1.80-1.71 (m,
2H, B-CH allo le), 1.71-1.64 (m, 1H, 4-CH2 a BHA), 1.64-1.54 (m, 2H, B-CH2 b N-Me Leu), 1.52-
1.45 (m, 1H, 4-CH, b BHA), 1.45-1.38 (m, 2H, y-CH N-Me Leu), 1.38-1.32 (m, 2H, y-CH: a allo
lle), 1.32-1.17 (m, 14H, CH; BHA), 1.11-1.02 (m, 2H, y-CHz b allo lle), 0.99 (d, 3H, J = 7.0 Hz, 2’-
CHs BHA), 0.94-0.83 (m, 20H, 6-CHs allo lle, 6-CH3 a, b N-Me Leu, 9-CHs BHA), 0.69 (d, 3H, J =
6.9 Hz, y-CHs allo lle).

13C.NMR (DMSO-ds, 100 MHz): 8¢ [ppm] = 176.4 (CO BHA), 171.8 (CO allo lle), 171.0 (CO N-
Me Leu), 170.7 (CO 4-Hyp), 169.7 (CO Ser), 168.4 (CO Gly), 76.0 (3-CH BHA), 68.5* (a-CH N-
Me Leu), 66.8 (y-CH 4-Hyp), 60.7 (B-CH; Ser), 59.3 (a-CH 4-Hyp), 54.3 (a-CH Ser), 53.9 (a-CH
allo lle), 53.5 (6-CH; 4-Hyp), 41.4 (CH; Gly), 40.1* (N-CHs), 40.1* (2-CH BHA), 38.8* (B-CH. 4-
Hyp), 38.2 (B-CH2 N-Me Leu), 37.8 (B-CH allo lle), 31.1 (CH; BHA), 30.7 (4-CH; BHA), 28.8 (CH2
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BHA), 25.8 (y-CHz allo lle), 24.6 (y-CH N-Me Leu), 23.2 (CH; BHA), 22.8 (6-CH3 a N-Me Leu),
22.0 (CH; BHA), 21.7 (6-CH3 b N-Me Leu), 14.7 (2’-CHsz BHA), 13.9 (y-CHs allo lle), 13.9 (9-CHs
BHA), 11.6 (56-CHs allo lle).

Additional found signals: &u [ppm] = 5.75 (DCM), 3.30 (H20), 2.74 (DMF), 2.54 (DMSO). 6¢
[ppm] = 40.4 (DMSO)

UHR-MS (ESI-TOF) m/z calcd for C33HsgNsOq: 668.4229 [M+H]*; found: 668.4233 [M+H]*

Specific rotation [OL]EO =-70.9°(c = 1.10, CHCls)

Preparation of Pol-4-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-arom-BHA (1.19)

;OTBS Resin 1.17 (n =0.402 mmol/g, 111 g,

Q% H\F/ o IW/Y\/Q 0.446 mmol) was swelled in DMF for 2 h. The
° o)jN "uijN I supernatant was drained and after Fmoc-

TBSO ° deprotection the resin was washed twice with
e anhyd. DMF. It was suspended in a small
amount of anhyd. DMF. The solution of acid 1.9 (321 mg, 1.54 mmol) and triethylamine
(208 pL, 1.50 mmol) in anhy. DMF was cooled to 0 °C. DEPC (90%, 252 pL, 1.49 mmol) was
added, it was directly transferred to the peptide vessel and the mixture was agitated for 18 h.
The step was repeated due to incomplete conversion. Acid 1.9 (104 mg, 0.499 mmol) and
triethylamine (69 pL, 0.50 mmol) were dissolved in anhy. DMF and cooled to 0 °C. DEPC (90%,
84 uL, 0.50 mmol) was added and it was transferred to the peptide vessel and existing
mixture. It was agitated for 20 h after which HR-MS indicated almost full conversion. The

supernatant was drained, and the resin was washed five times each with DMF and DCM. The

resin coupled peptide 1.19 was directly used in the next step.

UHR-MS (ESI-TOF) m/z calcd for CasHsiN4OoSiz: 877.5537 [M+H]*; found: 877.5533 [M+H]*
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Preparation of Pol-4-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-arom-BHA-Gly-alloc (1.21)
OTBS Resin coupled peptide 1.19 (0.446 mmol) was
oo\“\‘,l Ni . o Im/\(\/© swelled in THF for 90 min, filtered and

. N
o § N suspended in anhyd. THF. Alloc-glycine-OH
o o) o\ﬂ/\N/Alloc

T8so y H (447 mg, 2.81 mmol), dissolved in anhdy. THF,
121 was added, followed by DIC (465 uL,
3.00 mmol) and DMAP (36.6 mg, 0.300 mmol). The resin was agitated for 20 h, after which

HR-MS indicated full conversion. The supernatant was filtered off and the resin was washed

once with DCM. The resin coupled peptide 1.21 was directly used in the next step.

UHR-MS (ESI) m/z calcd for CsiHssNsO12Siz: 1018.5963 [M+H]*; found: 1018.5950 [M+H]*

Preparation of HOOC-4-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-arom-BHA-Gly-
NHz (1.23)

Resin coupled peptide 1.21 (0.446 mmol) was
Ho\”\\‘,qg \b/ o swelled in DCM for 15 min. It was drained,
0o O)jn Hi‘P/NW/Y\/Q washed with anhyd. DCM and then suspended in

© O\[\/\NHz anhyd. DCM. Pd(PPHs3)4 (59 mg, 0.051 mmol) was

1.23 added, followed by Phenylsilane (1481 uL,
12.00 mmol). The mixture was agitated for 3 h after which HR-MS indicated full conversion.
The mixture was filtered and washed five times with DCM until the solvent ran clear. Cleavage

of the peptide from the resin was done as described in the general method part. The linear

peptide 1.23 was used without further purification.

UHR-MS (ESI-TOF) m/z calcd for Ca7HsaNsO10Sia: 934.5751 [M+H]*; found: 934.5745 [M+H]*
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Preparation of (6R,7R,105,135,16S,20R,21aS5)-13-((R)-sec-butyl)-20-((tert-
butyldimethylsilyl)oxy)-16-(((tert-butyldimethylsilyl)oxy)methyl)-10-isobutyl-7,9-dimethyl-
6-phenethyltetradecahydropyrrolo[2,1-f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-
1,4,8,11,14,17-hexaone (1.32)

Linear peptide 1.23 (0.446 mmol) was dissolved in DCM:DMF

(15:1; 256 mL). HATU (571 mg, 1.50 mmol), followed by DIPEA

(425 pL, 2.50 mmol) were added and the mixture was stirred for

W\ 16 h at room temperature after which HR-MS showed complete

TBSO\%\ ‘(—OTBS conversion. It was extracted twice with water, once with brine,

dried over MgS0s4and concentrated in vacuo. Prepurification by

column chromatography (silica, PE:EA; 1:2) vyielded 1.32 as a colorless oil (169 mg,
0.184 mmol, 41% over 4 steps). Ry (PE:EA; 1:2) = 0.69.

UHR-MS (ESI-TOF) m/z calcd for Ca7Hs2NsO9Siz: 916.5646 [M+H]*; found: 916.5637 [M+H]*

Preparation of (6R,7R,105,135,16S,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)

Under argon peptide 1.32 (168 mg, 0.183 mmol) was dissolved
in anhyd. THF (15 mL) in a Teflon® round bottom flask. Acetic
T acid (791 uL, 13.8 mmol) was added, followed by TBAF (10.0 mL,

W\ 34.5 mmol) and the mixture was stirred at room temperature

o' ‘(“OH for 22 h. It was diluted with EA, washed twice with saturated,

(e}

15 aqueous NaHCOs solution, once with brine, dried over MgS0Oa4

and concentrated in vacuo. Purification by semi preparative HPLC (50-75-95% AcCN + 0.1%
FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 3 mL/min) yielded 1.5 as a
colorless oil (49 mg, 0.071 mmol, 39%).

'H-NMR (DMSO-ds, 600 MHz): 61 [ppm] = 8.88 (minor, NH Gly), 8.60 (minor, NH Ser), 8.49 (d,
1H, J=4.2 Hz, NH Ser), 8.21 (d, 1H, J = 9.4 Hz, NH allo Ile), 8.01 (d, 1H, J = 8.4 Hz, NH Gly), 7.29-
7.14 (m, 8H, CHarom BHA), 6.68 (minor, NH allo lle), 5.14 (ddd, 2H, J = 10.0, 6.0, 3.9 Hz, 3-CH-
O BHA), 5.12-5.01 (m, 2H, OH Ser, OH 4-Hyp), 4.67 (dd, 1H, J = 8.5, 4.2 Hz, a-CH 4-Hyp), 4.40
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(dd, 1H,J=9.5,4.5 Hz, a-CH allo lle), 4.27 (d, 1H, J = 8.5 Hz, CH2 a Gly), 4.24 (d, 1H, J = 8.1 Hz,
CHz b Gly), 4.21-4.14 (m, 1H, y-CH 4-Hyp), 4.02 (ddd, 1H, J=7.0, 7.0, 4.4 Hz, a-CH Ser), 3.62-
3.56 (m, 1H, B-CH; a Ser), 3.54-3.46 (m, 3H, B-CH:z b Ser, a-CH N-Me Leu), 3.44-3.36 (m, 4H,
CH; Gly minor, 6-CH; a, b 4-Hyp), 3.26-3.21 (m, 2H, 2-CH BHA), 3.12 (s, 3H, N-CH3 N-Me Leu),
2.62-2.57 (m, 2H, 5-CH; a, b BHA), 2.26 (ddd, 1H, J = 12.6, 5.0, 4.8 Hz, 3-CH> a 4-Hyp), 2.14-
2.04 (m, 3H, B-CH; b 4-Hyp, B-CHz a N-Me Leu), 2.02-1.94 (m, 2H, 4-CH; a BHA), 1.83-1.71 (m,
3H, 4-CHa b BHA, B-CH allo lle), 1.61 (ddd, 1H, J = 13.9, 8.2, 5.9 Hz, B-CH2 b N-Me Leu), 1.48-
1.40 (m, 1H, y-CH N-Me Leu), 1.40-1.32 (m, 1H, y-CH; a allo lle), 1.11-1.04 (m, 1H, y-CHz b allo
lle), 1.03 (d, 3H, J = 7.1 Hz, 2’-CH3 BHA), 0.88 (d, 6H, J = 6.3 Hz, 6-CHs a, b N-Me Leu), 0.86 (t,
3H, J=7.5Hz, 6-CHs allo Ile), 0.70 (d, 3H, J = 6.9 Hz, y-CHs allo lle).

13C-NMR (DMSO-ds, 100 MHz): &c [ppm] = 176.4 (CO BHA), 171.7 (CO allo lle), 171.0 (CO N-
Me Leu), 170.7 (CO 4-Hyp), 169.7 (CO Ser), 168.5 (CO Gly), 141.7 (Cquart BHA), 128.3, 128.2,
125.8 (CHarom BHA), 75.8 (3-CH-O BHA), 69.0 (a-CH N-Me Leu), 66.8 (y-CH 4-Hyp), 60.7 (B-CH
Ser), 59.3 (a-CH 4-Hyp), 54.3 (a-CH Ser), 53.9 (a-CH allo lle), 53.5 (6-CH2 4-Hyp), 41.4 (CH;
Gly),40.0 (N-CHs N-Me Leu), 39.7* (2-CH BHA), 38.7* (B-CH; 4-Hyp), 38.1 (B-CH2 N-Me Leu),
37.7 (B-CH allo lle), 32.6 (4-CH, BHA), 29.5 (5-CH, BHA), 25.8 (y-CH; allo lle), 24.6 (y-CH N-Me
Leu), 22.8 (6-CHs a N-Me Leu), 21.7 (5-CHs b N-Me Leu), 14.7 (2’-CHs BHA), 13.9 (y-CHs allo
lle), 11.6 (6-CHs allo lle).

Additional found signals: 6x [ppm] = 8.23 (FA), 5.75 (DCM), 3.31 (H20), 2.54 (DMSO). &¢ [ppm]
= 40.4 (DMSO)

UHR-MS (ESI-TOF) m/z calcd for CssHsaNsOo: 688.3916 [M+H]*; found: 688.3920 [M+H]*

Specific rotation [a]2” = -104.6°(c = 0.98, CHCI3)

Preparation of 2CT-3-Hyp(TBS)-NH (1.16)

O 2-Chlorotrityl chloride resin (n = 1.55 mmol/g, 6.01 g, 9.32 mmol)
TBSO,
A O o 7 N> was swelled in DCM (50 mL) for 10 min. After removal of the
C'\,ﬂ H  solvent, the solution of Fmoc-protected amino acid 1.12 (5.62 g,
12.0 mmol) and DIPEA (5.0 mL, 29.4 mmol) in DCM (60 mL) was
1.16

added and agitated for 1.5 h. The solvent was filtered off and the

resin was washed twice with DMF. The capping mixture (60 mL), consisting of
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DCM:MeOH:DIPEA (80:15:5), was added and it was agitated for 10 min. The mixture was
drained and the capping was repeated once more. The resin was washed three times with
DMF and a sample was taken for determination of the loading. Fmoc-deprotection was done
with 20% piperidine in DMF (30 mL) for 3 min and the process was carried out five 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 further in vacuo for 24 h. Resin 1.16 (6.80 g) was
stored under argon at 4 °C. The loading was determined by absorption to be n = 0.353 mmol/g

(23%).

Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-Fmoc (1.24)

TBSO Resin 1.16 (n=0.353 mmol/g, 6.00g, 2.12 mmol) was
O WI swelled in DMF for 30 min. The solvent was removed, and
71’7 “Fmoc 3 solution of Fmoc-L-serine (TBS)-OH (2.812 g, 6.368 mmol)

TBSO and HATU (2.338 g, 6.149 mmol) in DMF was added,

followed by DIPEA (2160 uL, 12.70 mmol) and more DMF.
The mixture was agitated for 1.5 h. After Fmoc-deprotection, Fmoc-L-allo-isoleucine-OH
(2.244 g, 6.350 mmol) and HATU (2.340 g, 6.154 mmol) were added, dissolved in a small
volume of DMF, followed by DIPEA (2160 uL, 12.70 mmol) and more DMF. The mixture was
agitated for 1.5 h. After Fmoc-deprotection, Fmoc-N-Me-L-leucine-OH (2.340 g, 6.368 mmol)
and HATU (2.343 g, 6.162 mmol) were dissolved in a small quantity of DMF, and added to the
resin. DIPEA (2160 puL, 12.70 mmol) and more DMF were added and the mixture was agitated
for 3 h. The supernatant was drained, the resin was washed five times with DMF, three times
each with DCM, methanol and diethyl ether. It was sucked dry and dried further in vacuo for

12 h. The finished resin 1.24 (8.65 g, n = 0.245 mmol/g,) was stored under argon at 4 °C.

UHR-MS (ESI-TOF) m/z calcd for C4gH77N409Si2: 909.5224 [M+H]*; found: 909.5223 [M+H]*

Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-alkyl-BHA (1.25)

Resin 1.24 (n =0.245 mmol/g, 2.05 g, 0.502 mmol) was swelled in DMF for 35 min. The

supernatant was drained and after Fmoc-deprotection the resin was washed twice with
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TBSO anhyd. DMF. It was suspended in a small amount of

om

, anhyd. DMF. Acid 1.8 (284 mg, 1.51 mmol) and

z—

WCGHH triethylamine (208 uL, 1.50 mmol) were dissolved in
TBSO c anhyd. DMF and cooled to 0 °C. DEPC (90%, 252 pL,

1.49 mmol) was added, it was directly transferred to

the peptide vessel and the mixture was agitated for 16 h. Due to incomplete conversion, as
indicated by LC-MS, the step was repeated. The mixture was filtered off, the resin was washed
twice with anhy. DMF and suspended in a small amount of anhyd. DMF. Acid 1.8 (102 mg,
0.542 mmol) and triethylamine (69 pL, 0.50 mmol) were dissolved in anhy. DMF and cooled
to 0 °C. DEPC (90%, 84 pL, 0.496 mmol) was added and it was transferred to the peptide
vessel. The mixture was agitated for 2.5 h, after which HR-MS indicated almost full

conversion. The supernatant was drained, and the resin was washed five times each with DMF

and DCM. The resin coupled peptide 1.25 was directly used in the next step.

UHR-MS (ESI-TOF) m/z calcd for CasHssN4OsSiz: 857.5850 [M+H]*; found: 857.5864 [M+H]*

Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-alkyl-BHA-Gly-alloc (1.27)

TBSO Resin coupled peptide 1.25 (0.502 mmol) was
Q \“ \F/ o swelled in THF for 10 min, filtered and
ijq Y\(  Aloc suspended in anhyd. THF. The solution of
TBSO Alloc-glycine-OH (242 mg, 1.52 mmol), in
anhyd. THF was added, followed by DIC
(232 pL, 1.50 mmol) and DMAP (19 mg, 0.16 mmol). The resin was agitated for 17 h, after
which the step was repeated. The supernatant was drained, the resin was washed once with
anhyd. THF and then suspended in anhyd. THF. Alloc-glycine-OH (258 mg, 1.62 mmol),
dissolved in anhdy. THF was added, followed by DIC (260 pL, 1.68 mmol) and DMAP (19 mg,
0.16 mmol). The mixture was agitated for 90 min after which HR-MS indicated full conversion.
The supernatant was removed and the resin was washed once with DCM. The resin coupled
peptide 1.27 was directly used in the next step.
UHR-MS (ESI-TOF) m/z calcd for CagHgaNs01,Siz: 998.6276 [M+H]*; found: 998.6273 [M+H]*
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Preparation of HOOC-3-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-alkyl-BHA-Gly-NH> (1.29)

TBSO,

HO\““" swelled in DCM for 10 min. It was filtered, washed
(6]
(o]

N o :
N ", N : CeH13
)j \F/H \g/\‘o/ with anhyd. DCM and then suspended in anhyd.
: ™
(0]
1.29

Resin coupled peptide 1.27 (0.502 mmol) was

TBSO

DCM. Pd(PPHs)s (58 mg, 0.050 mmol) was added,
followed by Phenylsilane (1481 puL, 12.00 mmol).
The mixture was agitated for 3 h, after which HR-MS indicated full conversion. The mixture
was filtered and washed five times with DCM until the solvent ran clear. Cleavage of the
peptide from the resin was performed as described in the general method part. Linear

peptide 1.29 was used without further purification.

UHR-MS (ESI-TOF) m/z calcd for CasHssNsO10Si2: 914.6064 [M+H]*; found: 914.6066 [M+H]*

Preparation of (6R,7R,105,135,16S5,215,21aS5)-13-((R)-sec-butyl)-21-((tert-
butyldimethylsilyl)oxy)-16-(((tert-butyldimethylsilyl)oxy)methyl)-6-hexyl-10-isobutyl-7,9-
dimethyltetradecahydropyrrolo[2,1-f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-
1,4,8,11,14,17-hexaone (1.33)

Linear peptide 1.29 (0.502 mmol) was dissolved in
N DCM:DMF (15:1; 256 mL). HATU (572 mg, 1.50 mmol),

OTO © P followed by DIPEA (425 pL, 2.50 mmol) were added and the
o
NH ﬁ/H/\ mixture was stirred for 3 h at room temperature, after which

NH
TBSS%\N‘(—OTBS HR-MS indicated complete conversion. It was extracted
133 ° twice with water, once with brine, dried over MgS04 and

concentrated in vacuo. Prepurification by column chromatography (silica, PE:EA; 1:2) yielded

1.33 as slightly yellow needles (125 mg, 0.139 mmol, 28% over 4 steps). Rf (PE:EA; 1:2) = 0.72.

UHR-MS (ESI-TOF) m/z calcd for CasHgsNsOsSiz: 896.5959 [M+H]*; found: 896.5956 [M+Na]*
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Preparation of (6R,7R,108,13S5,16S,215,21aS5)-13-((R)-sec-butyl)-6-hexyl-21-hydroxy-16-
(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-
fl[1]oxa[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.3)

Under argon peptide 1.33 (125mg, 0.139 mmol) was
dissolved in anhyd. THF (10 mL) in a Teflon® round bottom

© NH flask. Acetic acid (601 pL, 10.5 mmol) was added, followed by
TBAF (7.5 mL, 26 mmol) and the mixture was stirred at room
o *\(_OH temperature for 9 h. It was diluted with EA, washed twice

with saturated, aqueous NaHCOs solution, once with brine,
dried over MgS04 and concentrated in vacuo. Purification by semi preparative HPLC (50-75-
95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 3 mL/min)
yielded 1.3 as a colorless solid (47 mg, 0.070 mmol, 51%).

1H-NMR (DMSO-ds, 600 MHz): 81 [ppm] = 8.79 (minor, NH Gly), 8.69 (minor, NH Ser), 8.56 (d,
1H,J=4.2 Hz, NH Ser), 8.22 (d, 1H,J=9.4 Hz, NH allo lle), 8.10 (d, 1H, J = 8.6 Hz, NH Gly), 6.62
(minor, NH allo lle), 5.33 (d, 1H, J = 3.6 Hz, OH 3-Hyp), 5.06 (ddd, 1H, J = 10.0, 6.3, 3.7 Hz, 3-
CH-O BHA), 4.52-4.47 (m, 1H, B-CH 3-Hyp), 4.46-4.42 (m, 1H, a-CH 3-Hyp), 4.42 (dd, 1H, J =
9.2, 3.2 Hz, a-CH allo lle), 4.28 (d, 1H, J = 8.8 Hz, CH, a Gly), 4.25 (d, 1H, J =8.8 Hz, CH. b Gly),
3.95 (ddd, 1H, J=7.3, 6.3, 4.4 Hz, a-CH Ser), 3.61-3.55 (m, 1H, B-CH: a Ser), 3.55-3.45 (m, 3H,
B-CH2 b Ser, a-CH N-Me Leu, 6-CH; a 3-Hyp), 3.45-3.35 (m, 2H, 6-CH: b 3-Hyp, CH, Gly minor),
3.16-3.10 (m, 1H, 2-CH BHA), 3.09 (s, 3H, N-CH3 N-Me Leu), 2.09 (ddd, 1H, J=13.7,9.4,5.3 Hz,
B-CH> a N-Me Leu), 1.81-1.70 (m, 4H, B-CH allo lle, y-CH; a, b 3-Hyp), 1.70-1.64 (m, 1H, 4-CH,
aBHA), 1.61 (ddd, 1H, J=14.0, 8.2, 6.1 Hz, B-CH2 b N-Me Leu), 1.51-1.44 (m, 1H, 4-CH2 b BHA),
1.44-1.39 (m, 1H, y-CH N-Me Leu), 1.39-1.32 (m, 1H, y-CH: a allo lle), 1.29-1.18 (m, 11H, CH,
BHA), 1.07 (ddd, 1H, J = 13.7, 7.5, 7.5 Hz, y-CH2 b allo lle), 0.99 (d, 3H, J = 6.9 Hz, 2’-CHs BHA),
0.89-0.83 (m, 15H, 6-CHs allo lle, 9-CH3; BHA, 6-CH3 a,b N-Me Leu), 0.70 (d, 3H, J = 6.9 Hz, y-
CHs allo lle).

13C-NMR (DMSO-ds, 100 MHz): 8¢ [ppm] = 176.4 (CO BHA), 172.0 (CO allo lle), 170.9 (CO N-
Me Leu), 169.5 (CO 3-Hyp), 168.5 (CO Gly), 168.3 (CO Ser), 75.9 (3-CH BHA), 74.0 (B-CH 3-Hyp),
69.3 (a-CH 3-Hyp), 69.1* (a-CH N-Me Leu), 60.4 (B-CH: Ser), 55.3 (a-CH Ser), 53.9 (a-CH allo
lle), 44.8 (6-CH2 3-Hyp), 41.3 (CH2 Gly), 40.1* (2-CH BHA, N-CHs), 38.1 (B-CH2 N-Me Leu), 37.8
(B-CH allo lle), 31.0 (CH2 BHA), 30.6 (4-CH; BHA), 30.2 (y-CHz 3-Hyp), 28.7 (CH2 BHA), 25.8 (y-
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CH; allo lle), 24.5 (y-CH N-Me Leu), 23.2 (CH; BHA), 22.8 (6-CH3 a N-Me Leu), 22.0 (CH; BHA),
21.7 (6-CH3 b N-Me Leu), 14.7 (2’-CHs BHA), 13.9 (y-CHs allo lle, 9-CH3 BHA), 11.6 (6-CHs allo
lle).

Additional found signals: 64 [ppm] = 3.30 (H20), 2.54 (DMSO). &c [ppm] = 40.4 (DMSO)

UHR-MS (ESI-TOF) m/z calcd for C33HsgNsOgq: 668.4229 [M+H]*; found: 668.4232 [M+H]*

Specific rotation [OL]é0 =-59.3°(c = 1.08, CHClIs)

Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-arom-BHA (1.26)

TBSO: Resin 1.24 (n =0.245 mmol/g, 2.06 g,

Oo\g, . H?/ 0 Lﬁ/\(\/@ 0.505 mmol) was swelled in DMF for 1 h. The
O)j/ I H%j bk, supernatant was drained and after Fmoc-

1880 deprotection the resin was washed twice with
e anhyd. DMF. The resin was suspended in a
small amount of anhyd. DMF. The solution of acid 1.9 (206 mg, 0.989 mmol) and
triethylamine (213 pL, 1.54 mmol) in anhy. DMF and was cooled to 0 °C. DEPC (90%, 258 pL,
1.52 mmol) was added, it was directly transferred to the peptide vessel and the mixture was
agitated for 19 h. The step was repeated due to incomplete conversion, as indicated by LC-
MS result. Acid 1.9 (160 mg, 0.768 mmol) and triethylamine (139 uL, 1.00 mmol) were
dissolved in anhyd. DMF and cooled to 0 °C. DEPC (90%, 168 uL, 0.992 mmol) was added and
it was transferred to the peptide vessel and existing mixture. It was agitated for 8 h, after
which HR-MS indicated almost full conversion. The supernatant was drained and the resin

was washed five times each with DMF and DCM. The resin coupled peptide 1.26 was directly

used in the next step.

UHR-MS (ESI-TOF) m/z calcd for CasHsiN4OoSiz: 877.5537 [M+H]*; found: 877.5560 [M+H]*
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Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-lle-N-Me-L-Leu-arom-BHA-Gly-alloc (1.28)

TBSO, Resin coupled peptide 1.26 (0.505 mmol) was
OO\QQ H\F/ ) rlum/\(\/© swelled in THF for 10 min, filtered and
o)j/ I ﬁéb/ I O\ﬂ/\N/AHOC suspended in anhyd. THF. Alloc-glycine-OH

1880 s (242 mg, 1.52 mmol), dissolved in anhdy. THF

128 was added, followed by DIC (232 uL,

1.50 mmol) and DMAP (21.4 mg, 0.175 mmol). The resin was agitated for 7 h, after which the
step was repeated. The supernatant was filtered off, the resin was washed once with anhyd.
THF and then suspended in anhyd. THF. Alloc-glycine-OH (477 mg, 3.00 mmol), dissolved in
anhyd. THF was added to the resin, followed by DIC (465 uL, 3.00 mmol) and DMAP (36.6 mg,
0.300 mmol). The mixture was agitated for 4 h, after which HR-MS indicated almost full

conversion. The supernatant was drained and the resin was washed once with DCM. The resin

coupled peptide 1.28 was directly used in the next step.

UHR-MS (ESI) m/z calcd for CsiHssNsO12Siz: 1018.5963 [M+H]*; found: 1018.5959 [M+H]*

Preparation of HOOC-3-Hyp(TBS)-L.-Ser(TBS)-L-allo-lle-N-Me-L-Leu- arom-BHA-Gly-
NH: (1.30)

TBSO Resin coupled peptide 1.28 (0.505 mmol) was
HO\“\\\D jb/ o | = swelled in DCM for 40 min. It was filtered,
L. N WH NW/Y\/Q washed with anhyd. DCM and then suspended
;‘:‘/ ° o\ﬂ/\NHZ in anhyd. DCM. Pd(PPHs)s (59 mg, 0.051 mmol)

1.30 was added, followed by Phenylsilane (1481 uL,
12.00 mmol). The mixture was agitated for 3 h, after which HR-MS indicated full conversion.
The mixture was filtered and washed five times with DCM until the solvent ran clear. Cleavage

of the peptide from the resin was performed as described in the general method part. Linear

peptide 1.30 was used without further purification.

UHR-MS (ESI-TOF) m/z calcd for C47HgaNsO10Si2: 934.5751 [M+H]*; found: 934.5753 [M+H]*
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Preparation of (6R,7R,10S,135,16S,215,21aS)-13-((R)-sec-butyl)-21-((tert-
butyldimethylsilyl)oxy)-16-(((tert-butyldimethylsilyl)oxy)methyl)-10-isobutyl-7,9-dimethyl-
6-phenethyltetradecahydropyrrolo[2,1-f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-
1,4,8,11,14,17-hexaone (1.34)

| Linear peptide 1.30 (0.505 mmol) was dissolved in DCM:DMF

Y § (15:1; 256 mL). HATU (573 mg, 1.51 mmol), followed by DIPEA
OT ° g " (425 pL, 2.50 mmol) were added and the mixture was stirred
. " T:H/\ for 17 h at room temperature, after which HR-MS indicated
TBSO‘%C\N\(’—OTBS complete conversion. It was extracted twice with water, once
1.34 ° with brine, dried over MgS04 and concentrated in vacuo.

Prepurification by column chromatography (silica, PE:EA; 1:2) yielded 1.34 as a yellowish foam

(376 mg, 0.419 mmol, 83% over 4 steps). Rf (PE:EA; 1:2) =0.71.

UHR-MS (ESI-TOF) m/z calcd for C47Hg2Ns09Siz: 916.5646 [M+H]*; found: 916.5659 [M+H]*

Preparation of (6R,7R,105,135,16S5,21S5,21aS)-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)

| Under argon peptide 1.34 (376 mg, 0.419 mmol) was dissolved

: § in anhyd. THF (25 mL) in a Teflon® round bottom flask. Acetic

OTO Og W acid (1760 pL, 30.75 mmol) was added, followed by TBAF

. " TH/H/\ (22.1 mL, 76.3 mmol) and the mixture was stirred at room

HO™ N‘{"_OH temperature for 18 h. It was diluted with EA, washed twice with

1.4 saturated, aqueous NaHCOs solution, once with brine, dried

over MgSQ4 and concentrated in vacuo. Purification by semi preparative HPLC (50-75-95%

AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 3 mL/min)

yielded 1.4 as a colorless oil (83 mg, 0.12 mmol, 29%).

1H-NMR (DMSO-ds, 600 MHz): 61 [ppm] = 8.90 (minor, NH Gly), 8.77 (minor, NH Ser), 8.58 (d,
1H,J=4.1 Hz, NH Ser), 8.23 (d, 1H,/=9.4 Hz, NH allo lle), 8.05 (d, 1H, J = 8.7 Hz, NH Gly), 7.29-
7.14 (m, 6H, CHarom BHA), 6.62 (minor, NH allo lle), 5.15 (ddd, 1H, J=9.9, 6.2, 4.0 Hz, 3-CH-O
BHA), 4.49 (d, 1H, J = 3.8 Hz, B-CH 3-Hyp), 4.45-4.41 (m, 2H, a-CH 3-Hyp, a-CH allo lle), 4.30
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(d, 1H, J = 8.5 Hz, CHz a Gly), 4.27 (d, 1H, J = 8.9 Hz, CH; b Gly), 3.96 (ddd, 1H, J = 6.4, 6.4, 4.7
Hz, a-CH Ser), 3.61-3.55 (m, 1H, B-CH; a Ser), 3.55-3.46 (m, 3H, B-CH. b Ser, 6-CH; a 3-Hyp, a-
CH N-Me Leu), 3.46-3.39 (m, 1H, 6-CH; b 3-Hyp), 3.39-3.34 (m, 2H, CH: Gly, minor), 3.25-3.19
(m, 2H, 2-CH BHA), 3.12 (s, 3H, N-CH3 N-Me Leu), 2.62-2.56 (m, 2H, 5-CH, a,b BHA), 2.10 (ddd,
1H,J=13.9, 9.2, 5.0 Hz, B-CH; a N-Me Leu), 2.01-1.93 (m, 1H, 4-CH, a BHA), 1.83-1.69 (m, 5H,
4-CH, b BHA, y-CH: a, b 3-Hyp, B-CH allo lle), 1.62 (ddd, 1H, J = 13.9, 8.2, 6.2 Hz, B-CH2 b N-
Me Leu), 1.46-1.40 (m, 1H, y-CH N-Me Leu), 1.40-1.33 (m, 1H, y-CHz a allo lle), 1.11-1.05 (m,
1H, y-CH; b allo lle), 1.03 (d, 3H, J = 6.8 Hz, 2’-CH3 BHA), 0.92-0.84 (m, 12H, 6-CHs allo lle, &-
CHs a, b N-Me Leu), 0.70 (d, 3H, J= 6.9 Hz, y-CHs allo lle).

13C_.NMR (DMSO-ds, 100 MHz): 8¢ [ppm] = 176.4 (CO BHA), 172.0 (CO allo lle), 170.9 (CO N-
Me Leu), 169.5 (CO Ser), 168.5 (CO Gly), 168.4 (CO 3-Hyp), 141.7 (Cquart BHA), 128.3, 128.2,
125.7 (CHarom BHA), 75.8 (3-CH-O BHA), 74.1 (B-CH 3-Hyp), 69.3 (a-CH 3-Hyp), 69.0 (a-CH N-
Me Leu), 60.4 (B-CH: Ser), 55.3 (a-CH Ser), 53.9 (a-CH allo lle), 44.8 (6-CH2 3-Hyp), 41.3 (CH2
Gly), 40.0* (N-CHs N-Me Leu), 39.7* (2-CH BHA), 38.1 (B-CH2 N-Me Leu), 37.7 (B-CH allo lle),
32.6 (4-CH, BHA), 30.2 (y-CH, 3-Hyp), 29.5 (5-CH, BHA), 25.9 (y-CH: allo Ile), 24.6 (y-CH N-Me
Leu), 22.8 (8-CHs a N-Me Leu), 21.7 (6-CHs b N-Me Leu), 14.7 (2’-CHz BHA), 13.9 (y-CHs allo
lle), 11.6 (6-CHs allo lle).

Additional found signals: &x [ppm] = 8.27 (FA), 5.75 (DCM), 3.34-3.25 (H,0), 2.54 (DMSO), OH
Ser and OH 3-Hyp were not observed. 6¢ [ppm] = 40.4 (DMSO)

UHR-MS (ESI-TOF) m/z calcd for C3sHsaNsOg: 688.3916 [M+H]*; found: 688.3917 [M+H]*

Specific rotation [OL]é0 =-52.5°(c = 0.99, CHCIs)

4.4.3 Activity Tests - Bioassays

Determination of the minimum inhibitory concentrations (MIC) of purified compounds 1.2,
1.3, 1.4 and 1.5 were done by micro broth dilution assays in 96 well plates. Each compound

was dissolved in DMSO to a 6.4 mg/mL stock solution and tested in triplicates.

For the bacteria E. coli ATCC 25922, E. coli ATCC 25922 AtolC, P. aeruginosa PAO1,
P. aeruginosa PAQ750, K. pneumoniae ATCC 30104, A. baumannii ATCC 19606, S. aureus
ATCC 33592 an overnight culture (37°C, 180rpm) was diluted to 5 - 10° cells/mL in cation
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adjusted Mueller Hinton Il medium (Becton, Dickinson and Company). For E. coli ATCC 25922
MHC the overnight culture was cultivated in regular cation adjusted Mueller Hinton Il
medium, density adjustment and dilutioan assays were performed with cation adjusted
Mueller Hinton Il medium supplemented with NaHCO3 44 mM. The pre culture of M.
smegmatis ATCC 607 was incubated in Brain-Heart Infusion broth (Becton, Dickinson and
Company, 48 h, 37°C, 180 rpm) before the cell concentration was adjusted in Mueller Hinton
I medium. As positive controls, dilution series (64-0.03 pug/mL) of rifampicin, tetracycline and
gentamycin were prepared, except for M. smegmatis where isoniazid was used instead of
gentamycin as third positive control and for E. coli ATCC 25922 AhldE, where ciprofloxacin and
colistin were used as controls. As negative controls pure cell suspensions were used. After
incubation cell growth was assessed by measuring the turbidity with a microplate
spectrophotometer at 600 nm (LUMIstar® Omega BMG Labtech). For M. smegmatis cell
viability was evaluated after 48 h (37°C, 180 rpm, 85% rH) via ATP quantification (BacTiter-

Glo™, Promega) according to the manufacturer’s instructions.
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4.5 Supporting Information

4.5.1 Chromatograms and spectra of natural extract

Table S 4-1: Overview of literature known congeners of Globomycin (1) and new isomers

(blue).
known new roposed new
compound MF [M+H]* m/z . prop
structures isomers structures
Globomycin (1.1)
C32Hs7NsOg9 656.4229 1 0 0
SF-1902 A:
SF-1902 Ax C30H53Ns509 628.3916 SF-1902 Aap
SF-1902 A3 C31Hs5Ns09 642.4073 SF-1902 Asp
SF-1902 Asa2 or
SF-1902 A4 C33Hs9NsO9 670.4386 2 6
SF-1902 Ac
SF-1902 As C34He61Ns09 684.4542 1 1 0
SF-1902 Aea
SF-1902 Ae C29Hs51Ns09 614.3760 0 3
SF-1902 Asb
SF-1902 A; C28H49Ns09 600.3603 0 SF-1902 A7
SF-1902 As C27H47Ns09 586.3447 0 SF-1902 As
total 20 7
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Figure S 4-3: Fragmentation pattern of Globomycin (1.1).
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Figure S 4-9: EIC of SF-1902 A5 (684.4542 + 0.005), the fragmentation pattern and proposed structure.
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Figure S 4-10: EIC of SF-1902 A6 (614.3760 £ 0.005), the fragmentation pattern of new SF-1902 A6a and A6b and their proposed structure.
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Figure S 4-11: EIC of SF-1902 A7 (600.3603 £ 0.005), the fragmentation pattern and proposed structure.
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Figure S 4-12: EIC of SF-1902 A8 (586.3447 + 0.005), the fragmentation pattern and proposed structure.
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Table S 4-2: Overview of novel derivatives of GLM (1) based on the molecular network
(Figure 4-4) and determined chemical formula.

[M+H]* m/z chemical formular fragmentation pattern
670.403 C32H55Ns5010 Figure S 4-13
654.408 C32H55Ns09
587.402 C29H54N4Os Figure S 4-15
670.388 C28Hs5Ns013 Figure S 4-16
674.435 C32Hs9Ns010
688.385 C33H61NsO10 Figure S 4-18
672.418 C32Hs7NsO10 Figure S 4-19
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P 0
N\/\/’\g/'l” T-000B s w.-omrr
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Figure S 4-13: Fragmentation pattern of m/z = 670.4005 and its proposed structure.
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Figure S 4-14: Fragmentation pattern of m/z = 654.4083 and its proposed structures.
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Figure S 4-15: Fragmentation pattern of m/z = 587.4018 and proposed structural elements.
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Figure S 4-16: Fragmentation pattern of m/z = 670.3870 and proposed structural elements.
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Figure S 4-17: Fragmentation pattern of m/z = 674.4336 and proposed structural elements.
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Figure S 4-18: Fragmentation pattern of m/z = 688.4491 and proposed structural elements.
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Figure S 4-19: Fragmentation pattern of m/z = 672.4181 and its proposed structure.
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4.5.2 Structure Based Drug Design

Figure S 4-21: Globomycin (orange) and derivative 1.5 (green) in LspA (PDB 5DIR).
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Figure S 4-23: Globomycin (orange) and derivative 1.3 (green) in LspA (PDB 5DIR).
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4.5.3 NMR and MS/MS? data for synthetic compounds

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

M 12.86

OH

OH
N
|

Fmoc 0

1.13

(28S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-hydroxypyrrolidine-2-carboxylic acid (1.13)
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Figure S 4-24: NMR spectra of 1.13 in DMSO-d.
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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)

[ren]

Figure S 4-25: NMR spectra of 1.12 in CDCls.
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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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Figure S 4-26: NMR spectra of 1.14 in DMSO-d.
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"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 S 4-27: NMR spectra of 1.11 in CDCls.
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"H-NMR (CDCls, 400 MHz)
(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl propionate (1.10)
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Figure S 4-28: NMR spectra of 1.10 in CDCls.
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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 S 4-29: NMR spectra of 1.6 in CDCls.
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"H-NMR (CDCls, 400 MHz) F g
(2R,3R)-3-hydroxy-2-methylnonanoic acid (1.8) L
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Figure S 4-30: NMR spectra of 1.8 in CDCls.
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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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Figure S 4-31: NMR spectra of 1.7 in CDCls.
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"H-NMR (DMSO-ds, 400 MHz) 2
(2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoic acid (1.9) [
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Figure S 4-32: NMR spectra of 1.9 in DMSO-d.
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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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SmTmn 'dw'r-'—'o'w'nrivio':\iu‘—' foo—
PR FIFTOORGANNNNNN

RER SRR Ry

76
T
70
70
89,
88
— 7595
—— 66.80

[ren]

T
20

T T
150 100 50

Figure S 4-33: NMR spectra of 1.2 in DMSO-d.
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Table S 4-3: NMR data for 1.2 in DMSO-ds (600 MHz, 100 MHz).

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)
L-N-Me-Leucine
co 171.0 -
N-CH3 40.1* 3.10 (s, 3H)
a-CH 68.5* 3.55-3.45 (m, 2H, overlay)
2.13-2.03 (m, 3H, overlay)
B-CH. 38.2 1.64-1.54 (m, 2H)
y-CH 24.6 1.45-1.38 (m, 2H)
6-CHs a 22.8 0.94-0.83 (m, 20H, overlay)
6-CHs b 21.7 0.94-0.83 (m, 20H, overlay)
L-allo-lsoleucine
co 171.8 -
NH ) 8.21(d, 1H, 1= 9.3 Hy)
6.68 (minor)
a-CH 53.9 4.40 (dd, 1H,J=9.5, 4.6 Hz)
B-CH 37.8 1.80-1.71 (m, 2H)
1.38-1.32 (m, 2H)
v-CH. 258 1.11-1.02 (m, 2H)
y-CH3 13.9 0.69 (d, 3H, J =6.9 Hz)
5-CHs 11.6 0.94-0.83 (m, 20H, overlay)
L-Serine
co 169.7 -
NH ] 8.49 (d, 1H, J = 4.6 Hz)
8.58 (minor)
a-CH 54.3 4.02 (ddd, 1H,J=6.7, 6.7, 4.6 Hz)
3.61-3.56 (m, 1H)
B-CH.-OH 60.7 3.55-3.45 (m, 2H, overlay)
B-OH - 5.21-5.13 (m, 1H)
L-4-Hydroxyproline
co 170.7 -
N - -
a-CH 59.3 4.67 (dd, 1H, J=8.5, 4.3 Hz)
" 2.27 (ddd, 1H,J =12.5, 4.9, 4.9 Hz)
B-CH; 388 2.13-2.03 (m, 3H, overlay)
y-CH-OH 66.8 4.20-4.10 (m, 2H)
y-OH - 5.13-5.08 (m, 1H)
6-CH> 53.5 3.45-3.33 (m, 4H, overlay)
Glycine
co 168.4 -
NH ) 8.07 (d, 1H, / = 8.3 Ha)
8.81 (minor)
4.26 (d, 1H, ) = 8.1 Hz)
CH: 41.4 4.23 (d, 1H,J = 8.3 Hz)

3.45-3.37 (m, 4H, overlay) minor

BHA



1-co 176.4 -

2-CH 40.1% 3.15-3.11 (m, 2H)
2’-CHs 14.7 0.99 (d, 3H, J = 7.0 Hz)
3-CH-0 76.0 5.05 (ddd, 2H, J = 10.2, 6.4, 3.6 Hz)

1.71-1.64 (m, 1H)

4-CH, 30.7 1.52-1.45 (m, 1H)

31.1, 28.8, 23.2,

5-8-CH. 1.32-1.17 (m, 14H, overlay)
22.0
9-CHs 13.9 0.94-0.83 (m, 20H, overlay)
Intens. SaS_085_C1_A2p_P1-C-6_01_59209.d: HVE2(668.4233), 32.0-40.1eV, 11.5min #3893]
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Figure S 4-34: MS? fragmentation of 1.2 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 S 4-35: NMR spectra of 1.5 in DMSO-ds.
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Table S 4-4: NMR data for 1.5 in DMSO-ds (600 MHz, 100 MHz).

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)
L-N-Me-Leucine
co 171.0 -
N-CH; 40.0 3.12 (s, 3H)
a-CH 69.0 3.54-3.46 (m, 3H, overlay)
2.14-.2.04 (m, 3H, overlay)
B-CH. 38.1 1.61 (ddd, 1H, J = 13.9, 8.2, 5.9 Hz)
y-CH 24.6 1.48-1.40 (m, 1H)
6-CH;s 22.8,21.7 0.88 (d, 6H J = 6.3 Hz)
L-allo-lsoleucine
co 171.7 -
NH ] 8.21 (d,'lH, J=9.4 Hz)
6.68 (minor)
a-CH 53.9 4.40 (dd, 1H,J=9.4, 4.5 Hz)
B-CH 37.7 1.83-1.71 (m, 3H, overlay)
1.40-1.32 (m, 1H)
v-CH. 258 1.11-1.04 (m, 1H)
y-CH3 13.9 0.70 (d, 3H, J=6.9 Hz)
6-CHs 11.6 0.86 (t, 3H,J=7.5 Hz)
L-Serine
co 169.7 -
NH ] 8.49 (d, 1H, J = 4.2 Hz)
8.60 (minor)
a-CH 54.3 4.02 (ddd, 1H,J=7.0, 7.0, 4.4 Hz)
3.62-3.56 (m, 1H)
B-CH.-OH 60.7 3.54-3.46 (m, 3H, overlay)
B-OH - 5.12-5.01 (m, 2H, overlay)
L-4-Hydroxyproline
co 170.7 -
N - -
a-CH 59.3 4.67 (dd, 1H, J=8.5, 4.2 Hz)
2.26 (ddd, 1H,J =12.6, 5.0, 4.8 Hz)
B-CH, 38.7% 2.14-.2.04 (m, 3H, overlay)
y-CH-OH 66.8 4.21-4.14 (m, 1H)
y-OH - 5.12-5.01 (m, 2H, overlay)
6-CH> 53.5 3.44-3.36 (m, 4H, overlay)
Glycine
co 168.5 -
NH ) 8.01 (d, 1H, J = 8.4 Hz)
8.88 (minor)
4.27 (d, 1H, J = 8.5 Hz)
CH: 41.4 4.24 (d, 1H, J = 8.1 Hz)
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)

2’-CHs 14.7 1.03(d, 3H,J=7.1Hz)
3-CH-0 75.8 5.14 (ddd, 1H, J=10.0, 6.0, 3.9 Hz)
2.02-1.94 (m, 2H)
4-CH 2.
CH, 32.6 1.83-1.71 (m, 3H, overlay)
5-CH; 29.5 2.62-2.57 (m, 2H)
Cquart 141.7 -
128.3,128.2,
CHarom 125.8 7.29-7.14 (m, 8H)
Intens. 5aS_0103_C1_Alp_P1-A3_01_59250.d: #V52(683.3920), 32.5-40.7eV, 10.5min #3628]
2[[:/0"]~ I
H0 G—j He °
N-Me-L
150 CO —
o 189‘086% ‘ ‘ “‘ 37 .‘1863‘ 5052861 5753076 ﬁ '

:
fé

T = T

NH W\ NH = NH =
o NH o NH, o

. NA<"’—0H [ N —on LoNw
HO' HO' HO'

o (6]
1.5
Chemical Formula: C35H54N509* Chemical Formula: CpgHy3N4Og* Chemical Formula: CygH3gN30g*
Exact Mass: 688.3916 Exact Mass: 575.3075 Exact Mass: 488.2755
N N = N
i = i = =
0y 0 O € 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
= N \Cj/ : ©\/\/LC+
H I
o o
Chemical Formula: CgH,gNO* Chemical Formula: C1,H430"
Exact Mass: 272.2009 Exact Mass: 173.0961

Figure S 4-36: MS? fragmentation of 1.5 and its fragmentation pattern.
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"H-NMR (DMSO-ds, 600 MHz)
(6R,7R,10S,13S,16S,218S,21aS)-13-((R)-sec-butyl)-6-hexyl-21-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1- F
fl[1]oxa[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.3)
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Figure S 4-37: NMR spectra of 1.3 in DMSO-d.
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Table S 4-5: NMR data for 1.3 in DMSO-ds (600 MHz, 100 MHz).

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)
L-N-Me-Leucine
co 170.9 -
N-CH; 40.1* 3.09 (s, 3H)
a-CH 69.1* 3.55-3.45 (m, 2H, overlay)
2.09 (ddd, 1H, J = 13.7, 9.4, 5.3 Hz)
B-CH. 38.1 1.61 (ddd, 1H, J = 14.0, 8.2, 6.1 Hz)
y-CH 24.5 1.44-1.39 (m, 1H)
6-CHs a 22.8 0.89-0.83 (m, 15H, overlay)
6-CHs b 21.7 0.89-0.83 (m, 15H, overlay)
L-allo-lsoleucine
co 172.0 -
NH i 8.22 (d,'lH, J=9.4 Hz)
6.62 (minor)
a-CH 53.9 4.42 (dd, 1H,J=9.2, 3.2 Hz)
B-CH 37.8 1.81-1.70 (m, 4H, overlay)
1.39-1.32 (m, 1H)
v-CH. 258 1.07 (ddd, 1H, J = 13.7, 7.5, 7.5 Hz)
y-CH3 13.9 0.70 (d, 3H, J =6.9 Hz)
6-CH;s 11.6 0.89-0.83 (m, 15H, overlay)
L-Serine
co 168.3 -
NH ] 8.56 (d, 1H, = 4.2 Hz)
8.69 (minor)
a-CH 55.3 3.95(ddd, 1H, J =7.3, 6.3, 4.4 Hz)
3.61-3.55 (m, 1H)
B-CH.-OH 604 3.55-3.45 (m, 3H, overlay)
B-OH - -
L-3-Hydroxyproline
co 169.5 -
N - -
a-CH 69.3 4.46-4.42 (m, 1H,)
B-CH-OH 74.0 4,52-4.47 (m, 1H)
B-OH - 5.33(d, 1H, J = 3.6 Hz)
y-CH> 30.2 1.81-1.70 (m, 4H, overlay)
3.55-3.45 (m, 3H, overlay)
6-CH; 44.8 3.45-3.35 (m, 2H, overlay)
Glycine
co 168.5 -
NH ) 8.10 (d, 1H, 1 = 8.6 Hz)
8.79 (minor)
4.28 (d, 1H, J = 8.8 Hz)
CH2 41.3 4.25 (d, 1H, J = 8.8 Hz)
3.45-3.35 (m, 2H, overlay) minor
BHA
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1-co 176.4

2-CH 40.1*
2’-CHs 14.7
3-CH-O 75.9
4-CH: 30.6

3.16-3.10 (m, 1H)

0.99 (d, 3H, J = 6.9 Hz)

5.06 (ddd, 1H, J = 10.0, 6.3, 3.7 Hz)
1.70-1.64 (m, 1H)

1.51-1.44 (m, 1H)

31.0, 28.7, 23.2,

5-8-CH. 1.29-1.18 (m, 11H, overlay)
22.0

9-CH; 13.9 0.89-0.83 (m, 15H, overlay)
lnlen/s 525,003 C1_ Alp_P1-A2_01 59249 d: #V52(668 4228), 32.040.16V, 11.8min #4087]
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Chemical Formula: C33HsgN50g*
Exact Mass: 668.4229

CGHH\/'\H/NQ/
OH O O//c*

Chemical Formula: C17H3,NO3*
Exact Mass: 298.2377

T = NH = NH2

o
HO‘ {—OH HO™ [ NH

Chemical Formula: C,7Hs7N4,Og"  Chemical Formula: Cp4HsoN30g* Chemical Formula: C19H35N20,"
Exact Mass: 555.3388 Exact Mass: 468.3068 Exact Mass: 355.2591
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Chemical Formula: C17H3oNO,* Chemical Formula: C4gH3oNO* Chemical Formula: C1oH;,0*
Exact Mass: 280.2271 Exact Mass: 252.2322 Exact Mass: 153.1274

Figure S 4-38: MS? fragmentation of 1.3 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)-21-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-
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Figure S 4-39: NMR spectra of 1.4 in DMSO-ds.
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Table S 4-6: NMR data for 1.4 in DMSO-ds (600 MHz, 100 MHz).

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)
L-N-Me-Leucine
co 170.9 -
N-CH3 40.0* 3.12 (s, 3H)
a-CH 69.0 3.55-3.46 (m, 3H, overlay)
2.10(ddd, 1H, J = 13.9, 9.2, 5.0 Hz)
B-CH. 38.1 1.62 (ddd, 1H, J = 13.9, 8.2, 6.2 Hz)
y-CH 24.6 1.46-1.40 (m, 1H)
6-CHs a 22.8 0.92-0.84 (m, 12H, overlay)
6-CHs b 21.7 0.92-0.84 (m, 12H, overlay)
L-allo-lsoleucine
co 172.0 -
NH ) 8.23 (d, 1H, J = 9.4 Hz)
6.62 (minor)
a-CH 53.9 4.45-4.41 (m, 2H, overlay)
B-CH 37.7 1.83-1.69 (m, 5H, overlay)
1.40-1.33 (m, 1H)
v-CH. 259 1.11-1.05 (m, 1H)
y-CH3 13.9 0.70 (d, 3H, J=6.9 Hz)
5-CHs 11.6 0.92-0.84 (m, 12H, overlay)
L-Serine
co 169.5 -
NH ] 8.58 (d, 1H, /= 4.1 Hz)
8.77 (minor)
a-CH 55.3 3.96 (ddd, 1H, J=6.4,6.4, 4.7 Hz)
3.61-3.55 (m, 1H)
B-CH.-OH 604 3.55-3.46 (m, 3H, overlay)
B-OH - n.o.
L-3-Hydroxyproline
co 168.4 -
N - -
a-CH 69.3 4.45-4.41 (m, 2H, overlay)
B-CH-OH 74.1 4.49 (d, 1H, J = 3.8 Hz)
B-OH - n.o.
y-CH> 30.2 1.83-1.69 (m, 5H, overlay)
3.55-3.46 (m, 3H, overlay)
6-CH, 44.8 3.46-3.39 (m, 1H)
Glycine
co 168.5 -
NH ) 8.05 (d, 1H, J = 8.7 Hz)
8.90 (minor)
4.30 (d, 1H, J = 8.5 Hz)
CHa 41.3 4.27 (d, 1H, J = 8.9 Hz)
3.39-3.34 (m, 2H, overlay) minor
BHA
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1-co 176.4 -

2-CH 39.7* 3.25-3.19 (m, 2H)
2’-CHs 14.7 1.03 (d, 3H,J=6.8 Hz)
3-CH-0 75.8 5.15 (ddd, 1H, /=9.9, 6.2, 4.0 Hz)
2.01-1.93 (m, 1H)
4-CH 2.
CH, 32.6 1.83-1.69 (m, 5H, overlay)
5-CH; 29.5 2.62-2.56 (m, 2H)
Cquart 141.7 -
128.3,128.2,
CHarom 125.7 7.29-7.14 (m, 5H)
Intens. SaS_098_C1_Alp_P1-A1_01_59248.d: #V52(688.3917), 32.5-40.7eV, 10.8min #3730
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Chemical Formula: C35Hs4N50g* Chemical Formula: CygH43N40g" Chemical Formula: CgH3gN306"
Exact Mass: 688.3916 Exact Mass: 575.3075 Exact Mass: 488.2755
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Chemical Formula: Cy4H3;N,0,* Chemical Formula: C1gH,gNO3* Chemical Formula: C1gHNO,"
Exact Mass: 375.2278 Exact Mass: 318.2064 Exact Mass: 300.1958
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Exact Mass: 272.2009 Exact Mass: 173.0961

Figure S 4-40: MS? fragmentation of 1.4 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 collaboration 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:

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

e Manuscript drafting

Submitted manuscript in: ACS Chemical Biology (2022):

https://pubs.acs.org/doi/full/10.1021/acschembio.1c00861
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Identification, Characterization, and Synthesis of Natural Parasitic
Cysteine Protease Inhibitors: Pentacitidins Are More Potent
Falcitidin Analogues

Stephan Brinkmann,” Sandra Semmler,” Christian Kersten, Maria A. Patras, Michael Kurz,
Natalie Fuchs, Stefan J. Hammerschmidt, Jenny Legac, Peter E. Hammann, Andreas Vilcinskas,
Philip J. Rosenthal, Tanja Schirmeister, Armin Bauer,* and Till F. Schiaberle™
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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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Table 1. Overview of Molecular Features of all Identified Natural Falcitidin Analogues Aligned into Four Protein Families

amino acid chain

fatty acid C-terminal
family residue il 2 3 4 5 group
A iVal H V COOH
ival H v v P CHO
iVal H Vv VvV P CONH,
iVal H v v P COOH
iVal H v Vv P L CHO
ival H v v P L CH,0H
iVal H v v P F CHO
iVal H Vv Vv P F CH,0H
ival H v v P F COOH
iVal H v Vv P F CHO
B iVal H I COOH
iVal H I v P CHO
iVal H I v P CONH,
iVal H I v P COOH
ival H I v P L CHO
iVal H I v P L CH,0H
iVal H I v P F CHO
ival H I v P F CH,0H
iVal H I v P F COOH
iVal H I v P F CHO
C PA H Vv COOH
PA H v v COOH
PA H v VvV P CHO
PA H Vv VvV P CONH,
PA H v v P COOH
PA H v Vv P F CHO
PA H v v P F CH,0H
PA H v v P F COOH
PA H v v P F CHO
D PA H I COOH
PA H 1 v COOH
PA H I v P CHO
PA H I v P CONH,
PA H I v P COOH
PA H I v P L CHO
PA H I v P L CH,0H
PA H I v P F CHO
PA H I v P F CH,0H
PA H I v P F COOH
PA H I v P F CHO

molecnlar mass

molecular Ms* cpd
formula caled network found jon no.

CH N, O, 3392027 339.204 3392030  [M+H]*
CysHysNGO5 $19.328% 519329 $19.3297  [M4H]"
CysHyN,O5 534.3398 534341 5343402 [Ma+H]
CosHyN:O4 §35.3239 835328 $353244  [MaH]
C3HsaN;O4 6324130 632414 6324148 [M+H]
CypH N, O 6344287 634430 6344298  [M+H]*
C3sHeaN;O6 6663974 666398 666.3982  [M+H] 15
CyH N, 04 6684130 668413 6684117  [M+H]* 12
CyHN, O, 6823923 682393 6823918  [M+H]" 8
CysHeyN,O5 6844079 684408 6844085  [M+H,0+H]* 15
CH, N, O, 353.2183 353219 353.2188 [M+H]*
CaHysN:Os 5333446  $33.346 333342  [M+H]
CyHyeN; 05 548.3588 548357 5483563  [M+H] ot
CoyHyN:O; 549.3395  549.340 5493397  [M+H]* 17
Cy3HyeN,04 6464287 646430 6464308 [M+H]*
CyHyeN,0, 6484443 648445 6484445 [MaH]
CyHeyN,O 4 6804130 680414 6804131 [M+H]* 2
CyHyN,O5 6824287 682429 6824270 [M4H]' 14
CyH N, 0, 6964079 696410 6964072 [M+H]* 10
CyHyN,0, 6084236 698424 6984238  [M4H,0+H]* 27
CHpN, O, 373.1870  373.188 373.1874  [M+H]
C4H3 N;O5 4722554  not present 4722560  [M+H]*
CosHyNsOs 583.3133 853314 §53.3138  [MaH]
CH N, O 5683242  S68328 5683248  [M+H]*
CogHy N:O4 5693082 $69.310 5693101  [M+H]"
CyHgoN,O4 7003817  not present 7003806  [M+H]* 16
CyHoN,Op 7023974 702398 7023956  [M+H]' 13
CasHeoN, 05 7163766 716377 7163765  [M+H] g
CHN,0, 7183923 718392 7183923  [M+H,0+H]*  16°
CaoHpN, O, 387.2027  387.203 387.2033  [M+H]
CyHy NSOy 4862711 486272 4862715 [M+H]*
CyHgN Oy 5673289  $67330 $673300  [M+H]'
CyHyN,O5 5823398 S82341 5823408  [M+H]*
CypH,ysNOg $83.3239  §83.328 §83.3252 [M+H]*
C3sHsaN;O 4 6804130 680414 6304115 [M+H]*
CyH N, O 6324287  not present 6324288  [M+H]*
CyHeoN, 04 714.3974 714399 7143975 [M+H]*
CyHgaN,O4 7164136  not present 7164132  [M+H]* 4
CyHeN, 0, 730.3923  not present 7303939  [M+H]* 11
CyHy N0, 7324079 732408 7324082  [M+H,0+H]* 35

“Nodes found in MS* network, no MS/MS spectra found due to water ion adduct.

by Chitinophaga sp. Y23, falcitidin and its synthetic analogues
are first members of a new class of cysteine protease inhibitors
without a reactive group that covalent-reversibly or covalent-
irreversibly binds to the active-site cysteine residue."®"" Based
on extracts of all 25 previously cultured Chitinophaga strains,*
here, a complementary molecular networking study was carried
out to analyze the chemical profiles (Figure la). This
facilitated the discovery of more than 30 natural analogues of
falcitidin {1, m/z 548.3563 [M+H]*, molecular formula
C,;HN,O;) (Figure 1b,c and Table 1) biosynthesized by
Chitinophaga eiseniae DSM 22224, Chitinophaga dinghuensis
DSM 29821, and Chitinophaga varians KCTC 52926. Analysis
of the corresponding MS/MS spectra led to the assignment of
four peptide families that differed in the amino acid chain at
position 2 and the acyl residue of the peptide. Members of
families A and B shared a fragment ion of m/z 222.1237 [M

578

+H]" corresponding to the molecular formula C;;H (N;0,%
The fragment can be assigned to the described isovaleroyl
(ival} residue attached to the first amino acid histidine.'” In
contrast, a fragment ion of m/z 256.1084 [M+H]*,
corresponding to the molecular formula C H,N,0,%, was
detected in peptides of families C and D {Figures S1—-84). A
difference within the acyl moiety was assumed due to the
identical number of three nitrogen atoms, also indicating a
histidine at position one, Moreover, the MS/MS fragmentation
pattern of family members A and B as well as C and D varied
in position 2 of the amino acid chain, either carrying valine or
isoleucine. Within each peptide family, members differed in
chain length from two to five amino acids and their C-terminal
functional group (Table 1). Interestingly, a corresponding
falcitidin  analogue with the unusual C-terminal amidated
(CONH,-group) proline, indicated by a neutral loss of
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Table 2. NMR Data Comparison for Pentacitidin A (2) in DMSO-d, for the Natural Isolated Compound (700 MHz, 176 MHz)

and the Synthetic Compound (600 MHz, 151 MHz)"

4 °°C (ppm) & *H (ppm}) (m, £ J}
natural natural
position isolated synthetic isolated synthetic
phenylalaninal
CHO 2003 2003 9.47, 947 (s, 0.2H)
941 941 (5, 02H)
NH 838 8.36 (d, 02H, |
= 7.7 Hz)
8.34 (d, 02H, |
= 7.0 Hz}
a-CH 59.5 59.7/59.5 4.30 4.35—4.24 (m,
2H, overlay)
4.24—4.16 (m,
2H, overlay)
p-CH, 338 33.6/33.3 3.13, 3.15-3.07 (m,
2.74 1H})
2.91-2.83 (m,
2H, overlay)
2.78-2.69 (m,
2H, overlay)
¥Caun 137.6 1376
CH iy 1293, 1293, 1292, 129.1, 7.23, 7.29-7.12 (m,
1281, 1289, 1283, 128, 7.27, SH}
1263 126.24, 126.19 na.
1262
proline
co 1720 172.1/172.0
a-CH 5917 59.1/39.0 429 4.35—4.24 (m,
2H, overlay)
B-CH, 293 29.31/29.28 192, 2.02-1.83 (m,
1.54 SH, overlay)
1.83-1.70 (m,
2H, overlay)
1.60-1.51 (m,
1H}
¥-CH, 24.4° 24.44/24.38 1.79, 2.02—1.83 (m,
174 SH, overlay)
1.83-1.70 (m,
2H, overlay)
5-CHN 47.0° 47.00/46.96 375, 3.78-3.68 (m,
3.83 1H)}3.57—
347 (m, 1H)
valine
co 169.6 169.58/169.55
NH 8.05 8.00-7.94 (m,
2H, overlay)
a-CH 5§58 S50 425 435—4.24 (m,
2H, overlay)
p-CH 29.7 29.7 198 2.02-1.83 (m,
SH, overlay)
y-CH, 19.0 19.03/19.00 0.88 0.90—-0.84 (m,
6H, overlay)

8§ °C (ppm) 8 'H (ppm) (m, J )
natural natural
position isolated synthetic isolated synthetic
185 18.45/18.41 0.86
isoleucine
co 170.7 170.7
NH 7.82 7.69—7.63 (m,
1H)
a-CH 5637 56.32/56.29 4.25 4.24—4.16 (m,
2H)
p-CH 369° 369/36.8 1.65 1.70—1.60 (m,
2H)
¥-CH, 24.0 24.0 1.25 1.30-1.22 (m,
1H)
0.93 0.98—090 (m,
1H)
¥-CHy 182 152 0.71 0.76—0.67 (m,
6H, overlay)
5-CH; 110 11.0 0.74 0.76—0.67 (m,
6H, overlay)}
histidine
co 170.0 1709
NH 8.16 8.00—7.94 (m,
2H, overlay)
a-CH sL7% 52.7 471 4.61—4.55 (m,
1H)
p-CH, 27.9% 29.9% 3.03 2.91-2.83 (i,
2H, overlay}
2.85 2.78—2.69 (m,
2H, overlay)}
¥-Comrt na. 1342
5-CHyom 1167 ne. ~7.2 6.76 (s, 1H)
&CH, o 133.8 134.5 ~8.7 7.50 (s, 1H}
e-NH no.
isovaleroyl
co 171.6 1714
CH, 443 445 1.96 2.02-1.83 (m,
SH, overlay)
CH 254 288 1.89 2.02-1.8% (m,
SH, overlay)
CH, 222 222 0.80 0.81 (4, 3H, j =
6.4 Hz)
CH; 221 221 0.77 0.78 (d, 3H, J =
6.4 Hz)

“Due to the presence of two diastereomers {see above), two sets of
signals are obtained. Therefore, for some signals, two chemical shift
values are given. n.o., not observed; n.a, not assigned due to line
broadening; asterisks denote data obtained from the HMBC or
HSQC spectrum; overlay means that the signal overlaps with another
signal. ?Broad signal.

114.0794 Da, was found in each family. Falcitidin {iVal-H-I-V-
P-CONH,) itself belongs to family B. Its analogues with the
same neutral loss were assigned to the UHR-ESI-MS ion peaks
at m/z 5343402 [MAH]® (CyHuN,Oy family A), m/z
568.3248 [M+H]* {CyH,,N, 0, family C), and m/z 582.3408
[M+H]* (C3HuN,O;, family D). Additionally, within all
families, tetrapeptide analogues carrying a C-terminal-unmodi-
fied {COOH-group} proline and analogues with an aldehyde
moiety (CHO-gmup) indicated by a neutral loss of 99.0686
Da {CsHNO) were found. Besides these tetrapeptide
analogues of falcitidin, truncated di- or tripeptides with C-
terminal COOH-groups and larger pentapeptide analogues
were predicted based on MS/MS spectra. The spectra of the
pentapeptides, which were found in all families, revealed either
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phenylalanine or leucine/isoleucine in the C-terminal position.
Besides an unmodified C-terminal phenylalanine {COOH-
group), additional analogues carrying a C-terminal phenyl-
alaninal (CHO-group) and phenylalaninol {CH,OH-group}
were predicted. The last two analogues were proposed based
on the neutral losses of 149.0841 Da (CgH;;NO) and
151.1006 Da (CyH,;NO), respectively. For analogues with a
leucine/isoleucine at position 5, only analogues with a CHO-
and CH,OH-group were detected, with neutral losses of
1151031 Da {CH;NO) and 117.1164 Da (C{HNO),
respectively (Table 1 and Figures S1-54).

Natural Compound Isolation and Spectroscopic
Analysis. In order to confirm the proposed structures of the
pentapeptide falcitidin analogues, their functional C-terminal

httpss//doi.org/10.1021 /acsch embio. 1c00861
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Jbi QJJ\,N

2 1
Pentacitidin A (2) ible Falcitidin (1)
dagradation
R %
.NJJ\,N HN SN
(o]
Pentacitidin B (3)

CaoHaaN7Os
Exact mass: 581.3326

Figure 2. Chemical structures of isolated novel pentacitidin A {2) and B (3} as well as their possible degradation analogues, falcitidin (1) and the
corresponding tetrapeptide to pentacitidin B. Black represents synthesized structures; gray represents MS* spectra-confirmed structures.

groups and the unknown acyl chain of peptide families C and
D, isolation and spectroscoplc analysis of natural pentapeptides
w1th m/z 6804131 [M+H]* (2, C3Hg N,0.), m/z 714.3975
[M-H]* (3, CyHoN,0p), and m/z 7164132 [M+H]" (4,
CyoH,N,0,) were achieved. Isolation was performed by the
adsorption of the metabolites on XAD 16N resin and sequential
C18-RP-HPLC followed by C18-RP-UHPLC fractionations
starting from a 20 L fermentation of C. eisenize DSM 22224.
Based on the analysis of several two-dimensional NMK spectra,
including DQF-COSY, TOCSY, ROESY, multiplicity-edited
HSQC, and HMBC experiments, the structure of the isolated
compound 2 was determined to be the phenylalaninal
extended version of falitidin (iVal-H-I-V-P-F-CHO) deter-
mined from the additional aromatic signals 8y = 7.27 and 7.23
ppm as well as the aldehyde protons at 8y = 9.47 and 9.41 ppm
and 6 = 200.3 ppm (Table 2 and Figure S5). We proposed
the name pentacitidin A. The presence of two signals for
several protons and carbon atoms indicated an epimerization
of the stereogenic center of the C-terminal phenylalaninal
(Figure 2). The analysis of the NMR data of the isolated
compound 3 revealed the same peptide sequence. However,
instead of the isovaleroyl moiety, 3 contains a phenyl acetyl
(PA) residue at the N terminus, leading to the final sequence
PA-H-I-V-P-F-CHO (Table 3 and Figure S6). Again, the
protons of the terminal aldehyde moiety gave rise to a set of
two signals (e.g, 8y of aldehyde proton = 9.46 and 9.41 ppm),
indicating the epimerization of its stereogenic center {Figure
2). Accordingly, we proposed the name pentacitidin B for
compound 3. The NMR sample of compound 4 contained a
mixture of 4 and aldehyde 3, not allowing for a complete
assignment of the NMR signals. The phenylalaninol moiety, as
indicated by M$/MS results, was confirmed by the presence of
a second methylene group adjacent to C,, (8 = 3.27 ppm, ;3¢
= 61.8 ppm), which in the COSY spectrum is correlated with
an exchangeable proton at 4.7 ppm {OH). The reduction of
the aldehyde function also leads to a significant high-field shift
of the H, and the amide proton (Figure S7), verifying the
structure of compound 4 to be PA-H-I-V-P-F-CH,OH
(Scheme 1).

Finally, advanced Marfey’s analysis was conducted to
determine the absolute configuration of the amino acids.”®
Total hydrolysis of a sample containing 3 and 4 followed by
chemical derivatization with N,-(2,4-dinitro-5-fluorophenyl }-r-
valinamide {Marfey’s reagent) and UHPLC-MS comparison to
reference substrates confirmed the literature-known b-His-L-
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Val/lle-L-Val--Pro configuration'” and the incorporation of L-
phenylalanine at position 5 by verifying the presence of L-
phenylalaninol (Figure $9). All stereogenic centers were
further confirmed by total synthesis and comparison of NMR
data to natural isolated compounds (Tables 2 and 3).
Identification of the Biosynthetic Gene Cluster. The
publicly available genomes of all three producers, C. eiseniae
DSM 22224 {FUWZ01000000), C. dinghuensis DSM 29821
(QLMA01000000), and C. varians KCTC $§2926
(JACVFB010000000), were scanned with antiSMASH'® for
NRPS-type biosynthetic gene clusters {BGCs) matching the
structural features of the molecules. The number and predicted
substrate specificity of the A-domains {Table S1) as well as the
precursor supply and post-assembly modifications were taken
into account. BGCs congruent to the pentapeptjde structure
were identified in each case. Furthermore, an epimerization
domain to catalyze the conversion of L- to D-amino acids is
positioned in agreement with the determined stereochemistry
of the molecules. Interestingly, manual search of other publicly
available Chitinophaga genomes revealed the presence of
similar BGCs in genomes of C. varians Ae27 (JA-
BAIA010000000) and C. niastensis DSM 24859
(PYAWO00000000) (Figure 3a}, the latter also being included
in the molecular networking analysis. For C. niastensis,
however, no production of pentacitidins was observed, which
could correlate with the small differences in the A-domain
specificity for amino acids 3 (His instead of Val) and 5 (beta-
hydroxy-tyrosine (Bht} instead of Phe) (Table S1). The
MAFFT alignment” of all five BGCs allowed clear cluster
boarder prediction and revealed minor variations in the
upstream region. In conclusion, pentacitidin biosynthesis is
putatively encoded by a single NRPS core gene of 18.5 kbp in
length. No additional genes encoding proteins involved in
further modifications or transportation were conserved
between all five BGCs {Figure 3a). The NRPS starts with a
starter condensation {C-starter) domain responsible for the
addition of iVal or PA to the peptide core. A terminal
reductase domain {TD) at the C-terminal end in four BGCs
should be responsible for the reductive release process {Figure
3b).'* The presence of alcohol and aldehyde pentapeptides
suggests a similar reduction as shown for examlple in the
biosynthesis of the siderophore myxochelin. *!' The
(peptidylJacyl thioester attached to the carrier protein could
be reduced first to an aldehyde and then to an alcohol via a
four-electron reduction during the product release’>” The

httpss//doi.org/10.1021 /acsch embio. 1c00861
ACS Chem. Blol, 2022, 17, 576-589

104



105

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

Table 3. NMR Data Comparison for Pentacitidin B (3) in DMSO-d, for the Natural Isolated Compound (500 MHz, 126 MHz)
and the Synthetic Compound (600 MHz, 151 MHz)"

position
phenylalaninal
CHO

NH

y-C,
CH

quart

proline
co
a-CH

y-CH,

§-CH,N

valine
co
NH
a-CH

B-CH

y-CH;

isoleucine
co

NH
a-CH

pcH
y-CH,

y-CH;
5-CH,

histidine
(efe]

NH
a-CH
f-CH,

6 °C (ppm) & *H (ppm) (m, J, J)
natural isolated
natural isolated (major) synthetic (major) synthetic
2003, 2003 2003 9.46, 9.41 9.47 (s, 0.2H)
9.41 (s, 0.2H)
838, 836 836 (d, 025H, J = 7.7
Hz)
834 (d, 028H, ] = 7.0
Hz)
59.5, 59,8 52.1/ 59.0 4.29, 417 4.24—4.16 (m, 2H,
overlay,
33.5, 333 33.5 /333 3.12/2.74,3.09/  3.15-3.06 (m, 1H,
2.85 overlay)
293-2.83 (m, 2H,
overlay)
278-2.71 (m, 1H,
overlay)
137.7 1376

1293, 129.2128.1,
128.2126.2, 1263

172.0
590, 59.1

293,294

24.4, 24.8

4698, 47.02

169.58
55.8
297

19.0
18.5

170.78

5639
3679
239
183

110

170.8

529

na.

1293, 1292, 129.14, 129.09, 129.0, 128.2, 128.1, 128.0, 12625,

12620, 126.16

172.1 / 1720
59.5

2932 / 29.29

24.5 / 244

47.01 / 46.97

169.61 / 169.58

358
29.7

19.03 / 19.00
185 / 184

170.7

5640 / 5637

368 /367

23.9

1L0

170.8

529
30.1%

581

721,724, 7.18

429, 430

191/1.54,197/
174

1.78/1.74, 191/
80

3.75/3.50,3.7s/
$4

7.98, 7.96
426

197

0.87, 0.85

7.76
421

1.64
1.22,0.88

0.69

0.72

8.29
4.58
2.89, 2.75

7.29-7.13 (m, 10H,
overlay)

433—4.24 (m, 2H,
overlay)
2.02—1.84 (m, 2H,
overlay,
1.84—1.69 (m, 2H,
overlay)
1.59—1.51 (m, 1H)
2.02—1.84 (m, 2H,
overlay)
1.84—1.69 (m, 2H,
overlay)
3.78—3.68 (m, 1H)
3.87—347 (m, 1H)

7.95 (t, 1H, ] = 9.0 Hz)

433—4.24 (m, 2H,
overlay)

2.02-1.84 (m, 2H,
overlay)

0.94—0.82 (m, 7H,
overlay)

7.77-7.71 (m, 1H)
4.24—4.16 (m, 2H,
overlay)
1.69—1.59 (m, 1H)
127-1.17 (m, 1H)
0.94—0.82 (m, 7H,
overlay)
0.75—0.66 (m, 6H,
overlay)
0.75—0.66 (m, 6H,

overlay)

826 (d, 1H, [ = 8.1 Hz)

4.62—4.55 (m, 1H)

2.93-2.83 (m, 2H,
overlay)

2.78-2.71 (m, 1H,
overlay)

httpss//doi.org/10.1021 /acsch embio. 1c00861
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Table 3. continued

8 1°C (ppm) 8 'H (ppm) (m, [ ])
natural isolated
position natural isolated (major) synthetic (major) synthetic
¥-Cquat na. no.
8-CH,n na. no. 678 6.76 (s, 1H)
e-CH, o 134.5 1348 7.49 7.51 (s, 1H)
e-NH n.o.
phenylacetyl
CcO 169.9 169.9
CH, 420 42,0 343 345 (d, 1H, ] = 14.1
Hz)
342 (4, 1H, J = 14.1
Hz)
e 1362 1362
CH,.. 128,97, 128.08, 126.18 1293, 1292, 129,14, 129.09, 126.0, 1282, 128.1, 1280, 12625, 717,722 719  729-7.13 (m, 10H,

12620, 126.16

overlay)

“n.0., not observed; n.a., not assigned due to line broadening; asterisks denote data obtained from the HMBC or HSQC spectrum; overlay means

that the signal overlaps with another signal.

BGC in the genome of C. varians Ael7 carries a
NAD_binding_4 domain instead of the TD. This domain
family is sequence-related to the C-terminal region of the male
sterility protein in the arabidopsis spec:ies24 and a jojoba acyl-
CoA reductase.”® The Iatter is known to catalyze a similar
reduction reaction, with the formation of a fatty alcohol from a
fatty acyl substrate.”

Degradation Hypotheses. A BGC congruent to the
pentapeptide structure and the presence of the unusual
tetrapeptide analogue after NMR study (Figure SS5) of its
corresponding pentapeptide aldehyde points toward falcitidin
and its identified analogues from families A, C, and D with
their unusual C-terminal amidated proline to be degradation
products (Figure 2). Biochemically, a cleavage by a
carboxypeptidase in the presence of ammeonia could result in
the C-terminal amide group of the proline, which can explain
the tetrapeptides in the extract. Chemically, the decomposition
of the pentapeptide to the unexpected amide version of the
proline could be based on two hypothetical mechanisms: (i}
base catalysis by the imidazole moiety of the histidine™ or (i}
an oxidative decomposition via an N,O-acetal-like intermedi-
ate.”” These hypotheses and their mechanisms will need to be
evaluated in further studies. Interestingly, UHPLC control
measurements of the pure pentacitidin samples after NMR
spectroscopy always revealed the presence of mixtures of the
pentapeptide and its corresponding tetrapeptide analogue with
the C-terminal amidated proline. The NMR samples were
dissolved in DMSOQ, dried in vacuo, resolved in MeOH, and
measured. For example, within the control measurement of
pentcitidin B (3), the falcitidin analogue of family D {(m/z
582.3408 [M+H]", C30Hy,N,Q;) was detected (Figure 2 and
Figure S5). However, at the present stage, it also cannot be
excluded that falcitidin and pentacitidin analogues are
biosynthesized by the same NRPS assembly line and module
skipping takes place, which will result in the shorter
tetrapeptides.

Total Synthesis of Pentapeptide Falcitidin Ana-
logues. The scarcity of natural material and difficulties in
isolation due to the co-clution of aldehydes and alcohol
analogues made it necessary to synthesize the most promising
pentapeptide phenylalanine-aldehydes for biological testing.
The application of a split-approach solid-phase peptide
synthesis (SPPS)** followed by functional group interconver-
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sion gave access to a variety of falcitidin pentapeptide
analogues of families A, B, C, and D (Scheme 1).

Splitting the synthesis after the third amino acid and for the
attachment of the two different fatty acids allows the synthesis
of all four chosen acid analogues (2, 3, 15, and 16) based on 2-
chlorotrytil-L-Phe resin {2-CT-L-Phe). The functionalization of
the peptide acid yields the corresponding methyl ester, the
alcohol, and the aldehyde. Reduction to the alcohol was done
via the methyl ester after direct reduction of the acid could not
be achieved. The methyl ester was gained by conversion with
thionyl chloride in methanol followed by the reduction with
LiBH, in THF. For the oxidation to the aldehyde, Dess—
Martin periodinane {(DMP) was chosen as a very mild reagent.
‘We found that small traces of methanol as a stabilizer in DCM
as the solvent made the reaction take longer, up to 8 h instead
of 1 h, and was responsible for incomplete conversion.
Epimerization of the stereogenic center of the aldehydes could
not be avoided, nor was it necessary to be avoided based on
the data for the natural isolated compounds. They were
obtained as diasteromers for the phenylalanine moiety of
roughly equal proportions based on NMR data (Figures $20—
$23 and Tables $12—S15). Overall yields of SPPS for the four
different chains varied between 16 and 59%. The reduction
yielded the corresponding alcohols over two steps with 25—
75% yield, and oxidation to the aldehydes achieved 62—87%
yield (Scheme 1).

For reference purposes, falcitidin (1) was synthesized using
the same SPPS approach instead of the literature-known liquid
phase method.'" This afforded acid analogue 17 with a yield of
78% and, after amidation, falcitidin (1) with a 41% overall
yield {Scheme 2). Additionally, the acid analogue 17 and
falcitidin (1) themselves present great functional groups for
further derivatization and the introduction of different war
heads, like a nitrile or azide group, to increase the potency as a
potential inhibitor.””*’

Bioactivity. Falcitidin (1) was previously reported to
display an ICg, of 6 M against falcipain-2.'" Therefore, the
falcitidin pentapeptide aldehyde analogues 2, 3, 15, and 16
were tested in a similar in vitro assay against falcipain-2
together with 1 as control. All four aldehydes were active with
an ICg of 41.5 uM (15) to 23.7 M (2). However, the
originally described activity of 1 could not be reproduced, with
an ICs, of >50 uM. This indicated differences in assay
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Scheme 1. SPPS Split Approach (a—f) and Functional Group Interconversions (g—h) to Chosen Falcitidin Pentapeptide

Analogues of Families A, B, C, and D*
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“Standard SPPS conditions apply, and reactions were carried out at room temperature if not noted otherwise. Reduction of the acid to the alcohol
was achieved via the corresponding methyl ester. The aldehyde was obtained by Dess—Martin oxidation; the stereogenic center of phenylalanine
could not be retained. Detailed conditions can be found in the Supporting Information.

sensitivity, which made it difficult to put the aldehyde activities
in line with the literature. Aldehydes 3 and 15 also displayed
activities against the related P. falciparum cysteine protease
falcipain-3 (66% sequence identity with falcipain-2}, with ICy;
values of 454 and 42.5 M, respectively. Inhibition of both
falcipains is of importance, since falcipain-3 is able to
compensate for the knockout of falcipain-2.*' A counter-
screen against human cysteine proteases cathepsins B and L
and sortase A of Staphylococcus aureus as a surrogate for
unrelated cysteine proteases revealed no activity for pentapep-
tide aldehydes 2, 3, 15, and 16 as well as the C-terminal acid
(11) and alcohol (4) of 3, thus demonstrating selectivity over
these off-targets. Activities with IC, values of 57.7 uM {2) to
17.1 uM (15) were also observed for the falcipain-homologue
cysteine protease of Tryoanosoma brucei rhodesiense rhodesain.

Most interestingly, aldehydes 3, 15, and 16 displayed higher
activities, with ICgps of 3.7 pM (15) and 1.5 gM (16), against
a-chymotrypsin, which was tested as a prototype of human
serine proteases, while the serine membrane protease
matriptase-2 (TMPRSS6) was not inhibited {Table 4). To
further elucidate these observations, molecular docking studies
were performed.

Docking Studies. Due to the high number of rotatable
bonds and the associated degrees of conformational freedom in
the molecules under elucidation, docking of the full-length
peptides is challenging.***" Hence, truncated tripeptides with
an N-terminal acetyl {ace)-cap to avoid a nonpresent charge of
full-length inhibitors (2, 3, 4, 11, 15, and 16) were used for
docking studies. First, a conventional noncovalent docking was
performed. However, aldehydes are known electrophilic

583 httpss//doi.org/10.1021 /acsch embio. 1c00861
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Figure 3. Putative biosynthetic gene clusters for pentacitidin peptides found in various Chitinophaga strains. (a) Nucleotide alignment of all five
BGCs using MAFFT alignment * allowed clear cluster boarder prediction and revealed minor variations in the upstream region (identity). The
single NRPS core gene that is responsible for pentacitidin biosynthesis is shown in dark red, and neighboring genes that do not belong to the
pentacitidin BGC are shown in gray. (b) Biosynthetic hypothesis for pentacitidins. AA, amino acids; C, condensation domain; A, adenylation
domain; T, peptidyl-carrier protein domain; E, epimerization domain; Bht, beta-hydroxy-tyrosine; TD, terminal reductase domain; NAD,
NAD_binding_4 domain.

Scheme 2. Synthesis of Falcitidin (1) via Acid Analogue 17
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Table 4. Overview of Protease Activity Data”

ICgo (uM)
no. peptide sequence Rhod  falcipain-2  falcipain-3  CatB Catl.  o-CT  SrtA  TMPRSS6
1 iVal H I v P - CONH, - >50 >50 - - - - -
17 iVal H I v r - COOH - n.d. nd. - - - - -
11 PA H I v r F COOH - n.d. n.d. - - - - -
4 PA H I v P F CH,OH - n.d. nd. - - - - -
2 iVal H I v r F CHO 577 33.8 454 - - - - -
15 iVal H v Vv r F CHO 17.1 4.5 - - - 22 - -
3 PA H I v P F CHO 254 237 42.5 - - 37 - -
16 PA H v v P F CHO - 382 - - - 15 - -
“n.d., not determined; hyphens denote that the compounds were not active.
warheads and able to form covalent-reversible hemithioacetal the nucleophilic sulfur of the catalytic cysteine residue and the
adducts with catalytic cysteine residues.”® Therefore, the electrophilic carbon of the aldehyde moiety were elucidated,
predicted poses with special attention to the distance between and an additional covalent docking was performed. The
584 hiepsy/dol.org/10.1021 facschembio. 100861
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Figure 4. Noncovalent docking predicted binding modes of truncated peptidic protease inhibitor ace-Val-Pro-Phe-aldehyde (green carbon atoms)
in complex with falcipain-2 (PDB-ID 3BPF) (a), falcipain-3 (PDB-ID 3BPM) (b), and chymotrypsin (PDB-ID 1AFQ) {c). Proteases are depicted
as white transparent surfaces; for clarity, only residues forming polar interactions {yellow dashed lines) and catalytic Cys/Ser and His residues are
labeled and depicted as lines. Substrate binding sites §1—S3 are schematically indicated. The distance between nucleophilic sulfur (Cys-42 in
falcipain-2 and Cys-51 in falcipain-3) or oxygen (Ser-195 in chymotrypsin) of the catalytic center to the electrophilic carbon atom of the aldehyde

is depicted as a dashed red line and labeled with its distance in A.

tripeptides mimic the orientation of the protease substrates by
addressing $3—S1 (Figure 4a,b). Based on these results (Table
§16), the low inhibitory potency of the C-terminal alcohol (4)
and acid (11) moieties as well as that for falcitidin cannot
simply be explained by noncovalent interactions as the docking
scores are within a similar range or even higher when
compared to the aldehydes. However, based on the predicted
binding poses, the covalent reaction between aldehydes and
catalytic cysteine residues, which might contribute to higher
affinity, seems likely for molecules with proteinogenic L-Phe as
P1 residue, with a distance of 3.0 A between the electrophilic
carbon atom and the nucleophilic sulfur of Cys for both
falcipain-2 and falcipain-3 as well as the aldehyde oxygen
coordinated by hydrogen bonds in the oxyanion hole, but
rather unlikely for p-Phe (distances of 7.3 and 5.0 A for
falcipain-2 and falcipain-3, respectively). Additionally, only
small differences between covalent and noncovalent binding
modes were observed, indicating that no larger conformational
changes need to take place during or after reaction. While
testing against a-chymotrypsin was conducted to demonstrate
selectivity over human off-target serine proteases, the high
affinity is reasonable, as inhibitors with aromatic moieties
deeply buried in the S1 pocket of the protease were reported
previously as well as cleavage preference after Phe "%
Aldehydes are able to form covalent-reversible hemiacetal
adducts with serine;’” moreover, an increased potency is
indicated by proximity of the aldehyde to the catalytic Ser-195
residue in the predicted binding modes for both L- and p-Phe
at P1 (Figure 4c and Table $16). In conclusion, the higher
docking scores for the covalent binding compared to the ones
for the noncovalent ones indicate that the literature-known
covalent-reversible binding mode in form of the hemi-
thicacetal /hemiacetal adducts takes place for the cysteine/
serine rtesidue and the aldehyde moiety of the pentacitidins.
Binding of 1-Phe seems to be more likely based on the docking
results (distance) than p-Phe.

Falcitidin (1) was found to display poor whole-cell activity
against chloroquine-sensitive P. falciparum strain 3D7 (IC;, >
10 M), while a structure—activity relationship (SAR) study
identified a synthetic trifluoromethyl analogue displaying sub-
micromolar 1Cy, activity."" Together with our results, this
allows further development of the SAR, with the aim to
increase both potency and selectivity with an improved
peptidic recognition sequence. However, no general selectivity
issue against serine proteases can be expected, as matriptase-2
was not inhibited by the compounds. Additionally, the docking
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studies revealed a rather unlikely distance for the covalent
binding of p-Phe-analogues. With all compounds having been
tested as mixtures of p- and 1-Phe due to the aldehyde’s natural
epimerization of its stereogenic center,"”" further analogues
with other warheads preventing epimerization such as a nitrile
group,”™™ for example, should ideally be synthesized and
tested in L-configurations only.

W CONCLUSIONS

In this study, the metabolic networking analysis of
Chitinophaga strains led to the discovery of over 30 N-acyl
oligopeptides structurally related to falcitidin, an inhibitor of
the antimalarial cysteine protease faln:ipain-Z.LU They were
classified into four peptide families (A—D) based on variations
in their amino acid chain length, sequence, acyl residue, and C-
terminal functionalization. The analysis of MS/MS spectra
revealed each family to contain truncated di- or tripeptides and
larger pentapeptides, including molecules with classical C-
terminal aldehyde moieties, which are supposed to covalent-
reversibly react with the active-site cysteine and serine residues
of proteases.” Isolation and structure elucidation of two novel
natural pentapeptide aldehydes validated the MS/MS
fragmentation pattern analysis. A BGC congruent to the
pentapeptide structure was identified in silico. Together with
the pentacitidin NMR studies, this indicated falcitidin and its
tetrapeptide analogues carrying the C-terminally amidated
proline to be degradation products from the described
pentacitidins. Total synthesis of all four pentapeptide
aldehydes and their carboxylic acid and alcohol derivatives
was successfully achieved using a solid-phase peptide synthesis
(SPPS) split approach followed by functional C-terminal group
interconversion and gave access to the most promising
aldehyde amalogues, allowing their biological profiling.
Selective in vitro activity against parasitic cysteine proteases
rhodesain, falcipain-2, and falcipain-3, together with a low-
micromolar ICg, inhibition of the serine protease a-
chymotrypsin, was observed. This forms the basis for future
studies to develop optimized derivatives with increased
potency and selectivity against targeted proteases as well as
to elucidate the occurrence of falcitidin analogues carrying the
unusual C-terminal amidated proline.

B EXPERIMENTAL SECTION

General Experimental Procedures. For all UHPLC-QTOF-
UHR-MS and MS/MS measurements, a quadrupole time-of-flight
spectrometer (LC-QTOF maXis II, Bruker Daltonics, Bremen,
Germany) equipped with an electrospray ionization source in line

htepsy//doi.org/10.1021 /acschembio. 1c00861
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with an Agilent 1290 infinity I LC system (Agilent Technologies, CA,
Unites States) was used. C18 RP-UHPLC (ACQUITY UPLC BEH
C18 column (130 A, 1.7 gm, 2.1 X 100 mm)) was performed at 4§
°C with the following linear gradient (A: H,0, 0.1% HCOOH; B:
CH,CN, 0.1% HCOOH; flow rate: 0.6 mL min"): 0 min: 95% A;
0.30 min: 95% A; 18.00 min: 4.75% A; 18.10 min: 0% A; 22.50 min:
0% A; 22.60 min: 95% A; and 25.00 min: 95% A. A 50—2000 m/z
scan range at a 1 Hz scan rate was used to acquire mass spectral data.
The injection volume was set to § pl. MS/MS experiments were
performed at 6 Hz, and the top five most intense ions in each full MS
spectrum were targeted for fragmentation by higher-energy collisional
dissociation at 25 eV using N, at 107> mbar. Precursors were exchuded
after two spectra, released after 0.5 min, and reconsidered if the
intensity of an excluded precursor increased by a factor of L5 or
more. Data were analyzed using the Bruker DataAnalysis 4.0 software
package. Specific rotation was determined on a digital polarimeter
(P3000, A. Kriiss Optronic GmbH, Germany). The standard
wavelength was the sodium D-line with 589 nm. Temperature,
concentration (g 100 mL™"), and solvent are reported with the
determined value.

NMR Spectroscopy. The NMR spectra of natural isolated
pentacitidins were acquired on a Bruker AVANCE 700 spectrometer
(700 MHz for "H and 176 MHz for "*C) and a Bruker AVANCE 500
spectrometer (500 MHz for 'H and 126 MHz for '*C). Both
instruments were equipped with a $ mm TCI cryoprobe. For structure
elucidation and the assignment of proton and carbon resonances,
LD-'H, 1D-BC, DQF-COSY, TOCSY (mixing time 80 ms), ROESY
(mixing time 150 ms), multiplicity-edited HSQC, and HMBC spectra
were acquired. The NMR spectra of synthesized molecules were
recorded on an AVANCE III HD 600 spectrometer {600 MHz for
'H, 151 MHz for *C) from Bruker Biospin {(Bruker Biospin GmbH,
Rheinstetten, Germany). "H and "*C chemical shifts were reported in
ppm and referenced to the corresponding residual solvent signal
(DMSO-dg: 6 = 39.52 ppm, 8y = 2.50 ppm). 8¢ shifts marked with
asterisks were not observed in the *C NMR spectrum but were
obtained either from HMBC or HSQC data.

MS/MS Networking. Molecular networking was performed
following established protocols.®*” In brief, parent ions are
represented by a list of fragment mass/intensity value pairs within
the raw data (*.d files) converted with MSConvert (ProteoWizard
package32) into plain text files (*.mgf). These ions are included in the
final network once they share at least six fragments (tolerance Appm
0.05) with at least one partner ion.” Deposited compounds from an
in silico fragmented44 commercial database {Antibase 2017%) as well
as our in-house reference compound MS/MS database were included
in the final network to highlight known NPs. A visualization of the
network was constructed in Cytoscape ¥3.6.0.%¢ Ed‘%es were drawn
between scan nodes with a cosine similarity of >0.7.%

Strain Fermentation and Purification of Falcitidin Ana-
logues. A preculture (R2A, 100 mL in a 300 mL Erlenmeyer flask) of
C. eisenize DSM 22224 was inoculated from a plate (R2A) and
incubated at 28 °C with agitation at 180 rpm for 3 days. A 20 L
fermentation in medium 3018 (1 g L' yeast extract and § g L™!
casitone, pH 7.0) inoculated with 2% (v/v) preculture was carried out
in separate 2 L flasks filled with 500 mL of culture volume at 28 °C
with agitation at 180 rpm for 4 days. The culture broth was
subsequently freeze-dried using a Delta 2-24 LSCplus (Martin Christ
Gefriertrockungsanlagen GmbH, Osterode am Harz, Germany). The
sample was extracted with a one-time culture volume of CH,OH,
evaporated to dryness using rotary evaporation under reduced
pressure, and resuspended in 3 L of 10% CH;OH/H,0. The extract
was loaded onto a XAD16N column {1 L bed volume) and eluted
step-wise with 10, 40, 60, 80, and 100% CH,OH (2 times bed volume
each). The 80 and 100% fractions containing falcitidin analogues were
pooled, and the sample was adjusted to 200 mg mL ™" in methanol to
achieve further separation using preparative C18-RP-HPLC (Synergi
4 ym Fusion-RP 80 A (250 X 21.2 mm), Phenomenex Inc.} by
eluting in a linear gradient increasing from 25 to 75% CH,CN (+0.1%
HCOOH) in 22 min. Fractions of interest were concentrated to 100
mg mL! for semipreparative C18-RP-HPLC (Synergi 4 pm Fusion-
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RP 80 A (250 X 10 mm), Phenomenex Inc.) using a linear gradient
from 1§ to 50% CH,CN (+0.1% HCOOH) in 29 min Final
purification of the samples of interest (100 mg mL™!) was achieved
using UHPLC on a ACQUITY UPLC BEH Cl18 column (130 A, 1.7
pm, 100 X 2.1 mm, Waters Corporaﬁon), eluting in an isocratic
gradient of 27.50% CH,CN (+0.1% HCOOH) in 18 min. In total,
isolation yielded 1.5 mg of 2, 1 mg of 3, and 2 mg of a mixture of 3
and 4.

Pentacitidin A (2). Amorphous, white powder; see Table 2 for 'H
and ®C NMR data; positive HR-ESIMS m/z 680.4131 [M+H]",
calculated mass for C36HS4N70,": 680.4130; A = 0.15 ppm.

Pentacitidin B (3). Amorphous, white powder; see Table 3 for 'y
and B*C NMR data; positive HR-ESIMS m/z 714.3975 [M+H]",
calculated mass for C39HS2ZN7O4"™: 714.3974; A = 0.14 ppm.

Advanced Marfey’s Analysis. The absolute configurations of all
amino acids were determined by derivatization using Marfey’s
reagentls Stock solutions of amino acid standards (50 mM in
H,0), NaHCO; (1 M in H,;0), and N,-(2 4-dinitro-3-fluorophenyl)-
L-valinamide (L-FDVA, 70 mM in acetone; Sigma-Aldrich, St. Louis,
MO, United States) were prepared. Commercially available and
synthesized standards were derivatized using molar ratios of amino
acid to 1-FDVA and NaHCOQ, (1/1.4/8). After stirring at 40 °C for 3
h, 1 M HCI was added to obtain a concentration of 170 mM to end
the reaction. Samples were subsequently evaporated to dryness and
dissolved in DMSO (final concentration 50 mM). 1- and D-amino
acids were analyzed separately using C18 RP-UHPLC-MS (A: H,0,
0.1% HCOOH; B: CH,CN, 0.1% HCOOH; flow rate: 0.6 mL
min~"). A linear gradient of 15—-75% B in 35 min was applied to
separate all amino acid standards. Total hydrolysis of the peptide
sample containing 3 and 4 was carried out by dissolving 250 g in 6
M DCl in D,O and stirring for 7 h at 160 °C. The sample was
subsequently evaporated to dryness. Samples were dissolved in 100
#L H,0, derivatized with L-FDVA, and analyzed using the same
parameters as described before.

Fluorometric Assays. Rhodesain (Rhod),” ™ Staphylococcus
aureus sortase A (SrtA),”" and human matriptase-2 (TMPRSS6)™
were expressed and purified as published previously, cathepsins B and
L {CatB and Catl; human liver, Calbiochem) and a-chymotrypsin
(a-CT; Sigma-Aldrich, St. Louis, MO, United States) were purchased.
For these proteases except SrtA, fluorescence increase upon cleavage
of the fluorogenic substrates was monitored without incubation with a
TECAN Infinite F200 Pro fluorimeter (excitation 4 = 365 nm;
emission 4 = 460 nm) in white, flat-bottom 96-well microtiter plates
(Greiner Bio-One, Kremsmiinster, Austria) with a total volume of 200
#L. Inhibitors and substrates were prepared as stock solutions in
DMSQO to a final DMSO content of 0.5%. Inhibitors were screened at
final concentrations of 20 M and eventually at 1 yM. ICgp values
were determined for compounds for which an inhibition of >50% at a
concentration of 20 #M was observed. All assays were performed in
technical triplicates and normalized to the activity of DMSO instead
of the inhibitors by measuring the increase of fluorescence signal over
10 min. The data were analyzed using GraFit V 5.0.13%% (Erithracus
Software, Horley, UK; http://erithacus.com/grafit/ )

Cbz-Phe-Arg-AMC (Bachem, Bubendorf BL, Switzerland) was
used as a substrate for Rhod, CatB, and Catl. The enzymes were
incubated at room temperature in enzyme incubation buffer {Rhod:
50 mM sodium acetate (pH 5.5), § mM EDTA, 200 mM NaCl, and 2
mM DTT; CatB/L: 50 mM Tris—HCI (pH 6.5), 5 mM EDTA, 200
mM NaCl, and 2 mM DTT) for 30 min. One hundred and eighty
microliters of assay buffer (Rhod: 50 mM sodium acetate {pH 5.5), §
mM EDTA, 200 mM NaCl, and 0.005% Brij3s; CatB/L: 50 mM
Tris—HCl (pH 6.5), § mM EDTA, 200 mM NaCl, and 0.005%
Brij35) were added to the 96-well plates; afterward, the respective
enzyme in enzyme incubation buffer (5 pL; to yield final
concentrations for Rhod, 0.01 uM; CatB, 0.1 4M; and Catl, 0.2
M) was added followed by 10 4L of DMSO {control) or inhibitor
solution in DMSO and, finally, the substrate (5 pL; final
concentrations: Rhod, 10 #M; CatB, 100 uM; and CatL, 6.5 yM)
was added.””

httpss//doi.org/10.1021 /acsch embio. 1c00861
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Transpeptidation efficacy of SrtA was examined in vitro as
described previously.”" Briefly, SrtA was diluted in assay buffer (50
mM Tris—HCl (pH 7.50) and 150 mM NaCl) to a final
concentration of 1 M. The FRET-pair substrate Abz-LPETG-
Dap(Dnp)-OH (Genscript, Piscataway, NJ, United States) and the
tetraglycine (Sigma-Aldrich, St. Louis, MO, United States) were
added at 25 #M and 0.5 mM, respectively.

o-Chymotrypsin (final concentration, 0.4 uM) was dissolved in
assay buffer containing 50 mM Tris—HCI (pH 8.0), 100 mM NaCl,
and § mM EDTA. Suc-Leu-Leu-Val-Tyr-AMC (Bachem, Bubendorf
BL, Switzerland) was used as a substrate at a final concentration of
52.5 pM.**

Proteolytic activity of matriptase-2 was measured in a final
concentration of 2.5 nM enzyme in 180 pL reaction buffer {50 mM
Tris—HCl (pH 8.0), 150 mM NaCl, 5 mM CaCl,, and 0.01% (v/v)
T,.100)- After addition of the inhibitors, the reaction was initiated
without further incubation by adding the substrate Boc-Leu-Arg-Arg-
AMC (Bachem. Bubendorf BL, Switzerland, K, = 36.1 + 5.8 4M) to
a final concentration of 100 #M.

The recombinant enzymes falcipain-2 and falcipain-3 were
expressed and purified as previously described.” Stock solutions of
the compounds, the substrate, and the positive control E-64 (Sigma-
Aldrich, St. Louis, MO, United States) were prepared at 10 mM in
DMSO. The compounds were incubated in 96-well white flat-bottom
plates with 30 nM of recombinant falcipain-2 or falcipain-3 at room
temperature in assay buffer (100 mM sodium acetate (pH 5.5) with §
mM DTT) for 10 min. After incubation, the fluorogenic substrate Z-
Leu-Arg-AMC (R&D Systems, Minneapolis, MN, United States) was
added at a concentration of 25 #M in a final assay volume of 200 L.
Fluorescence was monitored with a Varioskan Flash (Thermo Fisher
Scientific Inc., Waltham, MA, United States) with excitation at 355
nm and emission at 460 nm. The IC;q was calculated using GraphPad
Prism (GraphPad Software, San Diego, CA, United States) based on a
sigmoidal dose—response curve.

Molecular Docking. Molecular docking was performed against
falcipain-2 (complex with E-64, PDB-ID 3BPF),*” falcipain-3
(complex with leupeptin, PDB-ID 3BPM),” and chymotrypsin
(complex with D-leucyl-L-phenylalanyl-p-fluorobenzylamide, PDB-ID
1AFQ).** Conventional noncovalent template-based docking was
performed with HYBRID v3.3.0.3 {OpenEye Scientific Software,
Santa Fe, NM, US; ht‘[p://eyesopenAcom)Ass’s9 The receptor was
prepared using the make receptor tool version 3.3.0.3 under default
settings for potential field generation around the reference ligand for
3BPM and 1AFQ. As the complexed ligand E-64 of 3BPF does not
reach toward S1 of falcipain-2, the potential field was generated using
leupeptin from the aligned structure of 3BPM (falcipain-3) for which
a similar binding behavior for falcipain-2 and falcipain-3 can be
expectedfso Eight hundred ligand conformers per molecule for
docking were generated using Omega Pose (OMEGA v3.1.0.3,
OpenEye Scientific Software, Santa Fe, NM, US; http://eyesopen.
com).®" Covalent docking was performed using MOE 2020.09.%
Using the covalent reaction of the acetalization from aldehyde and
Cys/Ser (for E-64 redocking from epoxide to beta-hydroxythioether),
a rigid docking with GB/VI scoring was applied for the initial
placement of SO poses, from which the 10 best-scoring ones were
refined using the ASE scoring function. Docking setups were validated
by the redocking of crystallographic reference ligands by pose
inspection and RMSD calculation {Table $16).
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n.o. - not observed ¥ - data obtained from HMBC or HSQC spectrum

If not noted otherwise, NMR data and spectra are of synthetic molecules. NMR spectra and data

of natural isolated compounds are declared as such.
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Figure 84. MS2-spectra of falcitidin peptide family D.
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Figure §5. NMR spectra of natural isolated pentacitidin A (2) in DMSO-d;. NMR data can be
found in Table 1.
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found in Table 2.
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Figure S8. L.C-MS chromatogram of the NMR sample of compound 3 before (A) and after NMR
study (B).
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‘.. EIC716.2382+0.001 +All MS [His+2x]
‘. EIC 436.1578£0.001 +All MS [His+1x]

EIC 412.1828+0.001 +4II MS [lle]
EIC 398.1671+0.001 +All MS [Val]

M. EIC 396,151820.001 +All MS [Pro]
.. EIC 432.1878+0.001 +&ll MS [H-Phe-ol]

Figure §9. Comparison of the Marfey derivatization products of a mixed sample containing the

DCI hydrolysates of 3 and 4 and commercially available amino acid standards (histidine [two
extracted ion chromatograms (EICs) with 716.2382 [M+H]* at 7.8 min and 436.1578 [M+H]"* at
16.6 min corresponding to His+L-FDVA and His+2 L-FDVA, respectively], isoleucine, valine,

proline, phenylalaninol [H-Phe-ol]) derivatized with L-FDVA. a) Commercially available L-amino

acid standards. b) Commercially available D-amino acid standards. ¢) Hydrolysate of a mixture of

Jand 4.
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Table S1. Stachelhaus code for the A-domains found in all pentacitidin BGCs. Bht, beta-hydroxy-

tyrosine.

S 1%t A-domain 2™ A-domain 31 A-domain 4t A-domain 5% A-domain
(His) (Oey (Valy (Pro) (Phe)

(. eiseniae DSaliAEVwK DAFFIGITFK | DAfWLGGTFEK | DVQFIAqVVK DAmfIeGiCK

DSM 22224 (70%) (90%) (90%) (90%) (60%)

C. dinguensis DSaliAEVwK DAFFIGITFK | DAfWLGGTFK | DVQFIAqVVK DAifvcAiCK

DSM 29821 (70%) (90%) (90%) (90%) {60%)

(. varians DSaliAEVwK DAFFIGITFK DAfWIGaTFK | DVQFvAqQVVK | DAmfvcAICK

KCTC 52926 (70%) (90%) (80%) (80%) (60%)

C. niastensis DSaliAEVwK DAFFIGITFK DSaLiIAEVwWK | DVQFfAqVVK DAIIVGAICK

DSM 24859 (70%) (90%) (70% His) (80%) (70% Bht)

(. varians DSaliAEVwK DAFFIGITFK | DAfWLGGTFK | DVQFvAqVVK | DAmfvcAICK

Ae27 (70%) (90%) (90%) (80%) (60%)
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Synthesis

General procedures

Coupling of the amino acids and fatty acid!

If not noted otherwise, all reactions were carried out in a custom-built solid-phase peptide synthesis
vessel with a G2 filter and a diameter of 3, 4 or 5 cm at room temperature. Argon was used for
agitation of the resin. 20% Piperidine in DMF and the cleavage cocktail were freshly prepared on

the day of use.

The Fmoc-protected amino acid or fatty acid (3 equiv) and HATU (2.9 equiv) dissolved in DME
(5-15 mL) were added to the swelled resin (1 equiv), followed by DIPEA (6 equiv) and the resin

was agitated for 1-3 hours.

Each coupling step was monitored as described in the general method part for the LC-MS sample
preparation. Fmoc-deprotection was carried out after each coupling step was completed, as

indicated by LC-MS result.

LC-MS and UHR-MS sample preparation!

The reaction progress of each coupling of the Fmoc-protected amino acids was monitored using
LC-MS. For that a few beads of the resin were sampled in a 2 mL. SPPS syringe, washed once with
DMF and then 2-3 times with DCM. The vessel was closed and 20% HFIP in DCM was added (1-
1.5 mL), which changed the color of the beads from yellow-orange to a dark red which faded over
time. The mixture was shaken for 15-30 min and the filtrate was directly used for LC-MS
measurement. For UHR-MS measurement the filtrate was concentrated in vacyo and redissolved

in AcCN or DMSO.

1'W. Chan, P. White, Fmoc Solid Phase Peptide Synthesis Practical Approach, Oxford University
Press, Oxford, 1999.

S17

130



131

Fmoc-deprotection!
The mixture was filtered and the remaining resin was washed 5 times with DMF. 20% Piperidine
in DMF (20-30 mL) was added. After agitation for 2-5 min it was filtrated, rinsed with DMF and

the process was repeated four more times. Then the resin was washed with DMF three times.

Cleavage from the resin!

To the washed resin, the cleavage cocktail consisting of TFA:TIS:H,O (95:2.5:2.5) (40 mL) was
added, coloring the mixture a dark red. The resin was agitated for 25-30 min after which the
supernatant was drained and the process was repeated once. The combined filtrates were reduced

under pressure and then dried further using lyophilization.

Synthesis of the methyl ester from the corresponding acid

For the esterification of the peptide, the acid (1 equiv) was dissolved in anhydrous methanol and
cooled to 0 °C. . Thionyl chlorid (1.5 equiv) was added dropwise and the mixture was stirred under
a gentle reflux for 2-4 h. The reaction progress was monitored using LC-MS or UHR-MS. The
solvent was evaporated iz vacuo and the residue was dried further under high vacuum. The crude

product was directly used for the synthesis of the alcohol, without further purification.

Reduction of the methyl ester to the alcohol

The methyl ester of the peptide (1 equiv) was suspended in anhydrous THF and cooled to 0 °C.
LiBHy (4 equiv) was added and the reaction was stirred at room temperature for 4-8 h. The reaction
progress was monitored periodically using LC-MS and if needed more LiBH, (2 equiv) was added
at O °C. The reaction was quenched using sat. NH,Cl solution. Water was added until all formed
salts were dissolved. The layers were separated and the aqueous layer was extracted with ethyl
acetate three times. The combined organic phase was washed once with brine, dried over MgSOy,
filtered and the solvent was evaporated under reduced pressure. Purification by HPLC yielded the

product as a white powder or a colorless solid.

Dess-Martin oxidation of the alcohol to the aldehyde

The alcohol (1 equiv) was suspended in anhyd. DCM and DMP (15% in DCM, 3 equiv) was added.
The mixture was stirred at room temperature for a total of 2 hours. The reaction progress was
monitored every 25 min by UHR-MS. DMP (1 equiv, 0.5 equiv) was added as soon as no more

significant conversion of the alcohol to the aldehyde could be observed. At the time a conversion

S18



of over 95% was observed, the reaction was quenched with methanol and concentrated 7n vacuo.
Purification by HPLC yielded the product as a colorless solid. Note that the DCM used, must not

be stabilized with methanol!. Amylene as a stabilizing reagent worked fine.

(3-methylbutanoyl)-D-histidyl-L-isoleucyl-L-valyl-L-proline (17)
The H-L-proline-chlorotrityl resin (n = 0.72 mmol/g, 2.70 g,
f - Q 1.95 mmol) was swelled in DMF for 30 min. After removal
HOJKQNJB/\NP%HLHW of the solvent, Fmoc-(L)-valine-OH (1.987 g, 5.846 mmol)

o] s o £ &
HN/TN( and HATU (2.153 g, 5.662 mmol), dissolved in DMF
w (5mlL), were added, followed by DIPEA (1986 uL,
11.68 mmol) and more DMF (15 mL). The mixture was agitated for 1.5h. After Fmoc-
deprotection, Fmoc-(L)-isoleucine-OH (2.062 g, 5.834 mmol) and HATU (2.149 g, 5.652 mmol),
dissolved in DMF (5 mL)were added, followed by DIPEA (1986 pL, 11.68 mmol) and more DMF
(15 mL). The mixture was agitated for 1 h. Following Fmoc-deprotection, Fmoc-D-histidine(Trt)-
OH (3.621 g, 5.843 mmol) and HATU (2.147 g, 5.647 mmol), solved in DMF (10 mL) were
added, then DIPEA (1986 uL, 11.68 mmol) and more DMF (10 mL). The mixture was agitated for
1.5 h. After Fmoc-deprotection HATU (2.147 g, 5.647 mmol), solved in DMF (3 mL) was added
to the resin, then isovaleric acid (642 pL, 5.844 mmol) and DIPEA (1986 uL, 11.68 mmol). More
DMF (15 mL) was added and the mixture was agitated for 1.5 h. After draining the supernatant,
the resin was washed with DMF (3x), DMC (2x) and MeOH (2x). The cleavage was performed as
described in the general method section. The crude product was washed three times with ice cold
diethyl ether and dried under reduced pressure. Purification of 40% of the crude (1.935 g) using
semi preparative HPLC (5-40-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um,
250 x 10 mm, flow rate: 2 mL/min) yielded 17 as a white wax like film (328.7 mg, 31%,
0.599 mmol, overall yield calculated to be: 78%).

IH-NMR (DMSO-ds, 600 MHz): 8y [ppm] = 8.97 (d, 1H, J= 1.1 Hz, £-CH,,,, His), 8.15 (d, 11,
J= 8.4 Hz, NHHis), 8.05 (d, 1H, J= 8.3 Hz, NH Val), 7.84 (d, 1H, J= 8.8 Hz, NHTle), 7.35 (s,
1H, 8-C Hyor, His), 4.74 (ddd, 1H, J= 8.2, 8.2, 6.6 Hz, «-CHHis), 4.27 (dd, 1H, J= 9.0, 9.0 Hz,
a-CHVal), 4.25 (dd, 1H, J=9.0,7.0 Hz, a-CHTle), 4.17 (dd, 1H, J= 8.7, 5.0 Hz, a-CHPro), 3.81
(ddd, 1H, J=9.8, 6.4, 6.4 Hz, 5-CEEN a Pro), 3.56 (ddd, 1H, J=10.1, 6.4, 6.4 Hz, 5-CFEN b Pro),
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3.06 (dd, 1H, J= 15.1, 6.1 Hz, B-CIh a His), 2.86 (dd, 1H, J= 15.1, 8.7 Hz, B-C 75 b His), 2.16-
2.09 (m, 1H, B-C5 a Pro), 2.02-1.94 (m, 3H, C# iVal, B-CH Val), 1.94-1.85 (m, 2H, CHiVal,
y-CH, a Pro), 1.85-1.79 (m, 2H, B-C 5 b Pro, y-CZh b Pro), 1.69-1.62 (m, 1H, B-C H1le), 1.28-
1.20 (m, 1H, y-CZ5 a Ile), 0.97-0.92 (m, 1H, y-CZ% b Ile), 0.91 (d, 1H, J= 6.8 Hz, y-CF% a Val),
0.88 (d, 1H, J=6.8 Hz, y-CFEL b Val), 0.80 (d, 1H, J= 6.8 Hz, CIE aiVal), 0.76 (d, 1H, J= 6.4 Hz,
CH; bival), 0.74 (t, IH, J=7.4 Hz, y-CH Ile), 0.71 (d, 1H, J= 6.7 Hz, 5-CH; Ile).

BC-NMR (DMSO-d;, 151 MHz): 8¢ [ppm] = 173.1 (COOH Pro), 171.7 (€O iVal), 170.7 (CO
Tle), 169.8 (€O His), 169.6 (€O Val), 133.7% (Cyyom His), 129.5 (Clyary His), 116.8 (Cypon His), 58.5
(a-CH Pro), 56.2 (a-CH Ile), 55.7 (&-CH Val), 51.3 (a-CH His), 46.8 (8- (H,-N Pro), 44.3 (CH,
iVal), 36.9 (B-CH Ile), 29.8 (B-CH Val), 28.7 (B- CH, Pro), 27.3 (B-CH, His), 25.4 (CH iVal), 24.6
(y-CH, Pro), 24.0 (y-CH, Tle), 22.14 ((H; iVal), 22.06 (CH; iVal), 18.8 (y-CH; Val), 18.4 (y-CH;
Val), 15.2 (5-(H; Tle), 10.9 (y-(H; Ile).

Additional found signals: 8y [ppm] = Broad peak between 8y 4.08 to 3.60 (H;0), 2.99, 2.54
(DMSO). e-NAHis and COOHPro were not observed. 8¢ [ppm] = 158.0, 40.4 (DMSO).

UHR-MS (ESI-TOF) m/z caled for Co7HysNgOg: 549.3395 [M+H]*; found: 549.3401 [M+H]*

Specific rotation [a]le =-24.3" (¢ = 1.44, CH;0H)

(:$)-1-((3-methylbutanoyl)-D-histidyl-L-isoleucyl-L-valyl) pyrrolidine-2-carboxamide,
falcitidin (1)
Peptide 17 (100.3 mg, 0.1828 mmol) was dissolved in
T “ij L“ DMF and cooled to 0 °C. HOAt (25.1 mg, 0.184 mmol)
HZNJ%;JBQ I N 701/\( and EDC - HCI (36.9 mg, 0.192 mmol) were added and
HN/\TN( the mixture was stirred for 15 min at 0°C. Aqueous
! NH,OH solution (25%, 220 ul, 1.41 mmol) was added
dropwise and the yellow mixture was stirred at room temperature for 6 h. It was then concentrated
in vacuo. Purification of the crude using semi preparative HPLC (5-35-95% AcCN + 0.1% FA,
NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 2 mL/min) yielded 1 as a
colorless syrup (51.7 mg, 0.0944 mmol, 52%).
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IH-NMR (DMSO-d;, 600 MHz): 85 [ppm] = 8.02 (d, J= 8.2 Hz, NAHHis), 7.99 (d, 1H, J= 8.3 Hz,
NH Val), 7.86 (s, 1H, £-C Hyor His), 7.70 (d, 1H, 7=8.8 Hz, NH 1le), 7.23 (s, 1H, CONZ% Pro),
6.90 (s, 1H, 8-CHyopn His), 6.81 (s, LH, CONFh Pro), 4.62 (ddd, J=8.3, 8.3, 6.1 Hz, a-C H His),
4.27 (dd, 1H, J=8.4, 8.4 Hz, a-CH Val), 4.23 (dd, 1H, J=8.7, 6.9 Hz, a-CHTle), 4.21 (dd, 1H, J
= 8.5, 4.4 Hz, a-CHPro), 3.78-3.73 (m, 11, 5-CZEN a Pro), 3.58-3.52 (m, 1H, 5-CFEN b Pro),
2.92 (dd, J=14.9, 5.9 Hz, B-CH; a His), 2.76 (dd, J=15.1, 8.8 Hz, B-CFh b His), 2.03-1.97 (m,
2H, B-C 14 a Pro, B-CHVal), 1.96 (d, J=6.7 Hz, CHs iVal), 1.94-1.86 (m, 2H, y-CZ a Pro, CH
iVal), 1.82-1.74 (m, 2H, y-CH b Pro, B-CH; b Pro), 1.69-1.61 (m, 1H, B-CHIle), 1.31-1.22 (m,
1H, y-CIb a Ile), 0.98-0.91 (m, 1H, y-CZ5 b Tle), 0.90 (d, 1H, J=6.8 Hz, y-C7% a Val), 0.87 (d,
1H, 7=6.7 Hz, y-CI£ b Val), 0.81 (d, J=6.5 Hz, CH; a iVal), 0.78 (d, 7=6.5 Hz, CF5 biVal), 0.74
(t, 1H, J=7.4 Hz, 8-CI£ 1le), 0.71 (d, 1H, J=7.0 Hz, y-CF# Ile).

BBC-NMR (DMSO-ds, 151 MHz): 8¢ [ppm] = 173.4 (CONH, Pro), 171.5 (€O iVal), 170.70 (CO
Tle), 170.67 (€O His), 169.5 (€O Val), 134.3 (weak, &-CHapom His), 132.3 (weak, Y- Gy His),
117.0 (weak, 8- CHyon His), 59.2 (a-(H Pro), 56.3 (a-(H Ile), 55.8 (a-CH Val), 52.3 (a-CH His),
47.0 (3-CHLN Pro), 44.4 (CH, iVal), 36.9 (B-CH Ile), 29.7 (B-CH Val), 29.3 (B-CH, Pro, B-CH,
His), 25.5 (CH iVal), 24.5 (y-CH, Pro), 24.0 (y-CH, Ile), 22.2 (CH; iVal), 22.1 (CH; iVal), 19.1
(y-CH; Val), 18.4 (y-CH; Val), 15.2 (5-CH; Tle), 11.0 (y-CH; Ile).

Additional found signals: &y [ppm] = 8.14 (FA), 3.17 (MeOH), 2.54 (DMSO). £-N/ His was not
observed. 8¢ [ppm] = 163.0 (FA), 48.6 (MeOH), 40.4 (DMSO).

UHR-MS (ESI-TOF) m/z caled for Cy7HysN;Os: 548.3555 [M+H]*; found: 548.3556 [M+H]*

Specific rotation [G]ZDl = -70.0° (¢ = 1.00, CH;0H), the determined specific rotation corresponds

to literature. 10

2-Chlorotrityl-1.-Phe-1.-Pro-1.-NH, (5)
@\ H-L-phenylalanine-chlorotrityl resin (n=0.78 mmol/g, 15.01 g,
s 8 o 11.71 mmol) was swelled in DMF for 30 min. After removal of the
O/O\H/\Hjbli’% solvent, Fmoc-(L)-proline-OH (11.84 g, 35.09 mmol) and HATU
° 5 (12.89 g, 33.90 mmol) were added, dissolved in a small volume of

DMF, followed by DIPEA (12.0 mL, 70.6 mmol) and more DMF. The mixture was agitated for
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2 h. After Fmoc-deprotection, Fmoc-(L)-valine-OH (11.91 g, 35.09 mmol) and HATU (12.89 g,
33.90 mmol) were added, dissolved in a small volume of DMF, followed by DIPEA (12.0 mL,
70.6 mmol) and more DMF. The mixture was agitated for 2 h. Following Fmoc-deprotection the

resin was washed two times with DCM and dried in vacuo, yielding 5 (38.48 g, 11.71 mmol).

2-Chlorotrityl-1-Phe-1-Pro-1.-Val-1.-Val-D-His(Trt)-NH, (6)
@\ Resin bound peptide 5 (19.24 g, 5.855 mmol) was
g F -l swelled in DMF for 10 min. After removal of the solvent,
Qo OT\HJ@&NWﬁk " Fmoc-(L)-valine-OH (5.97 g, 17.59 mmol) and HATU
° HN/:N( (10.89 g, 28.64 mmol)? were added, dissolved in a small
6 volume of DMF, followed by DIPEA (6.0 mL, 35 mmol)
and more DMF. The mixture was agitated for 2 h. After Fmoc-deprotection, Fmoc-(D)-histidine-
(Trt)-OH (10.89 g, 17.57 mmol) and HATU (6.454 g, 16.96 mmol) were added, dissolved in a
small amount of DMF, followed by DIPEA (6.0 mL, 35 mmol) and more DMF. The mixture was
agitated for 2 h. Since no complete conversion was observed, the supernatant was drained, the
resin was washed three times with DMF and the coupling step was repeated. Fmoc-(D)-histidine-
(Trt)-OH (3.618 g, 5.838 mmol) and HATU (2.011 g, 5.289 mmol) were added, dissolved in a
small volume of DMF, followed by DIPEA (2000 ul., 11.76 mmol) and more DMF. The mixture
was agitated for 1 h, after which complete conversion was observed using UHR-MS. Following
Fmoc-deprotection, the resin was washed two times with DCM and dried iz vacuo, yielding 6

(41.35 g, 5.855 mmol).

2-Chlorotrityl-L-Phe-L-Pro-L-Val-L-Ile-D-His(Trt)-NH; resin (7)
5 (19.24, 5.855 mmol) was swelled in DMF for 20 min.
After removal of the solvent, Fmoc-(L)-Ile-OH (6.207 g,

©\, [o] o] [e]
2 H
o N e )
Q fu%ﬁ W))u)k/ ™ 17.56 mmol) and HATU (6.456 g, 16.98 mmol) were
I 2

added, dissolved in a small volume of DMF, followed by
7

? Due to miscalculation the equivalents don’t adhere to the standard procedure.
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DIPEA (6.0 mL, 35 mmol) and more DMF. The mixture was agitated for 1.5 h. After Fmoc-
deprotection, Fmoc-(D)-histidine-(Trt)-OH (10.54g, 17.00 mmol) and HATU (6.440¢g,
16.96 mmol) were added, dissolved in a small amount DMF, followed by DIPEA (6.0 mL,
35 mmol) and more DMF. The mixture was agitated for 2 h. Following Fmoc-deprotection the

resin was washed two times with DCM and dried in vacuo, yielding 7 (21.48 g, 5.855 mmol).

(3-methylbutanoyl)-D-histidyl-L-valyl-L-valyl-L-prolyl-L-phenylalanine (8)
6 (13.00 g, 1.841 mmol) was swelled in DMF for
©\: ° ° N 10 min. After removal of the solvent, HATU
Horujb)inrgu&nw (2.150 g, 5.65 mmol) was added, dissolved in a
° /q( ° small volume of DMF, followed by isovaleric acid
8 e (643 ul, 5.85 mmol), DIPEA (2000 pL,
11.76 mmol) and more DMF. The mixture was
agitated for 3 h, after which LC-MS indicated completeness of the reaction. The supernatant was
drained, and the resin was washed with DMF (3x) and DMC (2x). The cleavage was done as
described in the general method section. The obtained crude was washed four times with ice cold
diethyl ether, decanted and dried under reduced pressure. Purification of 48% of the crude using
semi preparative HPL.C (5-50-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um,
250 x 10 mm, flow rate: 2 ml./min) yielded 8 as a white waxy film (196 mg, 0.288 mmol, overall

vield calculated to be: 33%).

IH-NMR (DMSO-dj, 600 MHz): 8y [ppm] = 8.03 (d, 1H, J= 8.1 Hz, NH His), 8.03 (d, 1H, J=
8.1 Hz, e-NHHis), 7.99 (d, 1H, J=7.9 Hz, NH Val 1), 7.98 (d, 1H, J= 7.2 Hz, NH{Phe), 7.91 (s,
1H, €-C Hyyor His), 7.69 (d, 1H, J= 9.0 Hz, NH Val 2),7.28-7.17 (m, 5H, 8-CH,,o Phe), 6.93 (s,
1H, 8-C Flyor His), 4.63 (ddd, 1H, J= 8.5, 8.5, 6.0 Hz, a-CH His), 4.38 (ddd, 1H, J= 7.6, 7.6,
5.7 Hz, a-CHPhe), 4.36 (dd, 1H, J= 8.3, 3.7 Hz, a-CHPro), 4.25 (dd, 1H, J= 8.3, 8.3 Hz, a-CH
Val 1), 4.22 (dd, 1H, J= 8.9, 6.1 Hz, a-CH Val), 3.75 (ddd, 1H, J= 9.6, 6.9, 6.9 Hz, 5-CF:Na
Pro), 3.53 (ddd, 1H, 7= 9.4, 7.1, 5.6 Hz, -CH,N b Pro), 3.00 (dd, 1H, /= 14.2, 5.8 Hz, B-CHha
Phe), 2.94 (dd, 1H, J= 14.6, 6.5 Hz, B-CH a His), 2.92 (dd, 1H, J=13.8, 7.5 Hz, B-CH; b Phe),
2.77 (dd, 1H, J=13.8,7.5 Hz, B-CF b His), 2.00-1.93 (m, 4H, B-C 75 a Pro, B-CHVal, CH, iVal),
1.93-1.89 (m, 2H, B-CH Val, CH iVal), 1.89-1.83 (m, 1H, y-Cf5 a Pro), 1.83-1.75 (m, 2H, B-CFh
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b Pro, y-CF b Pro), 0.88 (d, 3H, J= 6.8 Hz, y-CH;a Val 1), 0.86 (d, 3H, J= 6.4 Hz, y-CF5 b Val
1), 0.81 (d, 3H, J= 6.4 Hz, CF; a iVal), 0.78 (d, 3H, J= 6.6 Hz, CH; b iVal), 0.73 (d, 3H, J=
6.6 Hz, y-CFsa Val), 0.70 (d, 3H, J=7.0 Hz, y-CH; b Val).

I3C-.NMR (DMSO-d;, 151 MHz): 8¢ [ppm] = 172.7 (COOH Phe), 171.5 (€O iVal), 171.4 (CO
Pro), 170.7 (CO His), 170.6 (CO Val 2), 169.7 (€O Val 1), 137.3 (Y- Cyuar Phe), 134.3 (weak, €-
CHyrom His), 132.2% (Y- Chuar His), 129.1, 128.1, 126.4 (8- CHyro Phe), 117.0% (8- CHypory His), 59.0
(a-CH Pro), 56.9 (a-CH Val 2), 55.8 (a-(H Val 1), 53.5 (a-CH Phe), 52.3 (a-CH His), 47.0 (3-
(H,N Pro), 44.4 (CH, iVal), 36.7 (B-CH,a Phe), 30.7 (B-CH Val), 29.7 (B-CH Val 1), 29.1 (weak,
B-(I, His), 28.9 (B-(H, Pro), 25.4 (CH iVal), 24.3 (y-CH, Pro), 22.2 (¢H; a iVal), 22.1 ((Hz b
iVal), 19.0 (y-CHz a Val 1), 18.4 (y-CHz b Val 1), 17.6 (y-(Hz b Val).

Additional found signals: 8y [ppm] = 8.14 (FA), Broad peak between 4.00 to 2.73 (H,0), 3.10,
2.54 (DMSO), 1.18. e-NH His and COOH Phe were not observed. 8¢ [ppm] = 45.7, 8.58.

UHR-MS (ESI-TOF) m/z caled for C3sHs,N,O5: 682.3923 [M+H]*; found: 682.3909 [M+H]*

Specific rotation [q]le =-11.2" (¢ = 1.78, CH;0H)

(2-phenylacetyl)-D-histidyl-L-valyl-L-valyl-L-prolyl-L-phenylalanine (9)

@\ 6(13.70 g, 1.940 mmol) was swelled in DMF for
Hom/;'\N 0 ) o H\ﬂ:/\N )LH 10 min. After removal of the soh-lent, HA-TU
i H*Qﬁ Iw \L]/\© (2.159 g, 5.68 mmol) was added, dissolved in a
HN/jN( small volume of DMF, followed by phenylacetic
o acid (0.799 g, 5.87 mmol), DIPEA (2000 pL,
11.76 mmol) and more DMF. The mixture was agitated for 3 h, after which LC-MS indicated
completeness of the reaction. The supernatant was drained and the resin was washed with DMF
(3x), DMC (2x) and MeOH (2x). The cleavage was done as described in the general method
section. The obtained crude was washed four times with ice cold diethyl ether, decanted and dried
under reduced pressure. Purification of 37% of the crude using semi preparative HPLC (5-50-95%
AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 2 ml/min)

yielded 9 as a white wax like film (303 mg, 0.423 mmol, overall yield calculated to be: 59%).
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IH-NMR (DMSO-dj, 600 MHz): 8y [ppm] = 8.32 (d, 1H, 7= 8.3 Hz, NH His), 7.98 (d, 1H, J=
7.2 Hz, NHPhe ), 7.97 (d, 1H, J= 7.5 Hz, NH Val 1), 7.82 (s, 1H, £-C Hyop His), 7.76 (d, 1H, J=
8.9 Hz, N Val 2), 7.28-7.15 (m, 10H, 8-C Hyyom Phe, C Hyyom PA), 6.88 (s, 1H, 8-C Hor, His), 4.63
(ddd, 1H, J=7.7,7.7,6.6 Hz, a-CHHis), 4.39 (ddd, 1H, T =7.6, 7.6, 6.0 Hz, a«-C HPhe), 4.37 (dd,
1H, J=8.5, 3.4 Hz, a-CHPro), 4.26 (dd, 1T, J= 8.3, 8.3 Hz, a-CHVal 1), 4.22 (dd, 1H, J= 9.0,
6.2 Hz, a-CH Val 2), 3.76 (ddd, 1H, J= 9.8, 6.8, 6.8 Hz, 5-CH:N a Pro), 3.54 (ddd, 1H, J= 9.4,
7.2, 5.4 Hz, 5-CHNb Pro), 3.46 (d 1H, J= 14.3 Hz, CHsa PA), 3.42 (d 1H, J= 14.2 Hz, CH: b
PA), 3.00 (dd, 1H, /= 14.1, 5.9 Hz, B-CH a Phe), 2.95 (dd, 1H, J= 14.8, 5.9 Hz, B-CH; a His),
2.92 (dd, 1H, J= 13.9, 7.7 Hz, B-CHs b Phe),2.79 (dd, 1H, 7= 14.8, 8.4 Hz, B-CH; b His), 2.00-
1.93 (m, 2H, B-CF a Pro, B-CHVal 1), 1.93-1.89 (m, 1H, B-CHVal 2), 1.89-1.84 (m, 1H, y-CF5
a Pro), 1.84-1.76 (m, 2H, B-CHs b Pro, y-C£ b Pro), 0.88 (d, 3H, J= 6.6 Hz, y-CH;a Val 1), 0.86
(d, 3H, J=6.7 Hz, y-CH;b Val 1), 0.71 (d, 3H, J=6.8 Hz, y-CF5a Val 2), 0.67 (d, 3H, /= 6.7 Hz,
y-CE5b Val 2).

BCNMR (DMSO-ds, 151 MHz): 8¢ [ppm] = 172.7 (COOH Phe), 171.5 (€O Pro), 170.7 (CO
His), 170.6 (€O Val 2), 170.0 (€O PA), 169.7 (€O Val 1), 137.3 (Y-Cypart Phe), 136.1 (Cyuart PA),
134.3 (6-CHypom His), 132.3 (weak, Y-Cuar His), 129.1, 128.9, 128.1, 128.1, 126.4, 1262 (5-
(H,om Phe, (Hyyo PA), 117.0% (8-CHyop, His), 59.0 (a-CH Pro), 57.0 (a-CH Val 2), 55.9 (a-CH
Val 1), 53.5 (6-CH Phe), 52.6 (&-CH His), 47.0 (5-CH,N Pro), 42.0 (CH, PA), 36.7 (B-CH, Phe),
30.6 (B-(H Val 2), 29.8 (B-CH Val 1), 29.5 (B- (T, His), 28.9 (B-(H, Pro), 24.3 (y-CH, Pro), 19.0
(y-CHsa Val 2), 19.0 (y-CHza Val 1), 18.5 (y-CHs b Val 1), 17.6 (y-CHsb Val 2).

Additional found signals: 8y [ppm] = 8.14 (FA), 2.54 (DMSO), 3.09, 1.17. e-NAH His and COOH
Phe were not observed. 8¢ [ppm] = 8.62.

UHR-MS (ESI-TOF) iz caled for C3sHsoN;07: 716.3766 [M+H]*; found: 716.3766 [M+H]*

Specific rotation [q]le =-12.4" (¢ = 1.61, CH;0H)

(3-methylbutanoyl)-D-histidyl--isoleucyl-L-valyl-L-prolyl-L-phenylalanine (10)
7 (8.090 g, 2.225 mmol) was swelled in DMF for
30 min. After removal of the solvent, HATU

: T [¢] (o} fo)
= H
Ho NWP)J\/H
N N NN g ;
rHjb)i I ;\( W (2.425 g, 6.378 mmol) was added, dissolved in a
NN

10
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small volume of DMF, followed by isovaleric acid (724 pl, 6.59 mmol), DIPEA (2300 pL,
13.53 mmol) and more DMF. The mixture was agitated for 2 h, after which LC-MS indicated
completeness of the reaction. The supernatant was drained, and the resin was washed with DMF
(3x), DMC (2x) and MeOH (2x). The cleavage was done as described in the general method
section. The obtained crude was washed four times with ice cold diethyl ether, decanted and dried
under reduced pressure. Purification of 35% of the crude using semi preparative HPLC (5-50-95%
AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 2 mL/min)
vielded 10 as a white wax like film (87.8 mg, 0.126 mmol, overall yield calculated to be: 16%).

IH-NMR (DMSO-d;, 600 MHz): 8y [ppm] = 8.23 (s, 1H, £-CHyor, His), 8.06 (d, 1H, J= 8.1 Hz,

NAH His), 8.00 (d, 1H, J= 8.4 Hz, NH Val), 7.98 (d, 1H, J=7.7 Hz, NHPhe), 7.73 (d, 1H, J=

9.2 Hz, NH1le), 7.28-7.18 (m, 5H, 8-C Hyon Phe), 7.05 (s, 1H, 8-C Hy,op, His), 4.66 (ddd, 1H, J=

8.1, 8.1, 6.5 Hz, a-C HHis), 4.39 (ddd, 1H, J=7.3,7.3, 6.2 Hz, a-CHPhe), 4.36 (dd, 1H, /= 8.3,

3.9 Hz, a-CHPro), 4.26 (dd, 1H, J= 8.3, 8.3 Hz, a-CH Val), 4.24 (dd, 1H, J=8.5, 7.5 Hz, a-CH
Tle), 3.77-3.71 (m, 1H, 8-CFEN a Pro), 3.56-3.51 (m, 11, 5-CZEN b Pro), 3.00 (dd, 1H, /= 13.9,

5.9 Hz, B-CH a Phe), 2.97 (dd, 1H, J= 15.3, 6.3 Hz, B-CH a His), 2.92 (dd, 1H, /= 13.9, 7.9 Hz,

B-CHh b Phe), 2.79 (dd, 1H, J= 15.0, 8.6 Hz, B-CH; b His), 2.00-1.92 (m, 4H, CH iVal, B-CH
Val, B-CHs a Pro ), 1.92-1.83 (m, 2H, CHiVal, y-Ch a Pro), 1.83-1.75 (m, 2H, B-CZ5 b Pro, y-

CH;b Pro), 1.69-1.62 (m, 1H, B-CHTle), 1.29-1.22 (m, 1H, y-CF a Ile), 0.97-0.89 (m, 1H, y-CF5

bIle), 0.87 (d, 3H, J= 6.8 Hz, y-CH;a Val), 0.85 (d, 3H, J= 6.4 Hz, y-CF5 b Val), 0.81 (d, 3H, J
= 6.6 Hz, CIE aival), 0.78 (d, 3H, J= 6.6 Hz, CIf; b iVal), 0.74 (t, 3H, J= 7.4 Hz, 5-CIE Ile),

0.71 (d, 3H, J=7.0 Hz, y-CI%le).

BC-NMR (DMSO-d;, 151 MHz): 8¢ [ppm] = 172.7 (COOH Phe), 171.5 (CO iVal), 171.4 (CO
Pro), 170.7 (CO Ile), 170.4 (CO His), 169.6 (CO Val), 137.3 (Y-Cquar Phe), 134.1 (€-CH,yo His),
131.3 (weak, Y-Cquare His), 129.1, 128.1, 126.4 (8-CH,yom Phe), 116.9 (weak, 8-CH,o, His), 59.0
(a-CH Pro), 56.2 (a-CH Ile), 55.8 (a-CH Val), 53.5 (@-CH Phe), 52.0 (a-CH His), 47.0 (5-CH,N
Pro), 4.4 (CH, iVal), 36.9 (B-CH Ile), 36.7 (B-CH, Phe), 29.8 (3-CH Val), 28.9 (B-CH, Pro), 28.6
(B-CH, His), 25.4 (CH iVal), 24.3 (y-CH, Pro), 24.0 (y-CH, a Ile), 22.2 (CHj a iVal), 22.1 (CH3 b
iVal), 19.0 (y-CH; a Val), 18.4 (y-CH; b Val), 15.2 (y-CH; Ile), 11.0 (5-CHj Ile).
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Additional found signals: &y [ppm] = 8.14 (FA), Broad peak between 4.00 to 2.60 (H,0), 3.10,
2.54 (DMSO), 1.18. e-NAHHis and COOHPhe were not observed. 8¢ [ppm] = 163.0 (FA), 157.7,
45.7, 8.60.

UHR-MS (ESI-TOF) m/zcalcd for C3sHsyN;O7: 696.4079 [M+H]*; found: 696.4082 [M+H]*

Specific rotation [¢3! = -34.0° (c = 2.35, CH;OH)

(2-phenylacetyl)-D-histidyl-L-isoleucyl-L.-valyl-L-prolyl-L-phenylalanine (11)

7 (7.994 g, 2.166 mmol) were swelled in DMF for
©\: 0 o o 30 min. After removal of the solvent, HATU
Hovﬁ%)inﬁj”ﬂj\/n (2.425 g, 6.378 mmol) was added, dissolved in a
° ° /b( ° small amount of DMF, followed by phenylacetic
1 e acid (0.897 g, 6.588 mmol), DIPEA (2300 pL,
13.53 mmol) and additional DMF. The mixture was agitated for 2 h, after which LC-MS indicated
completeness of the reaction. The supernatant was drained and the resin was washed with DMF
(3x), DMC (2x) and MeOH (2x). The cleavage was done as described in the general method
section. The obtained crude was washed four times with ice cold diethyl ether, decanted and dried
under reduced pressure. Purification of 40% of the crude using semi preparative HPLC (5-50-95%
AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 2 mL/min)

yielded 11 as a white wax like film (182 mg, 0.249 mmol, overall yield calculated to be: 29%).

IH-NMR (DMSO-d;, 600 MHz): 8y [ppm] = 8.35 (d, 1H, J= 8.1 Hz, NH His), 8.20 (s, 1H, ¢-
CHyyom His), 7.99 (d, 1H, J=7.5 Hz, NHPhe), 7.98 (d, 1H, J= 8.0 Hz, NH Val), 7.82 (d, 1H, J=
8.6 Hz, NHle), 7.28-7.13 (m, 10H, 8-C Hyom Phe, CHyom PA), 7.02 (s, 1H, 8-C Hyyop, His), 4.66
(ddd, 1H, 7=8.2, 8.2, 6.4 Hz, o-C H1is), 4.39 (ddd, 1H, J=7.8,7.8,5.9 Hz, a-C HPhe), 4.37 (dd,
IH, J=8.7, 4.1 Hz, a-CHPro), 4.27 (dd, 1H, J= 8.3, 8.3 Hz, a-CH Val), 4.23 (dd, 1H, J= 8.8,
7.0 Hz, a-CHTle), 3.78-3.72 (m, 1H, 5-CH:N a Pro), 3.57-3.51 (m, 1H, 5-CEND Pro), 3.45 (d,
1H, J=14.2 Hz, CH> a PA), 3.42 (d, 1H, J= 14.2 Hz, CH; b PA), 3.00 (dd, 1H, /= 13.8, 5.5 Hz,
B-CHba Phe), 2.98 (dd, 1H, J= 14.5, 5.9 Hz, B-CH a His), 2.92 (dd, 1H, J=13.9, 7.9 Hz, B-CH;
b Phe), 2.82 (dd, 1H, J= 14.9, 8.3 Hz, B-CZA b His), 2.00-1.92 (m, 2H, B-CH Val, B-CFh a Pro),
1.90-1.84 (m, 1H, y-C % a Pro), 1.84-1.75 (m, 2H, B-CZ5 b Pro, y-CFh b Pro), 1.68-1.61 (m, 1H,
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B-CHTle), 1.26-1.18 (m, 1H, y-CFh a Ile), 0.94-0.82 (m, 1H, y-CZ5 b Ile), 0.88 (d, 3H, J= 6.4 Hz,
y-CFH5 a Val), 0.86 (d, 3H, J= 6.6 Hz, y-CE5 b Val), 0.73 (t, 3H, J= 7.4 Hz, 5-C% Tle), 0.70 (d,
3H, J=7.0 Hz, y-CF; Tle).

BC-NMR (DMSO-d,, 151 MHz): 8¢ [ppm] = 172.7 (COOH Phe), 171.4 (€O Pro), 170.6 (€O Tle),
170.2 (€O His), 170.1 (CO PA), 169.7 (€O Val), 137.3 (Y-Cyazt Phe), 136.1 (Cyuart PA), 13441 (e-
(Hyrom His), 131.3% (Y-Cyuant His), 129.1, 128.9, 128.1, 128.0, 1264, 126.2 (8-CHorom Phe, (Harom
PA), 116.8 (8- (H,por His), 59.0 (a-CH Pro), 56.3 (a-CH Ile), 55.8 (a-CH Val), 53.5 (a-CH Phe),
52.2 (a-CH His), 47.0 (5-CH,N Pro), 42.0 (CH, PA), 36.8 (B-CH Ile), 36.7 (B-CH; Phe), 29.7 (B-
(H Val), 28.9 (B-CH, Pro), 28.8 (B-CH, His), 24.3 (y-CH, Pro), 23.9 (y-CH, a Tle), 19.0 (y-CH;,
a Val), 18.5 (y-CH; b Val), 15.2 (y-CH; Ile), 11.0 (5-CH; Tle).

Additional found signals: 8y [ppm] = 8.14 (FA), Broad peak between 4.00 to 2.32 (H,0), 2.54
(DMSO). e-NHHis and COOHPhe were not observed. 8¢ [ppm] = 163.0 (FA).

UHR-MS (ESI-TOF) 2z caled for CagHs:N7O7: 730.3923 [M+H]*; found: 730.3924 [M+H]*

Specific rotation [q]le =-27.6" (¢ = 1.45, CH;0H)

(.8)- N-((.8)-1-hydroxy-3-phenylpropan-2-yl)-1-((3-methylbutanoyl)-D-histidyl-L-valyl-L-
valyl)pyrrolidine-2-carboxamide (12)

@\ Peptide 8 (87.5 mg, 0.128 mmol) was dissolved in
R - \/ 8 e anhydrous MeOH (20 mL) and thionyl chloride
HO\/\NJKO)iN\H/\HJ\/NW (14.0 L., 0.192 mmol) was added at 0 °C. The
° HN/\TN( ° mixture was stirred under a gentle reflux for 3.5h

12 and then concentrated in vacwo. The crude was

suspended in anhydrous THF and cooled to 0 °C. LiBH, (10.5 mg, 0.482 mmol) was added and
the reaction was stirred at room temperature. The reaction progress was monitored using LC-MS
and after 2 h more LiBH, (6.0 mg, 0.28 mmol) was added at O °C. After a total of 3 h the reaction
was quenched using sat. NH4Cl solution. Water was added until all formed salts were dissolved.
The layers were separated and the aqueous layer was extracted with ethyl acetate three times. The
combined organic phases were washed once with brine, dried over MgSO,, filtered and the solvent

was evaporated under reduced pressure. Purification of the crude using semi preparative HPLC (5-
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40-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate:
2 ml./min) yielded 12 as a colorless solid (63.9 mg, 0.0957 mmol, 75% over 2 steps).

IH-NMR (DMSO-ds, 600 MHz): 8y; [ppm] = 7.98 (d, 1H, J=7.9 Hz, NH Val 1), 7.98 (d, 1H, J=
7.9 Hz, NHHis), 7.66 (d, 1H, J= 9.2 Hz, NH Val 2), 7.51 (s, 1H, £-CHypon His), 7.51 (d, 1H, J=
6.1 Hz, NHPhe), 7.27-7.14 (m, 5H, 8-CHyom Phe), 6.77 (s, 1H, 8-C Hyyor, His), 4.59 (ddd, 1H, J=
7.9, 7.9, 6.4 Hz, a-CH His), 4.30-4.25(m, 2H, a-CH Val 1, a-CH Pro), 4.23 (dd, 1H, J= 8.2,
6.8 Hz, a-CHVal 2), 3.87-3.80 (m, 1H, a-CHPhe), 3.76-7.70 (m, 1H, 5-CH:N a Pro), 3.57-3.51
(m, 1H, 5-CFEEN b Pro), 3.27 (t, 2H, J= 5.2 Hz, CH,OH Phe), 2.90 (dd, 1H, J= 14.9, 5.9 Hz, B-
CHha His), 2.79 (dd, 1H, J= 13.7, 6.5 Hz, B-CFh a Phe), 2.73 (dd, 1H, J= 14.8, 8.9 Hz, B-CIh b
His), 2.68 (dd, 1H, J=13.7,7.1 Hz, B-CHs b Phe), 2.03-1.97 (m, 1H, B-CH Val 1), 1.96 (d, 21, J
= 6.6 Hz, CH, iVal), 1.97-1.84 (m, 4H, B-CH Val 2, B-CFH: a Pro, CHiVal, y-CFh a Pro), 1.81-
1.76 (m, 1H, y-CF5 b Pro), 1.76-1.71 (m, 1H, B-CH: b Pro), 0.90 (d, 3H, J= 6.8 Hz, y-CHsa Val
1), 0.88 (d, 3H, J= 6.6 Hz, y-CF5 b Val 1), 0.81 (d, 3H, J= 6.4 Hz, CfF a iVal), 0.78 (d, 3H, J=
6.2 Hz, CI% bival), 0.73 (d, 3H, J= 6.8 Hz, y-CFEa Val 2), 0.70 (d, 3H, J= 6.8 Hz, y-CFL b Val
2).

BC.NMR (DMSO-d;, 151 MHz): 8¢ [ppm] = 171.4 (€O iVal), 171.1 (€O Pro), 171.1 (€O His),
170.7 (€O Val 2), 169.7 (€O Val 1), 138.9 (Y-Ciun Phe), 134.5 (weak, &-CHypop His), 129.1,
128.0, 125.8 (8- (M, Phe), 61.8 ((HLOH Phe), 59.5 (a-CH Pro), 57.0 (a-CH Val 2), 55.9 (a-
(H Val 1), 52.7 (a-CH His), 52.2 (&-CH Phe), 47.0 (8- CILN Pro), 44.5 ((11, iVal), 36.3 (B-CH,
Phe), 30.6 (B-CH Val 2), 29.7 (B-CH Val 1), 29.8* (3-(I, a His), 29.1 (B-(H, Pro), 25.4 (CI
iVal), 24.4 (Y-, Pro), 22.2 (C(H; aiVal), 22.1 (C(H; b iVal), 19.0 (y-CHza Val 2), 19.1 (y-(Hs
aVal 1), 18.4 (y-CH;b Val 1), 17.6 (y-CH; b Val 2).

Additional found signals: 8y [ppm] = 8.15 (FA), Broad peak between 4.00 to 2.58 (H,0), 2.54
(DMSO). e-NHHis was not observed. 8¢ [ppm] = 8- (Hy,o,, His and y- Cyuar His were not observed.

UHR-MS (ESI-TOF) m/z caled for C3sHsyN;Og: 668.4130 [M+H]*; found: 668.4126 [M+H]*

Specific rotation [0(]2131 =-28.7" (¢ = 0.87, CH;0H)
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(.9)- N-((.8)-1-hydroxy-3-phenylpropan-2-yl)-1-((2-phenylacetyl)-D-histidyl-1.-valyl-L.-
valyl)pyrrolidine-2-carboxamide (13)

@\ To a solution of peptide 9 (118.1 mg,
2 0.1650 mmol) in anhydrous MeOH (40 mL) was

: 2w ~ o
HOL Ay N N\[('\NJ&H . .
H boHo m added thionyl chloride (18.0 uL, 0.247 mmol) at

0 °C. The mixture was stirred under a gentle reflux
" for 3.5 h and then concentrated 7 vacuo. The crude
product (107.3 mg, 0.1470 mmol, 89%) was directly used in the next step. For testing the

conditions the crude was split into two parts, the syntheses were carried out identical.

The first part of the crude methyl ester (49.5 mg, 0.0678 mmol) was suspended in anhydrous THF
and cooled to 0 "C. LiBH, (5.8 mg, 0.27 mmol) was added and the reaction was stirred at room
temperature. The reaction progress was monitored using LC-MS and after 1 h more LiBH,
(3.1 mg, 0.14 mmol) was added at 0 °C. After a total of 3 h the reaction was quenched using sat.
NH,CI solution. Water was added until all formed salts were dissolved. The layers were separated
and the aqueous layer was extracted with ethyl acetate three times. The combined organic phases
were washed once with brine, dried over MgSQy, filtered and the solvent was evaporated under

reduced pressure.

The second part of the crude methyl ester (68.5 mg, 0.0939 mmol) was suspended in anhydrous
THF and cooled to 0 °C. LiBH, (8.3 mg, 0.38 mmol) was added and the reaction was stirred at
room temperature. The reaction progress was monitored using LC-MS and after 1.5 h more LiBH,
(4.1 mg, 0.19 mmol) was added at 0 °C. After a total of 2 h the reaction was quenched using sat.
NH,Cl solution. Water was added until all formed salts were dissolved. The layers were separated
and the aqueous layer was extracted with ethyl acetate three times. The combined organic phases
were washed once with brine, dried over MgSQ,, filtered and the solvent was evaporated under

reduced pressure.

Both crudes were combined for purification using semi preparative HPLC (5-40-95% AcCN +
0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 2 ml./min), which
yielded 13 as a colorless solid (72.8 mg, 0.104 mmol, 63% over 2 steps).

'H-NMR (DMSO-d;, 600 MHz): 8y [ppm] = 8.29 (d, 1H, /= 7.9 Hz, NH His), 7.96 (d, 1H, J=
8.1Hz, NHVal 1),7.75 (d, 1H, J=9.7 Hz, NH Val 2), 7.57 (s, 1H, €-C Hyyor His), 7.51 (d, 1H, J
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= 8.4 Hz, NI Phe), 7.27-7.14 (m, 10H, 8-CHyyor Phe, CHyom PA), 6.79 (s, 1H, 8-CHyyor His),
4.60 (ddd, 1H, J=7.9, 7.9, 6.6 Hz, a-C H His), 4.29-4.25 (m, 2H, a-CHPro, a-CH Val 1), 4.22
(dd, 1H, J=9.0, 6.2 Hz, a-C HVal 2), 3.87-3.80 (m, 1H, a-CHPhe), 3.76-3.70 (m, 1H, 5-CF:Na
Pro), 3.57-3.52 (m, 1H, 5-CFEN b Pro), 346 (d 1H, J= 14.1 Hz, CIh a PA), 3.42 (d 1H, J=
14.3 Hz, CIh b PA), 3.28 (1, 2H, J= 5.0 Hz, CZEOH Phe), 2.92 (dd, 1H, J= 14.7, 6.2 Hz, B-CIh
a His), 2.79 (dd, 1H, J=13.4, 6.2 Hz, B-CHs a Phe), 2.77 (dd, 1H, J= 14.2, 8.7 Hz, B-CH; b His),
2.68 (dd, 1H, J=13.8, 7.1 Hz, B-CFh b Phe), 2.03-1.95 (m, 1H, B-CH Val 1), 1.95-1.84 (m, 3H,
y-CHs a Pro, B-CHs a Pro, B-CHVal 2), 1.80-1.71 (m, 2H, y-CH b Pro, B-CHs b Pro), 0.90 (d, 3H,
J=6.8 Hz, y-CHa Val 1), 0.88 (d, 3H, J= 6.8 Hz, y-CFb Val 1), 0.71 (d, 3H, 7=7.0 Hz, y-CI%
aVal 2), 0.67 (d, 3H, J= 6.8 Hz, y-CH; b Val2).

BCNMR (DMSO-ds, 151 MHz): 8¢ [ppm] = 171.1 (€O Pro),170.9 (CO His), 170.7 (CO Val 2),
170.0 (CO PA), 169.8 (€O Val 1), 138.9 (Y-Cysart Phe), 136.2 (Copart PA), 134.5 (6-CHyyo Hiis),
132.9% (V-G His), 129.1, 129.0, 128.0, 126.2, 125.8 (5-(Hygom Phe, (Hagom PA), 117.0% (5-
(H,on His), 61.8 ( CILOH Phe), 59.5 (a-CH Pro), 57.1 (a-CH Val 2), 56.0 (a-CH Val 1), 52.9 (a-
(H His), 52.2 (a-CH Phe), 47.0 (8- CHzN Pro), 42.0 (CH, PA), 36.3 (B-CH, Phe), 30.5 (B-CH Val
2),29.9 (B-CH, His), 29.7 (8-CH Val 1), 29.1 (B-CH, Pro), 24.4 (y-CH, a Pro), 19.1 (y- CHsa Val
1), 19.0 (y-CHza Val 2), 18.5 (y-CHsb Val 1), 17.6 (y-CH; b Val2).

Additional found signals: 8y [ppm] = 8.15 (FA), 3.66, 3.17 (MeOH), 2.54 (DMSO). e-N/H His was
not observed. 8¢ [ppm] = 163.1 (FA), 48.6 (MeOH), 40.4 (DMSO).

UHR-MS (ESI-TOF) m/z caled for CagHs,N;Og: 702.3974 [M+H]*; found: 702.3975[M+H]*

Specific rotation [G]ZDl =-56.1" (¢ = 1.07, CH;0H)

(8- N=((.8)-1-hydroxy-3-phenylpropan-2-yl)-1-((3-methylbutanoyl)-D-histidyl-1.-
isoleucyl-L-valyl)pyrrolidine-2-carboxamide (14)
@\ The peptide 10 (93.8 mg, 0.135 mmol) was
E [ 2y dissolved in anhydrous MeOH (20 mlL) and thionyl
O~ ’ N A /k,/N _ )
3 I W chloride (14.8 pL, 0.203 mmol) was added at 0 °C.
HN/EN( The mixture was stirred under a gentle reflux for
=

L 3h and then concentrated in vacuo. The crude
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product was suspended in anhydrous THF and cooled to 0 *C. LiBH, (12.6 mg, 0.579 mmol) was
added and the reaction was stirred at room temperature. The reaction progress was monitored using
LC-MS and after 1.5 h more LiBH, (6.4 mg, 0.29 mmol) was added at 0 “C. After additional 4 h
more LiBH, (5.0 mg, 0.23 mmol) was added at 0 °C. After a total of 6.5h the reaction was
quenched using sat. NH,Cl solution. Water was added until all formed salts were dissolved. The
layers were separated and the aqueous layer was extracted with ethyl acetate three times. The
combined organic phases were washed once with brine, dried over MgSQ,, filtered and the solvent
was evaporated under reduced pressure. Purification of the crude product using semi preparative
HPLC (5-45-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 pm, 250 x 10 mm, flow
rate: 2 ml./min) yielded 14 as a colorless solid (22.9 mg, 0.0336 mmol, 25% over 2 steps).

IH-NMR (DMSO-d;, 600 MHz): 8y [ppm] = 7.98 (d, 1H, J= 8.3 Hz, NH/ Val), 7.98 (d, 1H, J=
8.3 Hz, NH His), 7.68 (d, 1H, 7= 9.4 Hz, NH Tle), 7.57 (s, 1H, €-C Hypor His), 7.51 (d, 1H, J=
8.3 Hz, NAHPhe), 7.28-7.14 (m, SH, 8-CHypon, Phe), 6.79 (s, 1H, 8-C Hyyor, His), 4.59 (ddd, 1H, J=
8.0, 8.0, 6.5 Hz, a-C HHis), 4.28 (dd, 1H, J=7.6,7.6 Hz, a-CHVal), 4.26 (dd, 1H, J= 8.0, 4.7 Hz,
a-CHPro), 4.23 (dd, 1H, /= 8.8, 7.0 Hz, a-CHle), 3.87-3.80 (m, 1H, a-C HPhe), 3.74-3.69 (m,
1H, 5-CHsNa Pro), 3.57-3.51 (m, 1H, 8-C AN b Pro), 3.27 (1, 2H, J= 5.4 Hz, CF5OH Phe), 2.89
(dd, 1H, J= 14.8, 6.0 Hz, B-CFb a His), 2.79 (dd, 1H, J= 13.7, 6.5 Hz, B-CF a Phe), 2.73 (dd,
1H, J= 14.8, 8.5 Hz, B-CFh b His), 2.68 (dd, 1H, J= 13.9, 7.1 Hz, B-CFh b Phe), 2.03-1.97 (m,
1H, B-CH Val), 1.95 (d, 2H, J= 6.8 Hz, CFh iVal), 1.94-1.84 (m, 3H, B-CZh a Pro, y-CH a Pro,
CHiVal), 1.80-1.71 (m, 2H, B-CFHh b Pro, y-CFh b Pro), 1.68-1.62 (m, 1H, B-CH Tle), 1.31-1.23
(m, 1H, y-CH, a Ile), 0.97-0.91 (m, 1H, y-C#; b Tle), 0.89 (d, 3H, 7= 6.8 Hz, y-CF;a Val), 0.87
(d, 3H, J= 6.8 Hz, y-CI£ b Val), 0.8 (d, 3H, J= 6.4 Hz, CIF a iVal), 0.78 (d, 3H, J= 6.6 Hz,
CIE bival), 0.74 (t, 3H, J=7.5 Hz, 5-CFE 1le), 0.72 (d, 3H, J= 6.8 Hz, y-CFE Ile).

BC-NMR (DMSO-d;, 151 MHz): 8¢ [ppm] = 171.4 (€O iVal), 171.0 (€O Pro), 170.9 (CO His),
170.8 (€O Tle), 169.7 (€O Val), 138.9 (Y-Cyuart Phe), 134.5 (£-(Hyyon His), 133.0% (Y- Clyare His),
129.1, 128.0, 125.8 (8- CHyom Phe), 116.9% (8-CH,,, His), 61.8 (CH,OH Phe), 59.5 (a-CH Pro),
56.3 (a-CH Tle), 55.9 (a-CH Val), 52.6 (a-CH His), 52.2 (&-CH Phe), 47.0 (5-CH,N Pro), 44.5
(CH, iVal), 36.8 (B-CH Tle), 36.3 (B-CH, a Phe), 29.8 (B-CH Val), 29.7 (B-CH, a His), 29.1 (B-
(1, Pro), 25.5 (CH iVal), 24.4 (y-CH, Pro), 24.0 (y-(H, a Tle), 22.2 (C(H; a iVal), 22.1 (CH; b
ival), 19.1 (y-(Hza Val), 18.4 (y-CH;b Val), 15.3 (y-(H; Tle), 11.0 (5-CH; Tle).
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Additional found signals: &y [ppm] = 8.15 (FA), 3.17 (MeOH), 2.54 (DMSO). £-N/ His was not
observed. 8¢ [ppm] =/

UHR-MS (ESI-TOF) mvZz caled for C3sHssN7Og: 682.4287 [M+H]*; found: 682.4290 [M+H]*

Specific rotation [q3! = -41.7° (c = 1.20, CH;OH)

(8)- N=((:8)-1-hydroxy-3-phenylpropan-2-y1)-1-((2-phenylacetyl)-D-histidyl-L-isoleucyl-L-
valyl)pyrrolidine-2-carboxamide (4)
To a solution of peptide 11 (160.0 mg,
©\: 0 o 0 0.2192 mmol) in anhydrous MeOH (20 mL) was
H°V\u%)§/\“mjiknﬁh© added thiony! chloride (24.0 pL, 0.329 mmol) at
° HNR( ° 0 °C. The mixture was stirred under a gentle reflux
i e for 3 h and then concenirated 7z vacuo. The crude
was suspended in anhydrous THF and cooled to
0°C. LiBH, (19.4 mg, 0.891 mmol) was added and the reaction was stirred at room temperature.
The reaction progress was monitored using LC-MS and after 2.5h more LiBH, (9.3 mg,
0.43 mmol) was added at O "C. After a total of 5.5 h the reaction was quenched using sat. NH,C1
solution. Water was added until all formed salts were dissolved. The layers were separated and the
aqueous layer was extracted with ethyl acetate three times. The combined organic phases were
washed once with brine, dried over MgSOy, filtered and the solvent was evaporated under reduced
pressure. Purification of the crude product using semi preparative HPLC (5-40-95% AcCN + 0.1%
FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 2 mL./min) yielded 4 as a
colorless solid (45.1 mg, 0.0630 mmol, 25% over 2 steps).

IH-NMR (DMSO-dj, 600 MHz): 8y [ppm] = 8.27 (d, 1H, J= 7.9 Hz, NH His), 7.95 (d, 1H, J=
8.3 Hz, NH Val), 7.75 (d, 1H, 7= 8.8 Hz, NHle), 7.53 (s, 1H, £-CHyopn His), 7.50 (d, 1H, J=
8.4 Hz, NHPhe), 7.27-7.14 (m, 10H, 8-C Hyon Phe, CHyom PA), 6.77 (s, 1H, 8-CH,,,, His), 4.59
(ddd, 1H, J=7.9,7.9, 6.6 Hz, a-CHHis), 4.27 (dd, 1H, J= 8.1, 8.1 Hz, a-CH Val), 4.27 (dd, 1H,
J=8.1,3.9 Hz, a-CHPro), 4.21 (dd, 1H, /= 8.6, 7.2 Hz, a-CHTle), 3.87-3.80 (m, 1H, a-CHPhe),
3.74-3.69 (m, 1H, 5-C 5N a Pro), 3.57-3.51 (m, 1H, 8-CHENb Pro), 3.45 (d, 1H, J=13.9 Hz, CFh
aPA), 3.42 (d, 1H, J= 14.1 Hz, CE5 b PA), 3.27 (1, 2H, J= 5.4 Hz, CH>OH Phe), 2.90 (dd, 1H, J
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= 14.6, 6.1 Hz, B-CIb a His), 2.79 (dd, 1H, J= 135, 6.3 Hz, B-CFh a Phe), 2.75 (dd, 1H, J=14.4,
7.8 Hz, B-CFH: b His), 2.68 (dd, 1H, J= 13.8, 7.2 Hz, B-CH, b Phe), 2.02-1.95 (m, 1H, B-CH Val),
1.94-1.89 (m, 1H, B-CFh a Pro), 1.89-1.82 (m, 1H, y-CFh a Pro), 1.80-1.75 (m, 1H, y-C£5 b Pro),
1.75-1.70 (m, 1H, B-CZh b Pro), 1.68-1.61 (m, 1H, B-CHTle), 1.27-1.19 (m, 1H, y-CI5 a Tle),
0.93-0.81 (m, 11, y-CZh b Tle), 0.89 (d, 3H, J= 6.8 Hz, y-Ch a Val), 0.87 (d, 3H, J= 6.8 Hz, y-
CHsb Val), 0.72 (t, 3H, J=7.4 Hz, 5-CH; lle), 0.69 (d, 3H, J="7.2 Hz, y-CH; Le).

BC-NMR (DMSO-d;, 151 MHz): 8¢ [ppm] = 171.0 (€O Pro), 170.82 (€O Ile), 170.75 (€O His),
169.9 (€O PA), 169.7 (€O Val), 138.9 (Y-Cyar Phe), 136.2 (Cpuan PA), 134.5 (£-(Hyop His),
129.1, 129.0, 128.0, 126.2, 125.8 (8-(Hyom Phe, (Hyom PA), 61.8 ((H,OH Phe), 59.5 (a-CH
Pro), 56.4 (a-CH Tle), 55.9 (a-CH Val), 52.9 (a-CH His), 52.2 (a-CH Phe), 47.0 (5-(ILN Pro),
42.0 (CH, PA), 36.7 (B-(H Ile), 36.3 (B-CH, Phe), 30.1 (weak, B- CH, His), 29.7 (B-CH Val), 29.1
(B-(H, Pro), 24.4 (y-CH, Pro), 23.9 (y-CH, Tle), 19.1 (y-CHza Val), 18.5 (y-CHzb Val), 15.3 (y-
(L Tle), 11.0 (3-CH; Tle).

Additional found signals: &y [ppm] = 8.15 (FA), 3.17 (MeOH), 2.54 (DMSO). e-NA His was not
observed. 8¢ [ppm] = 40.4 (DMSO).

UHR-MS (ESI-TOF) m/zcaled for C3sHs4N;Og: 716.4130 [M+H]*; found: 716.4121 [M+H]*

Specific rotation [0(]2131 =-102.2" (¢ = 2.03, CH;0H)

(2R/8)-1-((3-methylbutanoyl)-D-histidyl-L-valyl-L-valyl)- N=((.$)-1-ox0-3-phenylpropan-
2-yDpyrrolidine-2-carboxamide (15)
The alcohol 12 (57.9mg, 0.0867 mmol) was
il - \/ T suspended in anhydrous DCM and DMP (15% in
W N\I(\”)K:/NW DCM, 540 L, 0.260 mmol) was added. The mi
4 g ° - 5 ul, 0. mmol) was added. The mixture
HN/§N( was stirred at room temperature and the reaction
\F

e progress was monitored by UHR-MS. After 2h
more DMP was added (90.0 pL, 0.130 mmol). The reaction was quenched with MeOH after 3 h
and concentrated 7n vacuo. Purification of the crude product using semi preparative HPLC (5-35-

95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate:
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2 mL/min) yielded 15 as a colorless solid (100% pure: 19.3 mg, 0.0289 mmol; 95% pure: 32.8 mg,
0.0469 mmol, calculated total yield: 87%).

IH-NMR (DMSO- s, 600 MHz): 8y [ppm] = 9.47 (s, 0.4H, CHO Phe), 9.41 (s, 0.2H, CHO Phe),
8.36 (d, 0.4H, J=7.5 Hz, NHPhe), 8.34 (d, 0.2H, J="7.2 Hz, NH Phe), 8.01-7.94 (m, 2H, N/ Val
1, NHHis), 7.68-7.61 (m, 1H, NH Val 2), 7.51 (s, 1H, €-C Hyon, His), 7.30-7.10 (m, 5H, CHyom
Phe), 6.77 (s, 1H, 8-C Hyor, His), 4.62-4.56 (m, 1H, a-CHHis), 4.33-4.25 (m, 2 H, a-CHPhe, o-
CHPro, a-CHVal 1), 425-4.15 (m, 2 H, «-CHPhe, a-CH Val 2), 3.78-3.72 (m, 1H, 5-CHNa
Pro), 3.57-3.47 (m, 1H, 5-CE5N b Pro), 3.15-3.07 (m, 1H, B-C £ Phe), 2.93-2.82 (m, 2H, B-CFh
a Phe, B-CH a His), 2.78-2.69 (m, 2H, B-CFh b Phe, B-CFh b His), 2.04-1.84 (m, 7H, B-CZ5 Pro,
y-CH Pro, B-CH Val 1, B-CH Val 2, CH, iVal, CHiVal), 1.84-1.71 (m, 2H, B-CZ5 Pro, y-CIh
Pro), 1.58-1.52 (m, 1H, B-C£h Pro, y-CF5 Pro), 0.89 (d, 3H, J= 6.8 Hz, y-CHsa Val 1), 0.87 (d,
3H, J= 6.6 Hz, y-CH5b Val 1), 0.82 (d, 3H, J= 6.4 Hz, CI aiVal), 0.78 (d, 3H, J= 6.2 Hz, CI%
biVal), 0.75-0.68 (m, 6H, y-CI a+b Val 2).

BC-NMR (DMSO-d;, 151 MHz): 8¢ [ppm] = 200.3 (CHO Phe), 172.1, 172.0 (€O Pro), 171.4
(€O iVal), 171.0 (€O His), 170.6 (€O Val 2), 169.62, 169.59 (CO Val 1), 137.62, 137.60 (Y- Cypart
Phe), 134.5 (weak, &-CHyo His), 129.3, 129.2, 128.8, 128.2, 128.1, 127.7, 126.23, 126.18 (8-
(M0 Phe), 59.7, 59.5 (a-CH Phe), 59.1, 59.0 (a-CH Pro), 56.9 (a-CH Val 2), 55.8 (a-CH Val
1), 52.7 (a-CH His), 47.0 (3-CH;N Pro), 44.4 (CH, iVal), 33.5, 33.3 (B-CH, Phe), 30.65, 30.60
(B-(H Val 2), 29.8 (B-(H, His), 29.7 (B-CH Val 1), 29.3 (B-CH, Pro), 25.4 (CH iVal), 24.5, 24.4
(y-CH, Pro), 22.2 (CH; a iVal), 22.1 ((H; b iVal), 19.0 (y-CHs a Val 1, y-CH; a Val 2), 18.44,
18.40 (y-CH;b Val 1), 17.6 (y-CH; b Val 2).

Additional found signals: Oy [ppm] = 8.18 (FA), 3.17 (MeOH). £-NA His was not observed.
Oc [ppm] =/, ¥-Cyuare His, 8- (o His were not observed.

Due to racemization of the phenylalanine aldehyde, some chemical shifts appear as a double set.
UHR-MS (ESI-TOF) m/z caled for C3sHs,N;Og: 666.3974 [M+H]*; found: 666.3976 [M+H]*

Specific rotation [G]ZDl =--37.5 (c = 0.80, CH;0OH)
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(2RI S)-N-((.5)-1-ox0-3-phenylpropan-2-yl)- 1-((2-phenylacetyl)- D-histidyl-L-valyl-1.-
valyl)pyrrolidine-2-carboxamide (16)
The alcohol 13 (14.8 mg, 0.0211 mmol) was
%N%&H%LH suspended in anhydrous DCM and DMP (15% in
g ™ s 2 2 m DCM, 131 uL, 0.0632 mmol) was added. The
""“/\j mixture was stirred at room temperature and the
1 reaction progress was monitored by UHR-MS.
The reaction was quenched with MeOH after 2 h and concentrated 7r vacuo. Purification of the
crude product using semi preparative HPLC (5-45-95% AcCN + 0.1% FA, NUCLEODUR® C18
Gravity SB, 3 um, 250 x 10 mm, flow rate: 2 mL/min) yielded 16 as a colorless solid (12.7 mg,
0.0181 mmol, 86%).

IH-NMR (DMSO-ds, 600 MHz): 831 [ppm] = 9.46 (s, 0.2H, CHO Phe), 9.41 (s, 0.3H, CHO Phe),
8.36 (d, 0.3H, J=17.5 Hz, NI Phe), 8.34 (d, 0.3H, J= 6.8 Hz, NAPhe), 8.28 (d, 1H, J= 8.1 Hz,
NAHis), 7.95 (dd, 1H, J= 8.4, 8.4 Hz, NH Val 1), 7.76-7.71 (m, 1H, NH Val 2), 7.50 (s, 1H, €-
C Hyom His), 7.30-7.12 (m, 10H, 8-C Hyzom Phe, CHyom PA), 6.76 (s, 1H, 8-C Hyor His), 4.62-4.56
(m, 1H, a-CHHis), 4.35-4.23 (m, 2 H, a-CHPro, a-CHVal 1, a-CHPhe), 4.23-4.15 (m, 2 H, a-
CHPhe, a-CHVal 2), 3.80-3.70 (m, 2H, 8-CI5N a Pro), 3.59-3.47 (m, 4H, 5-CHN b Pro), 3.46
(d, 2H, J=13.9 Hz, CH, a PA), 3.42 (d, 2H, J= 14.1 Hz, CIh b PA), 3.15-3.06 (m, 1H, B-CFh
Phe), 2.94-2.82 (m, 2H, B-C £ His, B-C Phe), 2.79-2.71 (m, 2H, B-CH:; His, B-CF5 Phe), 2.04-
1.84 (m, 4H, B-CHVal 1, B-CHVal 2, y-CF a Pro, B-C £ a Pro), 1.84-1.69 (m, 2H, y-CF b Pro,
B-CIhb Pro), 1.58-1.50 (m, 1H, y-C £ b Pro, B-C % b Pro), 0.94-0.80 (m, 6H, y-CI# Val 1), 0.75-
0.63 (m, 6H, y-CZ£ Val 2).

BBC-NMR (DMSO-d;, 151 MHz): 8¢ [ppm] = 200.3 (CHO Phe), 172.1, 172.0, 170.9, 170.7, 169.7,
169.6 ((Vcathony)s 169.9 (CO PA), 137.6 (Y-Cyuar Phe), 136.2 (Cypare PA), 134.5 (€- (Hyom His),
129.3, 129.2, 129.0, 128.6, 128.2, 128.1, 128.0, 126.25, 126.20, 126.17 (o Phe, (Hyom PA),
59.7,59.5 (a-CH Phe), 59.1, 59.0 (0-CH Pro), 57.1 (0-CH Val 2), 55.8 (a-CH Val 1), 52.9 (a-(1
His), 47.0 (5- (LN Pro), 42.0 (€1, PA), 33.5, 33.3 (B-CH, Phe), 30.0% (B-(11, His), 30.6, 30.5
(B-(H Val 2), 29.7 (B-(H Val 1), 29.3 (B-(H, Pro), 24.5, 24.4 (y-CH, Pr0),19.0 (y-CH; a Val 2),
18.49 (y-CH;a Val 1), 18.46 (y-(H;b Val 1), 17.6 (y-CH; b Val 2).
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Additional found signals: 8y [ppm] = 8.19 (FA), Broad peak between 4.00 to 2.59 (H,0), 3.17
(MeOH), e-NH His was not observed. 8¢ [ppm] = 163.4 (FA), Y-Cnar His, 8-CHyy,p,, His were not

observed.

Due to racemization of the phenylalanine aldehyde, some chemical shifts appear as a double set

and some integrals aren’t accurate due to the broad peak of 8y = 4.00 to 2.59 ppm.

The carbonyl signals 172.1, 172.0, 170.9, 170.7, 169.7, 169.6 were not distinguishable using
HMBC data.

UHR-MS (ESI-TOF) 1127z caled for C3gHsnN7Og: 700.3817 [M+H]*; found: 700.3820 [M+H]*

Specific rotation [0(]2131 =-66.7" (¢ = 0.75, CH;0OH)

(2RIS)-1-((3-methylbutanoyl)-D-histidyl-L-isoleucyl-L-valyl)- N-((.$)-1-ox 0-3-
phenylpropan-2-yl)pyrrolidine-2-carboxamide (2)
Alcohol 14 (19.7 mg, 0.0289 mmol) was suspended
g i A in anhydrous DCM and DMP (15% in DCM,
TN ‘””J\/NW 180 ., 0.0867 mmol dded. The mi
s bomo I ul, O. mmol) was added. The mixture was
HN/\j stirred at room temperature and the reaction progress

2 was monitored by UHR-MS. The reaction was
quenched with MeOH after 2 h and concentrated 7z vacuo. Purification of the crude product using
semi preparative HPLC (5-45-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 pm,

250 x 10 mm, flow rate: 2 mL/min) yielded 2 as a colorless solid (12.1 mg, 0.0178 mmol, 62%).

IH-NMR (DMSO-ds, 600 MHz): 8y [ppm] = 9.47 (s, 0.2H, CHO Phe), 9.41 (s, 0.2H, CHO Phe),
8.36 (d, 0.2H, J= 7.7 Hz, NH Phe), 8.34 (d, 0.2H, 7= 7.0 Hz, NH Phe), 8.00-7.94 (m, 2H, NH
Val, N/ His), 7.69-7.63 (m, 1H, NHTle), 7.50 (s, 1H, £-C Hypor His), 7.29-7.12 (m, SH, 8-C Hyom
Phe), 6.76 (s, 1H, 8-C Hy,,, His), 4.61-4.55 (m, 1H, a-C F/His), 4.35-4.24 (m, 2, a-C H Phe, a-
CHVal, a-CHPro), 4.24-4.16 (m, 2H, a-CHPhe, a-CH Tle), 3.78-3.68 (m, 1H, 8-CIEN a Pro),
3.57-3.47 (m, 1H, 8-CIEN b Pro), 3.15-3.07 (m, 1H, B-CFh Phe), 2.91-2.83 (m, 2H, B-CF; Phe,
B-CFhaHis), 2.78-2.69 (m, 2H, B-C I Phe, B-C 5 b His), 2.02-1.83 (m, SH, B-CH Val, CI iVal,
CHiVal, B-CHa Pro, y-CH, a Pro), 1.83-1.70 (m, 2H, B-CH; b Pro, y-CH; b Pro), 1.70-1.60 (m,
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2H, B-CHle), 1.60-1.51 (m, 1H, B-CFh Pro), 1.30-1.22 (m, 1H, y-CFh a Ile), 0.98-0.90 (m, 1H,
y-CHL b Ile), 0.90-0.84 (m, 6H, y-CFE Val), 0.81 (d, 3H, J= 6.4 Hz, CFE aiVal), 0.78 (d, 3H, J=
6.4 Hz, CH; biVal), 0.76-0.67 (m, 6H, 8-C £ Tle, y-CI# Ile).

BC-NMR (DMSO-ds, 151 MHz): 8¢ [ppm] = 200.3 (CHO Phe), 172.1, 172.0 (CO Pro), 171.4
(€O iVal), 170.9 (€O His), 170.7 (€O Tle), 169.58, 169.55 (€O Val), 137.6 (Y-Cyuan Phe), 134.5
(€-CHagom His), 134.2 (Y-Ciuan His), 129.3, 129.2, 129.1, 128.9, 128.2, 128.1, 126.24, 126.19 (5-
(Hazom Phe), 59.7, 59.5 (a-CH Phe), 59.1, 59.0 (a-CH Pro), 56.32, 56.29 (a-CH Ile), 55.7 (a-CH
Val), 52.7 (a-CH His), 47.00, 46.96 (5-CH,N Pro), 44.5, (CH, iVal), 36.9, 36.8 (B-(H Ile), 33.6,
33.3 (B-(1; Phe), 29.9% (B- (T, His), 29.7 (B-CH Val),29.31, 29.28 (B-(1, Pro), 25.5 (CHiVal),
24.44,24.38 (Y- CH, Pro), 24.0 (y-CH, Tle), 22.2 (CH; aiVal), 22.1 (CH; biVal), 19.03, 19.00 (y-
(Hsa Val), 18.45, 18.41 (y-CH; b Val), 15.2 (y-CH; Ile), 11.0 (5-CH, Ile).

Additional found signals: 8y [ppm] = 8.19 (FA), 3.17 (MeOH), e-NA His was not observed. 8¢
[ppm] = &- CHyy,p His was not observed.

Due to racemization of the phenylalanine aldehyde, some chemical shifts appear as a double set.
UHR-MS (ESI-TOF) m/%Z caled for C3sHsyN;Og: 680.4130 [M+H]*; found: 680.4128 [M+H]*

Specific rotation [G]ZDl =-90.4" (c = 0.83, CH;0H)

(2RI S)-N-((.S)-1-ox0-3-phenylpropan-2-y1)-1-((2-phenylacetyl)- D-histidyl-L-isoleucyl-L-
valyl)pyrrolidine-2-carboxamide (3)
To a solution of alcohol 4 (36.9 mg,
%N 0 N o HWP)LH 0.0515 mmol) in anhydrous DCM DMP (15% in
5 H%))j/\ a k : m DCM, 321 uL, 0.155 mmol) was added. The
HN/\jN( mixture was stirred at room temperature and the
: reaction progress was monitored by UHR-MS.
The reaction was quenched with MeOH after 2 h and concentrated 7z vacuo. Purification of the
crude product using semi preparative HPLC (5-45-95% AcCN + 0.1% FA, NUCLEODUR® C18
Gravity SB, 3 um, 250 x 10 mm, flow rate: 2 mI/min) yielded 3 as a colorless solid (24.5 mg,
0.0343 mmol, 67%).
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IH-NMR (DMSO-d;, 600 MHz): 8y [ppm] = 9.47 (s, 0.2H, CHO Phe), 9.41 (s, 0.2H, CHO Phe),
8.36 (d, 0.25H, J=7.7 Hz, NHPhe), 8.34 (d, 0.25H, J=7.7 Hz, NHPhe), 8.26 (d, 1H, /= 8.1 Hz,
NAHHis), 7.95 (t, 1H, J= 9.0 Hz, NH Val), 7.77-7.71 (m, 1H, NHTle), 7.51 (s, 1H, £-C ., His),
7.29-7.13 (m, 10H, 8-CHyom Phe, CHyom PA), 6.76 (s, 1H, §-CHyop, His), 4.62-4.55 (m, 1H, a-
CHHis), 4.33-4.24 (m, 2H, a-CH Val, a-CHPro), 4.24-4.16 (m, 2H, a-CH1le, &-C HPhe), 3.78-
3.68 (m, 1H, 3-CH:N a Pro), 3.57-3.47 (m, 1H, 5-CHN b Pro), 3.45 (d, 1H, J= 14.1 Hz, CHh a
PA), 3.42 (d, 1H, J = 14.1 Hz, CH b PA), 3.15-3.06 (m, 1H, B-CH; Phe), 2.93-2.83 (m, 2H, B-
CH, His, B-CH; Phe), 2.78-2.71 (m, 1H, B-CH: His, B-CHs Phe), 2.02-1.84 (m, 2H, B-CH Val, B-
C#h Pro, y-CIh Pro), 1.84-1.69 (m, 2H, B-CFh Pro, y-C Pro), 1.69-1.59 (m, 1H, B-CH Ile),
1.59-1.51 (m, 1H, B-C 5 Pro), 1.27-1.17 (m, 1H, y-CF% a Tle), 0.94-0.82 (m, 7H, y-C 5 b Ile, y-
CH; Val), 0.75-0.66 (m, 6H, 5-C 5 Tle, y-C 5 Lle).

BC-NMR (DMSO-ds, 151 MHz): 8¢ [ppm] = 200.3 (CHO Phe), 172.1, 172.0 (€O Pro), 170.8
(€O His), 170.7 (€O Tle), 169.9 (€O PA), 169.61, 169.58 (€O Val), 137.6 (Y-Cyan Phe), 136.2
(Cuat PA), 1345 (€-CHopon His), 129.3,129.2, 129.14, 129.09, 129.0, 128.2, 128.1, 128.0, 126.25,
126.20, 126.16 (8-CHyyom Phe, CHyrom PA), 59.5 (a-CH Pro), 59.1, 59.0 (a-CH Phe), 56.40, 56.37
(a-CH Ile), 55.8 (a-CH Val), 52.9 (a-CH His), 47.01, 46.97 (5-CH,N Pro), 42.0 (CH, PA), 36.8,
36.7 (B-CH Tle), 33.5, 33.3 (B-CH, Phe), 30.1* (B-CH, His), 29.7 (B-CH Val), 29.32, 29.29 (B-
(H, Pro), 24.5, 24.4 (y-CH, Pro), 23.9 (y-CH, Ile), 19.03, 19.00 (y-(Hsa Val), 18.5, 18.4 (y- (1L,
b Val), 15.3 (y-CH; Ile)., 11.0 (5-CH; Tle).

Additional found signals: 8y [ppm] = 8.16 (FA), 3.17 (MeOH), £-NH His was not observed.
B¢ [ppm] = 59.7, 48.6 (MeOH), 8- CHgor His and Y- Cyuere His were not observed.

Due to racemization of the phenylalanine aldehyde, some chemical shifts appear as a double set.
UHR-MS (ESI-TOF) 112z caled for C3oHsyN7Og: 714.3974 [M+H]*; found: 714.3974 [M+H]*

Specific rotation [q]le =-74.6" (¢ = 0.67, CH;0H)

NMR spectra
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Figure $10. NMR spectra of 17 in DMSO-d.
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Table S2. NMR data for 17 in DMSO-d; (600 MHz, 151 MHz).

Position 5 13C [ppm] 8 H [ppm]; (m, ], )
L-Proline
COOH 173.1 n.o.
a-CH 58.5 4.17 (dd, 1H, J=8.7, 5.0 Hz)
2.16-2.09 (m, 1H)
B-CH, 28.7
1.85-1.79 (m, 2H, overlay)
1.94-1.85 (m, 2H, overlay)
y-CH, 24.6
1.85-1.79 (m, 2H, overlay)
3.81 (ddd, 1H, /=9.8, 6.4, 6.4 Hz)
O-CHN 46.8
3.56 (ddd, 1H, /= 10.1, 6.4, 6.4 Hz)
L-Valine
CO 169.6 -
NH - 8.05 (d, 1H, /= 8.3 Hz)
a-CH 55.7 4.27 (dd, 1H, J= 9.0, 9.0 Hz)
B-CH 29.8 2.02-1.94 (m, 3H, overlay)
y-CH, 18.8 0.91 (d, 3H, /= 6.8 Hz)
Yy-CH, 18.4 0.88 (d, 3H, /= 6.8 Hz)
L-Isoleucine
CcO 170.7 -
NH & 7.84 (d, 1H, /= 8.8 Hz)
a-CH 56.2 4.25 (dd, 1H, J=9.0, 7.0 Hz)
B-CH 36.9 1.69-1.62 (m, 1H)
1.28-1.20 (m, 1H)
Y-CH, 24.0
0.97-0.92 (m, 1H)
y-CH, 10.9 0.74 (t, 3H, /= 7.4 Hz)
B5-CH, 15.2 0.71 (d, 3H, /= 6.7 Hz)
D-Histidine
CO 169.8 =
NH * 8.15(d, 1H, /= 8.4 Hz)
a-CH 51.3 4.74 (ddd, 1H, /= 8.2, 8.2, 6.6 Hz)
3.06 (dd, 1H, /= 15.1, 6.1 Hz)
B-CH; 27.3
2.86 (dd, 1H, /= 15.1, 8.7 Hz)
Y-Cauart 129.5 -
8-CHpom 116.8 7.35 (3, 1H)
€-CHom 133.7* 8.97 (d, 1H, /=1.1 Hz)
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e-NH
Isovaleroyl
cO

CH,

CH

CH;

CH;

171.7
44.3
254
22.14
22.06

2.02-1.94 (m, 3H, overlay)
1.94-1.85 (m, 2H, overlay)
0.80 (d, 3H, /=6.8 Hz)
0.76 (d, 3H, /= 6.4 Hz)
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H-NMR (DMSO-di, 600 MHz) z
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Figure 811. NMR spectra of 1 in DMSO-d;.
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Table S$3. NMR data for 1 in DMSO-4; (600 MHz, 151 MHz).

Position 5 13C [ppm] 8 H [ppm]; (m, ], )
L-Proline
CONH, 173.4 7.23 (s, 1H), 6.81 (s, 1H)
a-CH 592 4.21 (dd, 1H, J= 8.5, 4.4 Hz)
2.03-1.97 (m, 2H, overlay)
B-CH, 29.3
1.82-1.74 (m, 2H, overlay)
1.94-1.86 (m, 2H, overlay)
y-CH, 24.5
1.82-1.74 (m, 2H, overlay)
3.78-3.73 (m, 1H)
O-CHN 47.0
3.58-3.52 (m, 1H)
L-Valine
CO 169.5 =
NH - 7.99 (d, 1H, /= 8.3 Hz)
a-CH 55.8 4.27 (dd, 1H, J=8.4, 8.4 Hz)
B-CH 29.7 2.03-1.97 (m, 2H, overlay)
y-CH, 19.1 0.90 (d, 1H, /=6.8 Hz)
y-CH, 18.4 0.87 (d, 1H, /=6.7 Hz)
L-Isoleucine
CcO 170.70 -
NH - 7.70 (d, 1H, /=8.8 Hz)
a-CH 56.3 4.23 (dd, 1H, J=8.7, 6.9 Hz)
B-CH 36.9 1.69-1.61 (m, 1H)
1.31-1.22 (m, 1H)
Y-CH, 24.0
0.98-0.91 (m, 1H)
y-CH, 11.0 0.71 (d, 1H, 7=7.0 Hz)
B5-CH, 15.2 0.74 (t, 1H, /=7.4 Hz)
D-Histidine
CO 170.67 -
NH % 8.02 (d, /=8.2Hz)
a-CH 52.3 4.62 (ddd, /=8.3, 8.3, 6.1 Hz)
2.92 (dd, /=14.9, 5.9 Hz)
B-CH; 29.3
2.76 (dd, /=15.1, 8.8 Hz)
Y-Cauart 132.3, weak -
8-CHpom 117.0, weak 6.90 (s, 1H)
€-CH,pom 134.3, weak 7.86 (s, 1H)

S44



€-NH
Isovaleroyl
Cco

CH,

CH

CH;

CH;

1715
a4.4
25.5
272
22.1

1.96 (d, J=6.7 Hz)
1.94-1.86 (m, 2H, overlay)
0.81 (d, /=6.5 Hz)
0.78 (d, /=6.5 Hz)
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Figure 8§12. NMR spectra of 8 in DMSO-d;.
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Table S4. NMR data for 8 in DMSO-4; (600 MHz, 151 MHz).

Position 5 13C [ppm] 8 H [ppm]; (m, |, J)
L-Phenylalanine
COOH 172.7 n.o.
NH - 7.98 (d, 1H, /=7.2Hz)
a-CH 53.5 4.38 (ddd, 1H, J=7.6, 7.6, 5.7 Hz)
3.00 (dd, 1H, J=14.2, 5.8 Hz)
B-CH, 36.7
2.92 (dd, 1H, /= 13.8, 7.5 Hz)
Y-Couart 1373 -
CHaom 129.1, 128.1, 126.4 7.28-7.17 (m, SH)
L-Proline
CO 171.4 s
a-CH 59.0 4,36 (dd, 1H, /= 8.3, 3.7 Hz)
2.00-1.93 (m, 4H, overlay)
B-CH; 28.9
1.83-1.75 (m, 2H, overlay)
1.89-1.83 (m, 1H)
¥-CH 4.3 1.83-1.75 (m, 2H, overlay)
3.75 (ddd, 1H, /=9.6,6.9, 6.9 Hz)
5-CH:N 47.0
3.53 (ddd, 1H, /=94, 7.1, 5.6 Hz)
L-Valine 1
cQ 169.7 -
NH = 7.99 (d, 1H, /= 7.9Hz)
a-CH 55.8 4.25 (dd, 1H, /= 8.3, 8.3 Hz)
B-CH 29.7 2.00-1.93 (m, 4H, overlay)
y-CH, 19.0 0.88 (d, 3H, /= 6.8 Hz)
y-CH, 18.4 0.86 (d, 3H, /= 6.4 Hz)
L-Valine 2
CcO 170.6 -
NH = 7.69 (d, 1H, /=9.0Hz)
a-CH 56.9 4.22(dd, 1H, /=8.9, 6.1 Hz
B-CH 30.7 1.93-1.89 (m, 2H, overlay)
Y-CHs 19.0 0.73 (d, 3H, /= 6.6 Hz)
y-CH, 17.6 0.70 (d, 3H, /= 7.0Hz)
D-Histidine
CcO 170.7 ~
NH - 8.03 (d, 1H, J=8.1Hz)
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a-CH
B-CH,

Y-Cuart
8-CHyom
€-CHpeom
€-NH
Isovaleroyl
(0.0]

CH,

CH

CH;

CH;

K]

29.1, weak

132.2*
117.0*
134.3, weak

171.5
44.4
254
22.2
gl

4.63 (ddd, 1H, J= 8.5, 8.5, 6.0 Hz)
2.94 (dd, 1H, J= 14.6, 6.5 Hz)
2.77 (dd, 1H, 7= 13.8, 7.5 Hz)
6.93 (s, 1H)

7.91 (bs, 1D

n.o.

2.00-1.93 (m, 4H, overlay)
1.93-1.89 (m, 2H, overlay)
0.81 (d, 3H, /= 6.4 Hz)
0.78 (d, 3H, /= 6.6 Hz)
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"H-NMR (DMSO-d;, 600 MHz)
(2-phenylacetyl)-D-histidy- -valyl-L-valyl-L-prolyl-L-phenylalanine (9)
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Figure 813. NMR spectra of 9 in DMSO-d;.
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Table S5. NMR data for 9 in DMSO-d; (600 MHz, 151 MHz).

Position 5 13C [ppm] 8 H [ppm]; (m, |, J)
L-Phenylalanine
COOH 172.7 n.o.
NH = 7.98 (d, 1H, /= 7.2 Hz)
a-CH 53.5 4.39 (ddd, 1H, /= 7.6, 7.6, 6.0 Hz
3.00 (dd, 1H, J=14.1, 5.9 Hz)
B-CH, 36.7
2.92(dd, 1H, /=13.9, 7.7 Hz)
Y-Couan 137.3 .
129.1, 128.9, 128.1,
CHarom 128.1, 12644, 1262 7.28-7.15 (m, 10H, overlay)
L-Proline
CO 171.5 -
a-CH 59.0 4,37 (dd, 1H, /= 8.5, 3.4 Hz)
2.00-1.93 (m, 2H, overlay)
B-CH, 28.9
1.84-1.76 (m, 2H, overlay)
1.89-1.84 (m, 1H)y
e B 1.84-1.76 (m, 2H, overlay)
3.76 (ddd, 1H, /=9.8, 6.8, 6.8 Hz)
3-CHN 47.0
3.54 (ddd, 1H, /=94, 72,54 Hz)
L-Valine 1
CO 169.7 -
NH - 7.97 (d, 1H, /= 7.5 Hz)
a-CH 55.9 4.26 (dd, 1H, /= 8.3, 8.3 Hz)
B-CH 29.8 2.00-1.93 (m, 2H, overlay)
y-CH, 19.0 0.88 (d, 3H, J= 6.6 Hz)
Y-CH, 18.5 0.86 (d, 3H, J= 6.7 Hz)
L-Valine 2
Cco 170.6 -
NH - 7.76 (d, 1H, J= 8.9 Hz)
a-CH 57.0 4.22 (dd, 1H, /=9.0, 6.2 Hz)
B-CH 30.6 1.93-1.89 (m, 1H)
y-CH, 19.0 0.71 (d, 3H, /= 6.8 Hz)
y-CH, 17.6 0.67 (d, 3H, /= 6.7 Hz)
D-Histidine
CcO 170.7 -
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NH s 8.32(d, 1H, /= 8.3 Hz)

a-CH 52.6 4.63 (ddd, 1H, J=17.7,7.7, 6.6 Hz)
B-CH, 29.5 2.79 (dd, 1H, J= 14.8, 8.4 Hz)
Y-Coart 132.3, weak -
5-CHuom 117.0% 6.88 (s, 1H)
£-CHom 1343 7.82 (s, 1H)
€-NH = n.o.
Phenylacetyl
Cco 170.0 -
CH, 5 3.46 (d 1H, /= 14.3 Hz)
342 (d1H, /= 14.2Hz)
Cinad 136.1
CH o 104 1289, 438 L e s (m, 10H, overlay)

128.1, 126.4, 126.2
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Figure 814. NMR spectra of 10 in DMSO-d;.
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Table S6. NMR data for 10 in DMSO-d; (600 MHz, 151 MHz).

Position 8 13C [ppm] 3 H [ppm]; (m, |, )
L-Phenylalanine
COOH 172.7 n.o.
NH = 7.98 (d, 1H, J= 7.7 Hz)
a-CH 53.5 4.39 (ddd, 1H, J="7.3, 7.3, 6.2 Hz)
3.00 (dd, 1H, /= 13.9, 5.9 Hz)
B-CH, 36.7
292 dd LH, 7= 13.9, 7.9 Hay
Y-Copuart 137.3 -
CHarom 129.1, 128.1, 126.4 7.28-7.18 (m, SH)
L-Proline
co 171.4 -
a-CH 59.0 4.36 (dd, 1H, /= 8.3, 3.9 Hz)
2.00-1.92 (m, 4H, overlay)
B-CH, 28.9
1.83-1.75 (m, 2H, overlay)
1.92-1.83 (m, 2H, overlay)
Yy-CH, 24.3
1.83-1.75 (m, 2H, overlay)
3.77-3.71 (m, 1H)
3-CH:N 47.0
3.56-3.51 (m, 1H)
L-Valine
CcO 169.6 -
NH = 8.00 (d, 1H, /= 8.4 Hz)
a-CH 55.8 4.26 (dd, 1H, /= 8.3, 8.3 Hz)
B-CH 29.8 2.00-1.92 (m, 4H, overlay)
y-CH, 19.0 0.87 (d, 3H, J= 6.8 Hz)
y-CH, 18.4 0.85(d, 3H, /=64 Hz)
L-Isoleucine
Cco 170.7 -
NH = 7.73(d, 1H, J=9.2 Hz)
a-CH 56.2 4.24 (dd, 1H, /= 8.5, 7.5 Hz)
B-CH 36.9 1.69-1.62 (m, 1H)
1.29-1.22 (m, 1H)
y-CH, 24.0
0.97-0.89 (m, 1H)
y-CH, 15.2 0.71 (d, 3H, J=7.0 Hz)
5-CH; 11.0 0.74 (t, 3H, /=74 Hz)

D-Histidine
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8-CHpom
€-CHarom
€-NH His
Isovaleroyl
CcO

CH;

CH

CH;3

CH,3

131.3
116.9
134.1

171.5
44.4
254
222
221

8.06 (d, 1H, /= 8.1 Hz)

4.66 (ddd, 1H, 7=8.1, 8.1, 6.5 Hz)
2.97 (dd, 1H, J=15.3, 6.3 Hz)
2.79 (dd, 1H, J= 15.0, 8.6 Hz)
7.05 (s, 1H)

8.23 (s, 1H)

n.o.

2.00-1.92 (m, 4H, overlay)
1.92-1.83 (m, 2H, overlay)
0.81 (d, 3H, J=6.6 Hz)
0.78 (d, 3H, /= 6.6 Hz)
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(2-phenytacetyl)-D-histidyl- -isoleucyl-L-valyl-L-prolyl-L-phenylalanine (11)
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Figure 815. NMR spectra of 11 in DMSO-4;.
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Table §7. NMR data for 11 in DMSO-d; (600 MHz, 151 MHz).

Position 8 13C [ppm] 8 H [ppm]; (m, |, J)
L-Phenylalanine
COOH 172.7 n.o.
NH 7.99 (d, 1H, /=7.5Hz)
a-CH 53.5 4.39 (ddd, 1H, /=7.8, 7.8, 5.9 Hz)
B-CH; 36.7 2.92:(dd, 1H,J= 139, 7.9 Hz)
Y-Couart 13733 -
12901, 1989128 1,
CHarom 7.28-7.13 (m, 10H, overlay)
128.0, 126.4, 126.2
L-Proline
CO 171.4 s
a-CH 59.0 4,37 (dd, 1H, J=8.7, 4.1l Hz)
2.00-1.92 (m, 2H, overlay)
B-CH; 28.9
1.84-1.75 (m, 2H, overlay)
1.90-1.84 (m, 1H)
Y-CH, 24.3
1.84-1.75 (m, 2H, overlay)
5:.78-3.72 (m, 1H)
5-CH:N 47.0
3.57-3.51 (m, 1H)
L-Valine
cQ 169.7 -
NH = 7.98 (d, 1H, /= 8.0 Hz)
a-CH 55.8 4.27 (dd, 1H, /= 8.3, 8.3 Hz)
B-CH 29.7 2.00-1.92 (m, 2H, overlay)
y-CH, 19.0 0.88 (d, 3H, /= 6.4 Hz)
y-CH, 18.5 0.86 (d, 3H, /= 6.6 Hz)
L-Isoleucine
CcO 170.6 -
NH = 7.82 (d, 1H, /=8.6Hz)
a-CH 56.3 4.23 (dd, 1H, J=8.8, 7.0 Hz)
B-CH 36.8 1.68-1.61 (m, 1H)
1.26-1.18 (m, 1H)
y-CH, 239
0.94-0.82 (m, 1H)
y¥-CH, 152 0.70 (d, 3H, /= 7.0Hz)
B5-CH, 11.0 0.73 (t, 3H, /=74 Hz)

D-Histidine
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CcO 170.2 -

NH = 8.35(d, lH, /=8.1 Hz)
a-CH 52.2 4.66 (ddd, 1H, /= 8.2, 8.2, 6.4 Hz)
2.98 (dd, 1H, /= 14.5, 5.9 Hz)
B-CH, 28.8
2.82 (dd, 1H, J=14.9, 8.3 Hz)
Y-Coart 131.3* -
B-CHarom 116.8 7.02 (s, 1H)
E€-CH,vom. 134.1 8.20 (s, 1H)
€-NH n.o.
Phenylacetyl
CO 170.1
3.45(d, 1H, /= 14.2 Hz)
CH, 42.0
3.42(d, 1H, J=14.2 Hz)
Ciiat 136.1
129:1, 1289, 128.1;
CHarom 7.28-7.13 (m, 10H, overlay)

128.0, 126.4, 1262
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Figure 816. NMR spectra of 12 in DMSO-4;.
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Table S8. NMR data for 12 in DMSO-d; (600 MHz, 151 MHz).

Position 3 13C [ppm] & ™ [ppml; (m, |, /)
L-Phenylalaninol
CH,OH 61.8 3.27(t,2H, /=52 Hz)
NH = 7.51(d, 1H, /=6.1 Hz)
a-CH 522 3.87-3.80 (m, 1H)
2.79 (dd, 1H, J=13.7, 6.5 Hz)
B-CH 36.3
2.68 (dd, 1H, J=13.7, 7.1 Hz)
Y-Couart 138.9 -
CHun 129.1, 128.0, 125.8 7.27-7.14 (m, 5H)
L-Proline
CcO 171.1 -
a-CH 59.5 4.30-4.25(m, 2H, overlay)
1.97-1.84 (m, 4H, overlay)
B-CH; 29.1
1.76-1.71 (m, 1H)
1.97-1.84 (m, 4H, overlay)
¥-CHa 24 1.81-1.76 (m, 1H)
3.76-7.70 (m, 1H)
8-CH,N 47.0
3.57-3.51 (m, 1H)
L-Valine 1
CcO 169.7 -
NH - 7.98 (d, 1H, /=7.9Hz)
a-CH 580 4.30-4.25(m, 2H, overlay)
B-CH 29.7 2.03-1.97 (m, 1H)
Y-CHs 19.1 0.90 (d, 3H, /= 6.8 Hz)
Y-CH, 18.4 0.88 (d, 3H, /= 6.6 Hz)
L-Valine 2
(e.0] 170.7 -
NH - 7.66 (d, 1H, /= 9.2 Hz)
a-CH &0 4.23 (dd, 1H, J= 8.2, 6.8 Hz)
B-CH 30.6 1.97-1.84 (m, 4H, overlay)
y-CH, 19.0 0.73 (d, 3H, /= 6.8 Hz)
Y-CH, 17.6 0.70 (d, 3H, /= 6.8 Hz)
D-Histidine
CcoO 171.1 -
NH - 7.98 (d, 1H, /= 7.9Hz)

559

172



173

a-CH
B-CH,

¥-Copuat
5-CHaom
€-CHurom.
€-NH
Isovaleroyl
Co

CH,

CH

CH;

CH;

529
29.8%

n.0.
n.0.

134.5, weak

171.4
44.5
254
222
2.1

4.59 (ddd, 1H, /= 7.9, 7.9, 6.4 Hz)
2.90 (dd, 1H, /= 14.9, 5.9 Hz)
2.73 (dd, 1H, J= 14.8, 8.9 Hz)
6.77 (s, 1H)

7.51 (s, 1H)

n.0.

1.96(d, 2H, /=66 Hz}
1.97-1.84 (m, 4H, overlay)
0.81 (d, 3H, /= 6.4 Hz)
0.78 (d, 3H, /=6.2 Hz)
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Figure 817. NMR spectra of 13 in DMSO-4;.
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Table §9. NMR data for 13 in DMSO-d; (600 MHz, 151 MHz).

Position 8 13C [ppm] 3 H [ppm]; (m, |, J)
L-Phenylalaninol
CH,OH 61.8 3.28 (t, 2H, /=5.0 Hz)
NH = 7.51 (d, 1H, /= 8.4 Hz)
a-CH 52:2 3.87-3.80 (m, 1H)
2.79 (dd, 1H, J=13.4, 6.2 Hz)
B-CH 36.3
2.68 (dd, 1H, J=13.8, 7.1 Hz)
¥-Cquart 138.9 -
129.1, 129.0, 128.0,
CHarom 7.27-7.14 (m, 10H, overlay)
126.2,125.8
L-Proline
CO 171.1 -
a-CH 59.5 4.29-4.25 (m, 2H, overlay)
1.95-1.84 (m, 3H, overlay)
B-CH; 29.1
1.80-1.71 (m, 2H, overlay)
1.95-1.84 (m, 3H, overlay)
y-CH, 24.4
1.80-1.71 (m, 2H, overlay)
3.76-3.70 (m, 1H)
O-CHN 47.0
3.57-3.52 (m, 1H)
L-Valine 1
CO 169.8 -
NH - 7.96 (d, 1H, /= 8.1 Hz)
o-CH 56.0 4.29-4.25 (m, 2H, overlay)
B-CH 29.7 2.03-1.95 (m, 1H)
Y-CH, 19.1 0.90 (d, 3H, /= 6.8 Hz)
Y-CH, 18.5 0.88 (d, 3H, /= 6.8 Hz)
L-Valine 2
Cco 170.7 -
NH - 7.75 (d, 1H, J= 9.7 Hz)
a-CH 571 4.22 (dd, 1H, J= 9.0, 6.2 Hz)
B-CH 30.5 1.95-1.84 (m, 3H, overlay)
y-CH, 19.0 0.71 (d, 3H, /= 7.0 Hz)
Yy-CH, 17.6 0.67 (d, 3H, /= 6.8 Hz)
D-Histidine
CO 170.9 -
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a-CH
B-CH,
¥-Cpant
8-CHaoom
€-CHyrom.
€-NH
Phenylacetyl
Cco

CH,

Copat
CHarom

132:.9%
117.0*
134.5

170.0
42.0

136.2
129.1, 129.0, 128.0,
1262, 125.8

8.29 (d, 1H, /= 7.9 Hz)

4.60 (ddd, 1H, /= 7.9, 7.9, 6.6 Hz)
2.92 (dd, 1H, J=14.7, 6.2 Hz)
2.77 (dd, 1H, J=14.2, 8.7 Hz)
6.79 (s, 1H)

7.57 (s, 1H)

n.o.

3.46 (d 1H, /= 14.1 Hz)
3.42 (d 1H, /= 14.3 Hz)

7.27-7.14 (m, 10H, overlay)
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'H-NMR (DMSO-ds, 600 MHz)

MBS
—M758

(S)-N-((S)-1-hydroxy-3-phenylpropan- 2-yl}-1-{(3-methyl butanoyl)-C- histidyl-L-isoleucyl-L-valy)pyrrolidine-2-carboxamide (14) L
8k §= = g 8HFEAR [
O] v ww¥noOen L
g5s 22 = £ sssssss
Vit hll"‘u‘l r
Lw
o a

58HEE
EreEg

— 1385
— 13446

I

(8)-N-((5)-1-hydroxy-3-phenylpropan- 2-yl)- 1-((3-methylbutanoyl)-C-histidyl-L-isoleucyl-L-valyl )pyrrolidine-2-carboxamide (14)

B L |
HIC-NMR (DMSO-ds, 151 MHz) : E

T
o [ppm]

Figure 8$18. NMR spectra of 14 in DMSO-4;.
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Table S10. NMR data for 14 in DMSO-d; (600 MHz, 151 MHz).

Position 3 13C [ppm] & ™ [ppml; (m, |, /)

L-Phenylalaninol

CH,OH 61.8 3.27(t,2H, /=54 Hz)

NH = T.814d, 1H, J=8.3Hz}

a-CH 222 3.87-3.80 (m, 1H)

6-CH, — 2.79 (dd, LH, /= 13.7, 6.5 Hz)
2.68 (dd, 1H, J=13.9, 7.1 Hz)

Y-Couart 138.9 -

CHun 129.1, 128.0, 125.8 7.28-7.14 (m, 5H)

L-Proline

CO 171.0 -

a-CH 59.5 4.26 (dd, 1H, J=8.0, 4.7 Hz)

1.94-1.84 (m, 3H, overlay)
1.80-1.71 (m, 2H, overlay)

1.94-1.84 (m, 3H, overlay)

B-CH, 20.1 E
y-CH, 24.4 E
(
(

1.80-1.71 (m, 2H, overlay)
3.74-3.69 (m, 1H)

5-CH,N 47.0

3.57-3.51 (m, 1H)
L-Valine
CcO 169.7 -
NH - 7.98 (d, 1H, /= 8.3 Hz)
a-CH 55.9 4.28 (dd, 1H, J=17.6, 7.6 Hz)
B-CH 29.8 2.03-1.97 (m, 1H)
Y-CH, 19.1 0.89 (d, 3H, /= 6.8 Hz)
y-CHj 18.4 0.87 (d, 3H, J= 6.8 Hz)
L-Isoleucine
O 170.8 -
NH = 7.6% (d, 1H, /= 9.4 Hz)
a-CH 56.3 4.23 (dd, 1H, J=8.8, 7.0 Hz)
g-cH 36.8 1.68-1.62 (m, 1H)

1.31-1.23 (m, 1H)
¥ al 0.97-0.91 (m, 1H)
Y-CH, 15.3 0.72 (d, 3H, /= 6.8 Hz)
5-CH, 11.0 0.74 (t, 3H, /= 7.5 Hz)

D-Histidine
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8-CHpom
€-CHarom
€-NH
Isovaleroyl
CcO

CH;

CH

CH;3

CH,3

133.0*
116.9%
134.5

171.4
44.5
25.5
222,
22:1

7.98 (d, 1H, /= 8.3 Hz)

4,59 (ddd, 1H, /= 8.0, 8.0, 6.5 Hz)
2.89 (dd, 1H, 7= 14.8, 6.0 Hz)
2.73 (dd, 1H, 7= 14.8, 8.5 Hz)
6.79 (s, 1H)

7.57 (s, 1H)

n.o.

1.95 (d, 2H, /= 6.8 Hz)
1.94-1.84 (m, 3H, overlay)
0.81 (d, 3H, /= 6.4 Hz)
0.78 (d, 3H, /= 6.6 Hz)
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'H-NMR (DMSO-ds, 600 MHz) [ E
(8)-N-((S)-1-hydroxy-3-phenylpropan-2-yl)- 1-((2-phenylacetyl ) D-histidyl-L- isoleucyl-L-valyl) pyrrolidine-2-carboxamide (4) e
sEriitir 2 L
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=
IC-NMR (DMSO-ds, 151 MHz) L&
(S)-N=((S)-1-hydroxy-3-phenylpropan-2-yl)-1-((2-phenylacetyl } D-histidyl-1-isoleucyl-L-valyl pyrrolidine-2-carboxamide (4) |
e 5 8
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Figure S19. NMR spectra of 4 in DMSO-d;.
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Table S11. NMR data for 4 in DMSO-d; (600 MHz, 151 MHz).

Position 8 13C [ppm] 8 H [ppm]; (m, |, J)
L-Phenylalaninol
CH,OH 61.8 3.27 (t,2H, /=54 Hz)
NH - 7.50 (d, 1H, /= 8.4 Hz)
a-CH 822 3.87-3.80 (m, 1H)

2.79(dd, 1H,J= 13:5,%6.3 Hz)
B-CH, 36.3

2.68 (dd, 1H, /= 13.8, 7.2 Hz)
Y-Couart 138.9 -
CHown 129.1, 129.0, 128.0, 727714 (m, 10H 55}

27-7. m, , overla:
126.2, 125.8 %

L-Proline
CO 171.0 ~
a-CH 59.5 4.27 (dd, 1H, J= 8.1, 3.9 Hz)

1.94-1.89 (m, 1H)
B-CH, 29.1

1.75-1.70 (m, 1H)

1.89-1.82 (m, 1H)
y¥-CH; 24.4

1.80-1.75 (m, 1H)

3.74-3.69 (m, 1H)
3-CH:N 47.0

35738 im, TH)
L-Valine
CO 169.7 .
NH = 795, 1H, /=83 Hz}
a-CH B30 4,27 (dd, 1H, J=8.1, 8.1 Hz)
B-CH 29.7 2.02-1.95 (m, 1H)
y-CH, 19.1 0.89 (d, 3H, /= 6.8 Hz)
y-CH, 18.5 0.87 (d, 3H, /= 6.8 Hz)
L-Isoleucine
CO 170.82 =
NH = T754d, 1H,; J=8.8Hz}
a-CH 56.4 4.21 (dd, 1H, J= 8.6, 7.2 Hz)
B-CH 36.7 1.68-1.61 (m, 1H)

1.27-1.19 (m, 1H)
y-CH, 239

0.93-0.81 (m, 1H)
y-CH, 153 0.69 (d, 3H, /= 7.2 Hz)
5-CH;, 11.0 724t 3H, /=74 Hz)
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D-Histidine
cO

NH

a-CH

B-CH;

¥-Copmt
9-CHarom
E-CHarom
€-NH
Phenylacetyl
Cco

CH;

CHerom

30.1, weak

n.o.
n.o.
134.5

169.9
42.0

136.2
129.1, 129.0, 128.0,
126.2, 125.8

8.27 (d, 1H, /= 7.9 Hz)

4.59(ddd, 1H, /= 7.9, 7.9, 6.6 Hz)
2.90 (dd, 1H, 7= 14.6, 6.1 Hz)
2.75 (dd, 1H, 7= 14.4, 7.8 Hz)
6.77 (s, 1H)

7.53 (s, 1H)

n.0.

3.45 (d, 1H, 7= 13.9 Hz)
3.42 (d, 1H, J=14.1 Hz)

7.27-7.14 (m, 10H, overlay)
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"H-NMR (DMSO-ds, 600 MHz)
(2R/S)-1-((3-methylbutanoyl)-C-histidyl--valyl-L-valyl)-A-((S)-1-oxo-3-phenylpropan-2-ylpyrrolidine- 2-carboxamide (15)

5% gae g & F
aa e BEE %

23 2E= 2 2 t

| ]

——MB01
M754

T
15

® k- I - I W - L f

€ 2 o Tppm]
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13C-NMR (DMSO-ds, 151 MHz) LE
(2R/S)-1-((3-methylbutanoyl)-O-histidyk L-val yi-L-valyl)- A-((S)-1 3-phenylpropan- 2-yl)py! 2- (1%5) L
i}
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I
&
T T T T T T T T T T T T T T T T T F
200 150 100 50 o [ppm]

Figure 820. NMR spectra of 15 in DMSO-4;.
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Table S12. NMR data for 15 in DMSO-d; (600 MHz, 151 MHz).

Position 5 13C [ppm] 8 H [ppm]; (m, |, J)
Phenylalaninal
9.47 (s, 0.AH)
CHO 200.3
9.41 (s, 0.2H)
8.36 (d, 0.4H, /=7.5Hz)
NH -
8.34 (d, 0.2H, /=72 Hz)
B R 555 4.33-4.25 (m, 2H, overlay)
4.25-4.15 (m, 2H, overlay)
3.15-3.07 (m, 1H)
B-CH, 33.5 33.3 2.93-2.82 (m, 2H, overlay)
2.78-2.69 (m, 2H, overlay)
¥-Couart 13762 43780 ~
129.3,129.2, 128.8,
CHaom 128.2,128.1,127.7,  7.30-7.10 (m, SH)
126.23, 126.18
L-Proline
coO 172.1  172.0 -
a-CH 59.1 59.0 4.33-4.25(m, 2H, overlay)
2.04-1.84 (m, 7H, overlay)
B-CH; 29.3 1.84-1.71 (m, 2H)
1.58-1.52 (m, 1H)
2.04-1.84 (m, 7H, overlay)
y-CH, 24.5 244 1.84-1.71 (m, 2H)
1.58-1.52 (m, 1H)
3.78-3.72 (m, 1H)
0-CH;N 47.0
3.57-3.47 (m, 1H)
L-Valine 1
CO 169.62 169.59 =
NH - 8.01-7.94 (m, 2H, overlay)
a-CH 55.8 4.33-4.25(m, 2H, overlay)
B-CH 29.7 2.04-1.84 (m, 7H, overlay)
y-CH, 19.0 0.89 (d, 3H, /= 6.8 Hz)
y-CHs 18.44 18.40 0.87 (d, 3H, /= 6.6 Hz)
L-Valine 2
CO 170.6 -
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NH
a-CH
B-CH

y-CHs

D-Histidine
CcO

NH

a-CH

B-CH,

Y-Couan
5-CHarom
€-CHpeom
€-NH
Isovaleroyl
Co

CH;

CH

CH;

CH,

56.9
30.65
19.0
17.6

1.0.
n.0.

134.5

171.4
44.4
254
222
2231

30.60

7.68-7.61 (m, 1H)
4.25-4.15 (m, 2H, overlay)
2.04-1.84 (m, 7H, overlay)

0.75-0.68 (m, 6H)

8.01-7.94 (m, 2H, overlay)
4.62-4.56 (m, 1H)
2.93-2.82 (m, 2H, overlay)
2.78-2.69 (m, 2H, overlay)
6.77 (s, 1H)

7.51 (s, 1H)

n.o.

2.04-1.84 (m, 7H, overlay)
2.04-1.84 (m, 7H, overlay)
0.82 (d, 3H, /= 6.4 Hz)
0.78 (d, 3H, /= 6.2 Hz)
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"H-NMR (DMSO-ds, 600 MHz) r E
(2RIS)- Mk ((S)- 1-0x0-3-phenyipropan-2-yi)- 1-(2-phenylacetyl)-0- histidyl-L-valyl-L-valyhpyrrolidine-2-car ide (16)
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16
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% L B T = I |- T B - -
8 6 a 2 0 [ppm]
"*C-NMR (DMSO-ds, 151 MHz) r E
(2R/S)-N-((S)-1-0x0-3-pherylpropan-2-yi)-1-((2-phenylacetyl}-O-histidyl-L-valyl-L-valy))pyrrolidine-2-carboxamide (16) P
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Figure 821. NMR spectra of 16 in DMSO-4;.
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Table S13. NMR data for 16 in DMSO-d; (600 MHz, 151 MHz).

Position 8 13C [ppm] 8 H [ppm]; (m, |, J)
Phenylalaninal
9.46 (s, 0.2H)
CHO 200.3
9.41 (s, 0.3H)
8.36 (d, 0.3H, /=7.5 Hz)
NH -
8.34 (d, 0.3H, /= 6.8 Hz)
4.35-4.23 (m, 2H, overlay)
a-CH 59.7 59.5
4.23-4.15 (m, 2 H, overlay)
3.15-3.06 (m, 1H)
B-CH, 33.5 33.3 2.94-2.82 (m, 2H, overlay)
2.79-2.71 (m, 2H, overlay)
¥-Couart 137.6 -
129.3,129.2, 129.0,
cH 128.6, 128.2, 128.1, st ot
.30-7.12 (m, , overla;
o 128.0, 126.25, o
126.20, 126.17
L-Proline
CcO not distinguishable s
a-CH 59.1 59.0 4.35-4.23 (m, 2H, overlay)
2.04-1.84 (m, 4H, overlay)
B-CH; 29.3
1.84-1.69 (m, 2H, overlay)
2.04-1.84 (m, 4H, overlay)
y-CH; 24.5 244
1.58-1.50 (m, 1H, overlay)
3.80-3.70 (m, 2H)
5-CH,N 47.0
3.59-3.47 (m, 4H)
L-Valine 1
CO -
NH - 7.95 (dd, 1H, J= 8.4, 8.4 Hz)
a-CH 55.8 4.35-4.23 (m, 2H, overlay)
B-CH 29.7 2.04-1.84 (m, 4H, overlay)
Y-CHs 18.49, 18.46 0.94-0.80 (m, 6H)
L-Valine 2
co not distinguishable -
NH - 7.76-7.71 (m, 1H)
a-CH 571 4.23-4.15 (m, 2 H, overlay)
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B-CH
y-CHs
D-Histidine
CcO

NH

a-CH

B-CH:

Y-Copome
8-CHurom
€-CHarom.
€-NH
Phenylacetyl
CO

CH,

CHaom

306 305
19.0,17.6

not distinguishable

529
30.0%

n.o.
n.0.
134.5

169.9

42.0

136.2

1293, 129.2. 1298,
1286, 128.2,7128.1,
128.0, 126.25,
126.20,.126.17

2.04-1.84 (m, 4H, overlay)
0.75-0.63 (m, 6H)

8.284d, 1H, J=8.1L Hz)
4.62-4.56 (m, 1H)
2.94-2.82 (m, 2H, overlay)
2.79-2.71 (m, 2H, overlay)
6.76 (s, 1H)

T35, L)

n.0.

3.46 (d, 2H, J=13.9 Hz)
3.42 (d, 2H, J=14.1 Hz)

7.30-7.12 (m, 10H, overlay)

Some integrals aren’t accurate due to the broad peak of &y = 4.00 to 2.59 ppm.

The carbonyl signals 172.1, 172.0, 170.9, 170.7, 169.7, 169.6 were not distinguishable with
HMBC data.
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'H-NMR (DMSO-d, 600 MHz) [E
(2R/S)-1-((3-methylbutanoyl)-D-histidyl-L-isoleucyl-L-valyl)-N-((S)- 1-oxo-3-phenylpropan-2-yf)p 1e-2- @
2 o= ==
§ | i I
T
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N W o L
s re
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” t
b
# BOHERR § ‘ HEH HE WP (e P , )
8 L] a4 2 ° lppm]
=
T*C-NMR (DMSO-ds, 151 MHz) r&
(2R/S)-1-{(3-methylbutanoyl)-C-histidyl-_- soleucyl-L-valy)-A+((S)-1-0xo-3-phenylpropan-2-ylipyrralidine-2-carboxamide (2) L
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Figure $22. NMR spectra of synthetic pentacitidin A (2) in DMSO-d.
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Table S14. NMR data for synthetic pentacitidin A (2) in DMSO-g; (600 MHz, 151 MHz).

Position 8 13C [ppm] 8 H [ppm]; (m, |, J)
Phenylalaninal
9.47 (s, 0.2H)
CHO 200.3
9.41 (s, 0.2H)
8.36 (d, 0.2H, /=7.7 Hz)
NH -
8.34 (d, 0.2H, /=7.0 Hz)
4.35-4.24 (m, 2H, overlay)
a-CH 59.7 59.5
4.24-4.16 (m, 2H, overlay)
3.15-3.07 (m, 1H)
B-CH, 33.6 33.3 2.91-2.83 (m, 2H, overlay)
2.78-2.69 (m, 2H, overlay)
¥-Couart 137.6 -
129.3,129.2, 129.1,
CHaom 128.9,128.2,128.1,  7.29-7.12 (m, 5H)
126.24, 126.19
L-Proline
Cco 172.1  172.0 -
a-CH 59.1 59.0 4.35-4.24 (m, 2H, overlay)
2.02-1.83 (m, 5H, overlay)
B-CH; 29.31 29.28 1.83-1.70 (m, 2H, overlay)
1.60-1.51 (m, 1H)
2.02-1.83 (m, 5H, overlay)
Y-CH, 24.44 2438
1.83-1.70 (m, 2H, overlay)
3.78-3.68 (m, 1H)
5-CH,N 47.00 46.96
3.57-3.47 (m, 1H)
L-Valine
CO 169.58 169.55 -
NH = 8.00-7.94 (m, 2H, overlay)
a-CH 55.7 4.35-4.24 (m, 2H, overlay)
B-CH 29.7 2.02-1.83 (m, 5H, overlay)
Y-CHs 19.03 19.00 0.90-0.84 (m, 6H, overlay)
y-CH, 18.45 18.41 0.90-0.84 (m, 6H, overlay)
L-Isoleucine
CcO 170.7 -
NH - 7.69-7.63 (m, 1H)
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a-CH
B-CH

y-CH,

Y-CHs
95-CH;
D-Histidine
coO

NH

a-CH

B-CH,

¥-Copuart
8-CHarom
€-CHarom
£-NH
Isovaleroyl
(e.0]

CH:

CH

CH;

CH,

56.32
36.9

24.0

152
11.0

1709

5273

2

1342
n.o.

134.5

171.4
44.5
255
22:2
22:1

56.29

36.8

4.24-4.16 (m, 2H)
1.70-1.60 (m, 2H)
1.30-1.22 (m, 1H)
0.98-0.90 (m, 1H)
0.76-0.67 (m, 6H, overlay)
0.76-0.67 (m, 6H, overlay)

8.00-7.94 (m, 2H, overlay)
4.61-4.55 (m, 1H)
2.91-2.83 (m, 2H, overlay)
2.78-2.09 (m, 2H, overlay)
6.76 (s, 1H)

7.50 (s, 1H)

n.o0.

2.02-1.83 (m, 5H, overlay)
2.02-1.83 (m, 5H, overlay)
0.81 (d, 3H, /= 6.4 Hz)
0.78 (d, 3H, /= 6.4 Hz)
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"H-NMR (DMSO-ds, 600 MHz)
(2RIS)-N-((S)-1-0x0-3-phenylpropan-2-yi)-1-((2-pheny )-C-histicyl-L-isoleucyl- )Py 2 ide (3)
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(2RIS)-N-((S)-1-0x%0-3-phenylpropan-2-yl)- 1-((2-phenylacetyl)-D- histidyl-L- soleucyl-L-valyl pyrrolidine-2-carboxamide (3) [
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Figure $23. NMR spectra of synthetic pentacitidin B (3) in DMSO-d.
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Table S15. NMR data for synthetic pentacitidin B (3) in DMSO-d; (600 MHz, 151 MHz).

Position 8 13C [ppm] 8 H [ppm]; (m, |, J)
Phenylalaninal
9.47 (s, .0.2H)
CHO 200.3
9.41 (s, .0.2H)
8.36 (d, 0.25H, J=7.7 Hz)
NH -
8.34 (d, 0.25H, /= 7.0 Hz)
a-CH 59.1 59.0 4.24-4.16 (m, 2H, overlay)
3.15-3.06 (m, 1H, overlay)
B-CH, 33.5 33.3 2.93-2.83 (m, 2H, overlay)
2.78-2.71 (m, 1H, overlay)
Y-Couat 137.6 -
129.3, 129.2, 129.14,
129.09, 129.0, 128.2,
CHarom 7.29-7.13 (m, 10H, overlay)
128.1, 128.0, 126.25,
126.20, 126.16
L-Proline
co 1721 1720 -
a-CH 59.5 4.33-4.24 (m, 2H, overlay)
2.02-1.84 (m, 2H, overlay)
B-CH; 2932 29.29 1.84-1.69 (m, 2H, overlay)
1.59-1.51 (m, 1H)
2.02-1.84 (m, 2H, overlay)
y-CH; 24.5 244
1.84-1.69 (m, 2H, overlay)
3.78-3.68 (m, 1H)
5-CH,N 47.01  46.97
3.57-3.47 (m, 1H)
L-Valine
CO 169.61 169.58 -
NH - 7.95 (t, 1H, /=9.0 Hz)
a-CH 55.8 4.33-4.24 (m, 2H, overlay)
B-CH 29.7 2.02-1.84 (m, 2H, overlay)
CH, 1903 19,00 0.94-0.82 (m, TH, overlay)
- .94-0.82 (m, TH, overla
L 185 184 X
L-Isoleucine
CcO 170.7 -
NH - 7.77-7.71 (m, 1H)
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a-CH
B-CH

y-CH,

Y-CHs
95-CH;
D-Histidine
coO

NH

a-CH

B-CH,

¥-Copuart
8-CHarom
€-CHarom
£-NH
Phenylacetyl
(e.0]

CH,

Copant

CHerom

5640 56.37
36.8 36.7

239
153
11.0

170.8

52.9
80T

n.0.
n.0.

134.5

169.9
42.0

1362

129.3,129.2, 129.14,
129.09, 129.0, 128.2,
128.1, 128.0, 12625,
126.20, 126.16

4.24-4.16 (m, 2H, overlay)
1.69-1.59 (m, 1H)
1.27-1.17 (m, 1H)
0.94-0.82 (m, 7H, overlay)
0.75-0.66 (m, 6H, overlay)
0.75-0.66 (m, 6H, overlay)

8.26 (d, 1H, /= 8.1 Hz)
4.62-4.55 (m, 1H)
2.93-2.83 (m, 2H, overlay)
2.78-2.71 (m, 1H, overlay)
6.76 (s, 1H)

7.51 (s, 1H)

n.o0.

3.45 (d, 1H, J=14.1 Hz)
3.42 (d, 1H, J=14.1 Hz)

7.29-7.13 (m, 10H, overlay)
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Table S16. Summary of molecular docking results.

Falcipain-2 Falcipain-3 Chymotrypsin
PDB-ID 3BPF 3BPM 1AFQ
Reference D-Leucyl-L-phenylalanyl-p-
E-64 Leupeptin
ligand fluorobenzylamide
Docking non-covalent non-covalent non-covalent
covalent covalent covalent

scores? (distance)® (distance)® (distance)®

-4.8 -5.8 -12.5
Re-docking B

. (3.5 -15.7 (3.6) -14.1 )

[RMSD, A]

[1.4]9 [1.3] [0.8]
ace-Val-Pro-

-3.2 - -4.5 - 7.1 -
Phe-alcohol
ace-Val-Pro-1.- -2.0 2.7 -8.4

-16.0 -12.3 -10.1
Phe-aldehyde (3.0 (3.0) (2.0)
ace-Val-Pro-D- -2.5 -2.5 -6.8
-14.6 -13.1 -12.3

Phe-aldehyde (7.3) (5.00 (3.4)
ace-Val-Pro-

2.9 - -38 - -7.5 -
Phe-acid
ace-Val-Pro-

-2.0 - -33 - 34 -
amide®
ace-Val-Val-

-3.6 - 4.1 - 4.2 -
Pro-amide®

*Values are docking scores in kcal/mol. "Describes distance between electrophilic carbon if

present and nucleophilic sulfur of cysteine or oxygen of serine in A *Truncation of falcitidin.
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4For 3BPF non-covalent docking, potential field generation, and re-docking the binding mode of

aligned leupeptin from PDB-ID 3BPM was used as reference.
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6. Chapter 3 - Cryopeptides

This work is a contribution to Luis J. Linares Otoyas project from the research group of Prof.

Dr. T. Schaberle from the Justus-Liebig-University

My main contributions to the project are:

e Development of the synthetic strategy

e Synthesis and analytics of
o Natural products as comparison to isolated ones
o Derivatives
o Precursor molecules

e Structural confirmation of the natural isolated compounds based on NMR data

6.1 Introduction

Non-proteinogenic amino acids are common in natural products. They often have a distinct
physiological role, like components of bacterial cell walls, and offer unique structural features.
One class are a,B-didehydro-a-amino acids (in the following referred to as dehydro amino
acids). They are commonly found in bacteria and often show antibacterial properties (Figure

6-1).34

34 D. Siodtak, Amino Acids, 2015, 47, 1-17.
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plants (2%)
tunicates (2%)
molluscs (2%)

unknown
(13%)

bacteria (76%)

antibacterial
(43%)

cytotoxic (9%)

antitumour

antifungal
(13%)

Figure 6-1: Origin and bioactivity of peptides containing dehydro amino acids.

One of the oldest known dehydro amino acids containing peptide is Nisin (3.1) that was
isolated from Lactococcus lactis. It contains dehydroalanine and dehydrobutyrine (Dhb)
(Figure 6-1 andFigure 6-2)* and is nowadays used as a food preservative based on its
antibacterial properties. Myxovalargin A (3.2), another antibiotic active compound, sets a

further example containing dehydrovaline (Dhv) and dehydroisoleucine.3®

HO.

Myxovalargin A (3.2
o HN NH, y. gin A (3.2)

Nisin (3.1)

Figure 6-2: Examples of oligopeptides containing dehydro amino acids (highlighted in blue).
Nisin (3.1) and Myxovalargin (3.2).

35 A. T. R. Mattick, A. Hirsch, N. J. Berridge, Lancet. 1947 Jul 5, 2 (6462), 5-8.
36 H, Irschik, K. Gerth, G. Hofle, W. Kohl, H. Reichenbach, J. Antibiot. 1983, 36 (12), 6-12.
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To date it is not known how and especially when the dehydro amino acids are produced by
bacteria and introduced in the peptide chain. Glidopeptine A and its known biosynthetic gene
cluster give no indication on when or how the dehydrogenation occurs. The amino acid
sequence is consistent with the gene cluster, except for the dehydro moieties. Instead of a

coded p-Thr and L-Val, a Dhb and Dhv are incorporated, respectively (Figure 6-3).3”

2 kb
A B glpC glpD glpE F GH

o)

AP’B/ GIpC GlpD GlpE \
ST e

Acyl-D-Ser L-Glu p-Dab L-Lys D-Thr L-Leu pD-Dab  L-Ser L-Thr p-Asn Gly L-Val
(Dhb) (Dhb) (Dhv)

2

NH,
) OH
[o} o o OHO
H H H H
N N N N
N N N N
3 L L | |H H
o o o
NH NH,
(3.3)

zT

o NH, O
H
N OH
N N
| |H H
o]

Figure 6-3: Gene cluster and structure of glidopeptin A (3.3). Highlighted in blue are the
dehydro amino acids.?’

2
Glidopeptin A (3.3

In an extract and a created molecular network of two strains of Pedobacter cryoconitis Luis J.
Linares Otoya of the Justus-Liebig-University and research group of Prof. Dr. T. Schaberle
could isolate two natural compounds containing dehydro amino acids, PE2H_3
(m/z =713.4343, molecular formula C3sHs7NgO7*; Figure 6-8 b) and P13-71 (m/z = 713.4346
molecular formula C3sHs7NsO7*; Figure 6-10 b). Analysis of MS? spectra for both substances
lead to the assignment of the general peptide sequence Leu-Dhv-Arg-Dhv-Phe-fatty acid
(Figure 6-8 d, Figure 6-10 d). They shared a fragment ion of ~m/z = 232.1332 with molecular
formula C11H16N302* consisting of phenylalanine and the fatty acid, indicating a difference
within the acyl moiety with a molecular formula of CsHysO*. Proceeding from standard L amino
acids, based on data of the biosynthetic gene cluster, three different structures are likely.

Containing the general amino acid sequence of Leu-Dhv-Arg-Dhv-Phe and a small fatty acid

37 X. Wang et al. PNAS 2018, 115 (18), E4255-E4263
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side chain, either an isovaleroyl (iVal) (3.3), S-methylbutanoyl (SBM) (3.4) or an
R-methylbutanoyl (RBM) (3.5) residue are possible (Figure 6-4).

H H H
N N i N
HO N N \H/Y
H H
ip/ o) ?/ 0 0
HN
N‘i\NH

H 2
L-lle-Dhv-L-Arg-Dhv-L-Phe-iVal
(3.3)
(0] (0] 0] (¢} o [0} -
H H H H H H H
N N N N N \[(k/ N N N <
HO N N
[0} (0] (0] o) o 0]
HN HN
HN&A\NHz HN//L\NH2

L-lle-Dhv-L-Arg-Dhv-L-Phe-RMB

L-lle-Dhv-L-Arg-Dhv-L-Phe-SMB
(3.5)

(3.4)

Figure 6-4: Assigned structures for compounds corresponding to ions ~m/z = 713.434.

For both fractions, P13-71 and PE2H_3, structure elucidation by NMR analysis was performed,
especially to determine the stereogenic center of the side chain. First results of the NMR
spectra, particularly the methyl signals, indicated correspondence of structure 3.3 to fraction
PE2H_3. The second isolated fraction P13-71 can either match derivative 3.4 or 3.5. For final
structure elucidation and validation of the assigned structures, as well as for future activity

tests, synthetic material is needed.

Since it is not clear when the formation of the dehydrovaline moieties takes place and what

the substrate is, three possible scenarios regarding the formation are possible:

a) Free D- or L-valine is used as the substrate and is dehydrogenated before it is
incorporated in the non-ribosomal peptide (NRP).

b) During the NRP assembly the growing peptide chain attached to the enzyme is
dehydrogenated in position of the valine. The substrate can either have an R or S

configuration, for which we need a mimic of the substrate.
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c¢) The valines of the released peptide are dehydrogenated after the release from the

NRPS. Again, the valine can either obtain an R or S configuration.

For scenario a) commercially available b- and L-valine can be used. For scenario b) a mimic of
the growing peptide is needed, for which aminoacyl-N-acetylcysteamine thioesters (SNACs)

of valine in both configurations were chosen (Figure 6-5).

\:/ 0 0
HZN/\H/S\/\HJJ\ H,N S\/\HJJ\
(0] (0]
(36) 3.7)

Figure 6-5: Structures of R- and S-Val-SNAC (3.6, 3.7).

For scenario c) a linear peptide is needed, containing either p- or L-valine instead of the
dehydrovalines (Figure 6-6). Based on first NMR data, which hinted that structure 3.3 and its
isovaleroyl residue corresponds to the assigned structure of the MS? fragmentation, modified

analogues 3.8 and 3.9 were chosen.

0o ~ o ~ o o} 0 0
H H B H H H H
N N N N N N N N
N N HO
HO \n/\H \n/\H \H/Y N N \H/Y
o] o) 0 0 0 o)

HN HN
P "

HN NH, HN 2
L-lle-L-Val-L-Arg-L-Val-L-Phe-iVal L-lle-p-Val-L-Arg-p-Val-L-Phe-iVal
(3.8) (3.9)

Figure 6-6: Modified analogues corresponding to Structure 3.3 where dehydrovalines are
replaced by L-valine (3.8) and p-valine (3.9) and with the iVal side chain residue.
6.2 Results and Discussion

6.2.1 Synthesis

As mimics for testing the dehydrogenation process, both valyl-SNAC enantiomers as shown

in Scheme 6-1 were synthesized, following standard peptide coupling and Boc-deprotection
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procedures.?® The EDC/HOAt-mediated coupling was carried out in solution and 3.10 and 3.11
were obtained with a 68% and 42% vyield, respectively. The deprotection was achieved
quantitatively for 3.6 and with 93% for 3.7. This affords the R-enantiomer 3.6 with an overall
yield of 68% and 39% for the S-enantiomer 3.7.

~_" N-Acetylcysteamin, o ~_" o
EDC, HOAt, Et;N, 4M HCl in 1,4-Dioxan,
OH DCM,tt, 25 h S J\ i S J\
BocHN : BocHN \/\H rt, 80 min “CI"H N "N
0 o)

N-Boc-D-Valine (R) 68% 3.10 (R) quant. 3.6 (R)
N-Boc-L-Valine (S) 42% 3.1 (S) 93% 3.7(S)

Scheme 6-1: Synthesis of valyl-SNAC enantiomers.

For the synthesis of the linear peptides, compound 3.3 was chosen to compare it to the
natural isolated one and its modified analogs 3.9 and 3.8 for the investigation of the
dehydrogenation process. Based on previous synthetic approaches towards peptide-based
molecules, solid phase peptide synthesis (SPPS) was utilized to synthesize all compounds.?®
Due to the different implementation of valine analogues, D-Valine, L-Valine and
dehydrovaline, as the second and fourth amino acid, a split approach was not practicable and
a linear synthesis (Scheme 6-2) was developed. The attachment of L-Isoleucine to the resin
was prepared for 3.9, 3.3 and 3.8. The yield, based on the loading and the weight gain was
determined to be 77%. For derivative 3.9 the batch was split before the attachment of the
fatty acid and a yield of 87% for the coupling of the amino acids and resin bound peptide 3.13
was obtained. The coupling of isovaleric acid and subsequent cleavage of the peptide from
the resin yielded 3.9 with 34%. Not taking the attachment of the first amino acid into account,
the overall yield is 30%. For Cryopeptide 3.3 with its dehydrovalines the total yield over the
same steps is 8% and for 3.8 it is 15%. The work up of these two compounds was more
problematic compared to 3.9, due to the formation of an unsolvable third layer during the

extraction. Further analysis revealed the presence of the desired product to be in this layer.

38 D. Niedek et al. J. Org. Chem. 2020, 85(4), 1935-1846.

39 W. Chan, P. White, Fmoc Solid Phase Peptide Synthesis Practical Approach, Oxford University Press, Oxford,
1999.
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Purification of it remained problematic, but nevertheless the obtained amount
considered sufficient and a further optimization was postponed.
® cl
OO ]
2CTC
a. 1) Fmoc-L-Leu-OH
DIPEA, DCM
7% 2) DCM/MeOH/DIPEA (8:1.5:0.5)
3) 25% Piperidine in DMF
O,
. o NH,
OO :
(3.12)
b. 1) Fmoc-dehydro-Val-OH, b. 1) Fmoc-L-Val-OH,

c.

e.

b. 1) Fmoc-p-Val-OH,

HATU, DIPEA, DMF
2) Piperidine/DMF (2:8)

1) Fmoc-L-Arg(Pbf)-OH,

HATU, DIPEA, DMF
2) Piperidine/DMF (2:8)

d. 1) Fmoc-p-Val-OH,

HATU, DIPEA, DMF
2) Piperidine/DMF (2:8)
1) Fmoc-L-Phe-OH,

8%

HATU, DIPEA, DMF

2) Piperidine/DMF (2:8)

c. 1) Fmoc-L-Arg(Pbf)-OH,
HATU, DIPEA, DMF

2) Piperidine/DMF (2:8)

d. 1) Fmoc-dehydro-Val-OH,

HATU, DIPEA, DMF

2) Piperidine/DMF (2:8)
e. 1) Fmoc-L-Phe-OH,

HATU, DIPEA, DMF

c.

e.

HATU, DIPEA, DMF

2) Piperidine/DMF (2:8)
1) Fmoc-L-Arg(Pbf)-OH,

HATU, DIPEA, DMF

2) Piperidine/DMF (2:8)
d. 1) Fmoc-L-Val-OH,

HATU, DIPEA, DMF

2) Piperidine/DMF (2:8)
1) Fmoc-L-Phe-OH,

HATU, DIPEA, DMF

was

HATU, DIPEA, DMF

2) Piperidine/DMF (2:8) 2) Piperidine/DMF (2:8)

2) Piperidine/DMF (2:8) f)  lsovaleric acid, HATU, f)  Isovaleric acid, HATU,
DIPEA, DMF DIPEA, DMF
g) 95% TFA g) 95% TFA
o " o " o o o o o ~ o ~ o
H H H H = H H
GU N oy N N NH, N N N N N N : N N
HO N N
o o o o o o o o
ﬁ\ HN HN
H NHPbf HNZ\NHZ HNZ NH,
(3.13) (3.3) (3.8)

Isovaleric acid, HATU,

f)
34% DIPEA, DMF
g) 95% TFA

o o o
H H H
N N N
Ho N N
) ) o
HN
HNZ\NH2

3.9

Scheme 6-2: Synthesis for Cryopeptides 3.9, 3.3 and 3.8.

To disclose the stereogenic center of the side chain moiety, which is a methylbutanoyl residue
with either an R or S configuration, linear pentapeptide 3.14 was prepared, after which the
batch was split (Scheme 6-3). That allows for a quick and easy derivatization with different

fatty acids. The easier obtainable S-methylbutanoic acid was the first fatty acid to be used for
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derivatization. After the coupling and subsequent cleavage of the peptide from the resin 3.4

was obtained with 17% overall yield.

Fmoc-dehydro-Val-OH,
HATU, DIPEA, DMF
Piperidine/DMF (2:8)
moc-L-Arg(Pbf)-OH, f) S-methylbutanoic acid,

)
)
o )F
NH, HATU, DIPEA, DMF HATU, DIPEA, DMF
Oo 2) Piperidine/DMF (2:8) Oo TFA/TIS/HQO
d. 1) Fmoc-dehydro-Val-OH, 17% over all steps
HATU, DIPEA, DMF
2)
1) F
)

.1
2
c.1

Piperidine/DMF (2:8)
moc-L-Phe-OH,
HATU, DIPEA, DMF N NHPbf
2) Piperidine/DMF (2:8) (3.14) (3.4)

Scheme 6-3: Synthesis of 3.14 and 3.4.

Compared to the self-attachment of isoleucine to the resin of the former derivatives 3.3, 3.8
and 3.9 (Scheme 6-2), for this synthesis of 3.4 commercially available 2-CTC-L-Isoleucine resin
was used, expecting the determined yield would be more descriptive. Due to the batch
splitting after 3.14, the resins static behavior when completely dry, and its sticky behavior
when damp, the determined yield can still be error-prone. Compared to the synthesis of 3.3,
which only differs in the lipophilic side chain, the yield is more than twice as high. Besides the
chosen resin, a different cleavage method and a different work up strategy was adopted as
well. The crude was lyophilized directly to improve the yield and to avoid extraction. Overall,
the more than 50% higher yield can be attributed more towards changing the work up
procedure and not towards the chosen resin (see experimental part for 3.3, 3.8 and 3.9 for

self-prepared resin and 3.14 and 3.4 for bought resin).

6.2.2 Comparison of Synthetic to Natural Isolated Compounds

Derivatives 3.3 and 3.4 were synthesized to confirm the proposed structure of the limited
natural isolated products PE2H_3 and P13-71. The stereo information of the fatty acid part of
P13-71 could not be confirmed unambiguously. To elucidate the stereogenic center of it, 3.4

was synthesized and then compared to the data of the natural isolated compound.*°

40 Data interpretation and structure elucidation of natural isolated fractions was performed by Dr. Yang Liu.
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The sample of the natural isolated PE2H_3 is not pure as shown in Figure 6-7. It contains a

second ion with m/z = 715.4496 [M+H]* (orange EIC) besides the main ion of m/z = 713.4348

[M+H]* (blue EIC).

Intens.
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25] _—
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Figure 6-7: Chromatograms of natural isolated PE2H_3. Green: UV chromatogram
205-640 nm; Grey: BPC; Orange: EIC of m/z = 715.4492 +0.01; Blue: EIC of

m/z =713.4346 + 0.01.

Based on MS and MS? data, the comparison of synthetic 3.3 to natural isolated fraction

PE2H_3 confirmed the proposed structure shown in Figure 6-8 based on a) the correlation of

the retention time with 7.8 min for both natural and synthetic compound, b) the

fragmentation pattern and intensities, which are identical and c) and d) the fragmentation

pattern and structural assignment for the parent ion of m/z = 713.4339, which is also identical

for both compounds.
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Figure 6-8: Comparison of MS and MS? data of natural isolated compound PE2H_3 and
synthetic 3.3. a) Comparison of retention time. b) Comparison of fragmentation pattern. c)
Manually annotated fragmentation pattern for parent ion of m/z = 713.4339. d) Structural
assignment of fragment ions.

The NMR data of the natural isolated compound of fraction PE2H_3 corresponds to the
synthetic 3.3 as well, as shown in Table 6-1, reinforcing the statement of the identical nature
of both compounds. The complete analysis and spectra of both compounds can be found in

the Supporting Information 6.5.

Table 6-1: NMR data comparison for 3.3 in MeOD for synthetic one (600 MHz, 101 MHz) and
natural isolated fraction PE2H_3 (600 MHz, 151 MHz). The data of the natural isolated
fraction PE2H_3 is written in blue.

Position 6 3C [ppm] 8 H [ppm]; (m, [, J)
synthetic _natural synthetic natural isolated
isolated
L-Leu
COOH n.o. 176.1 n.o. -
NH - - n.o. -
a-CH 54.8 52.2 434 (dd, 1H,/=9.0,4.9Hz) 4.49 (dd,J/=9.8,5.1 Hz)
B-CH: 43.6 41.7 1.85-1.52 (m, 6H, overlay) 1.68 (m), 1.62 (m)
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y-CH 26.1 25.8 1.85-1.52 (m, 6H, overlay) 1.73 (m)
6-CHza 22.7 22.0 0.95 (d, 3H, J = 6.3 Hz) 0.91 (d, J = 6.5 Hz)
8-CHsb 23.7 23.4 0.92 (d, 3H, J = 6.5 Hz) 0.91 (d, J = 6.5 Hz)
Dhv 1
co 167.5* 167.9 - -
NH - - n.o. -
o-Cquart  141.9* 141.2 - -
B-Cquart  125.2* 124.8 - -
y-CHza 21.0 20.9 2.04 (s, 3H) 2.08 (s)
y-CHsb 216 21.6 1.75 (s, 3H) 1.80 (s)
L-Arg
co 173.8* 173.4 - -
NH - - n.o. -
a-CH 54.8 54.9 4.41 (dd, 1H,J=7.4, 6.1 Hz) 4.32 (dd, J=9.0, 5.1 Hz)
2.09-1.92 (m, 4H, overlay) 1.96 (m)
B-CH: 300 29.2 1.85-1.52 (m, 6H, overlay) 1.85 (m)
v-CH: 26.1 26.5 1.85-1.52 (m, 6H, overlay) 1.68 (m)
8§-CH, 421 42.0 3.24-3.15 (m, 2H) 3.20 (t, J = 7.0 Hz)
€-NH - - n.o. -
C-Cquart 158.8* 158.5 - -
n-NH - - n.o. -
n-NHz - - n.o. -
Dhv 2
co 168.4* 168.0 - -
NH - - n.o. -
a-Cquart  141.5* 141.8 - -
B'cquart 1248* 1249 - -
v-CHza 209 21.1 2.00 (s, 3H) 2.02 (s)
y-CHz:b 215 21.6 1.45 (s, 3H) 1.46 (s)
L-Phe
co 173.4* 173.6 -
NH - - n.o.
a-CH 56.6 56.9 4.62 (t, 1H, J =7.8 Hz)
3.10 (dd, 1H, J=13.8, 7.7 Hz)
B-CH: 384 38.3 2.99 (dd, 1H, J = 12.7, 9.2 Hz)
V-Cquart  138.2%* 137.9 - -
130.4, 130.4,
CHarom 129.7, 129.7, 7.30-7.18 (m, 5H) 7.28 (m, overlay)
128.0 128.1
iVal
co 176.1%* 176.0 - -
CH: 45.9 45.9 2.09-1.92 (m, 4H, overlay) 2.07 (m)
CH 27.4 27.4 2.09-1.92 (m, 4H, overlay) 1.98 (m)
CHsa 228 22.8 0.87 (d, 3H, J = 6.6 Hz) 0.89 (d, J = 6.6 Hz)
CH:b 227 22.7 0.82 (d, 3H, J = 6.6 Hz) 0.85 (d, J = 6.6 Hz)
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The second ion found in the sample of PE2H_3 with m/z = 715.4496 [M+H]* (Figure 6-7,
orange EIC) has a mass difference of two compared to the ion m/z = 713.4346. The associated
structure of 3.3 suggests one double bound less, probably of one of the dehydrovalines. The
manually annotated fragmentation pattern for parent ion of m/z = 715.4496 and its structural
assighnment (Figure 6-9) reinforce that theory. Nevertheless, the determination on which
valine is the dehydrovaline and which is a normal valine was not possible due to the co-elution
and co-fragmentation of both ions, the low intensities, and the incomplete stepwise pattern.
We found a fragment with m/z=329.1860 that corresponds to the fragment where the
N-terminal valine moiety is a dehydrovaline. We also found a fragment ion with
m/z = 237.1324, which fits a dehydrovaline closer to the C-terminus. Therefore, the position
of the dehydrovaline in the linear peptide cannot be determined. It concludes the existence
of a derivative containing a valine and dehydrovaline moiety in the same molecule and

corresponds to either structural proposal 3.15 or 3.16.

208



SaS_PE2H_3_verd_DIVEO_A2p_P1-A3_01 67484.d: +V62(715.4499), 33.2-41.5¢V, 7.9min #2833]

%4l o o C/L+00019
a) K
125 "
o

HN

Chemical Formula: C4gH,5N205"

HN NH, Exact Mass: 329.1860
25 Chemical Formula: C44H7N405" 329.1860 584.3534
Exact Mass: 237.1346 237.1324 ‘
0 : . ‘ ; . ; ; . T
100 200 300 400 500 600 700 mz
b) 0 0 o ~ o 0
H H H; H H
N N N c* N N N N
HO N N
H H \ﬂ//\\T//::> I H H \H//\W//
(0] O (@] (¢] [¢] o
HN HN
HN)\ NH, HN)\ NH,

3.15
Chemical Formula: C3gH4gN705"

Chemical Formula: C3gHs59NgO7"
: u1a: ~agrse a7 Exact Mass: 584.3555

Exact Mass: 715.4501

o o ~ o \/[]\/ 0 o
H H Hy H H
N\’;[]\/ N\HX Ay N y N
o o o o ! o

z

H

A

HN™ "NH; HN™" “NH,

3.16
Chemical Formula: C3oHsgN705"

Chemical Formula: C3gHs59NgO7"
36 59 8- Exact Mass: 584.3555

Exact Mass: 715.4501

Figure 6-9: MS? data of parent ion m/z = 713.4339 of natural isolated PE2H_3. a) Manually
annotated fragmentation pattern for parent ion of m/z = 713.4339. b) Structural assignment
of fragment ions.

The MS and MS? data comparison of synthetic 3.4 to natural isolated fraction P13-71 confirms
the proposed structure shown in Figure 6-10 based on a) the correlation of the retention time
with 7.6-7.8 min for both, b) the fragmentation pattern and intensities, which are identical
and c) and d) the fragmentation pattern and structural assignment of the parent ion
m/z = 713.4350, which are identical for both compounds. This is a very good indication that

the chosen stereogenic center of the fatty acid is the correct one.

209



Intens. SaS 154 pure_verd DVBO A2p P1-A-6 01_674%4.d|
x1084 a

101 synthetic 3.4

059 /\
e

K J
SaS_P13-71_verd DVBO_A2p_Pi-A4_01_67486.d
x108
10

isolated P13-71

054 h A
A N
00 T T T T T T I AV T

T T T ¢
00 25 50 75 100 125 150 175 200 25 Tirre [rin]
Intens. | SaS_154_pure_verd DVBO_A2p_P1-A-6_01_67494.d: +VE, 7.6-7.8min #2736-2790
1[C/[o)] 713.4343 K
E b) synthetic 3.4
753
504 357.2214
25 2321331 482.3085 582 3397
I Ll
[D}“ﬁ, SaS_P13-71_verd_DNVBO_A2p_P1-A4_01_67486.d: HVE, 7.6-7.8min #2731-2782|
713.4346
100 .
isolated P13-71
753
507 357.2215
259 2321332 482.3086 5823399
o B TR Y . . . : : . :
200 400 600 800 1000 1200 1400 1600 1800 iz
Intens. Sas_154_pure_verd DVEO_A2p_P1-A6_01_67494.d: #NE2(713.4344), 33.1-41.4V, 7.7min #2743
[KCE|
7131344 .
1004 ciL synthetic 3.4
R ——— dv
759 d-v
50]
582.3399
254 c) 329.1859
s i s \‘ ‘
[w% SaS_P13-71_verd DVSO A2p_P1-A-4_01_67486.d: HV52(713.4350), 33.1-41.4eV, 7.6min #2738|
125
100] . ay an 7131350
E dv .
” isolated P13-71
s0]
582.3402
25 329.1861
° - | \
200 300 400 500 600 700 mz
o o o o] o o o
d H H H, H H [ H
N N N c* N N N N = ¢ N N N
HO N N
H H = 1l H H H
o o o o o o o o)
HN HN HN
HN)\NHZ HNZ NH, HNZ NH,
(3.4)
. + Chemical Formula: CpsH37NgO4"
Chemical Formula: CagHs7NgO7* Chemical Formula: CagHggN7O5 EI o u : 48;5283771 604
Exact Mass: 713.4345 Exact Mass: 582.3398 xact Mass: 485.

o

o o
H I H
¢ >N N ct_N
C N
=9 H = SN
o o o o
HN
HNéJ\NH2
Chemical Formula: C1gHpsN,05*  Chemical Formula: Cy4H1gNOL" Chemical Formula: C11H17N40,"
Exact Mass: 329.1860 Exact Mass: 232.1332 Exact Mass: 237.1346

Figure 6-10: Comparison of MS and MS? data of natural isolated compound P13-71 and
synthetic 3.4. a) Comparison of retention time. b) Comparison of fragmentation pattern.

c) Manually annotated fragmentation pattern for parent ion of m/z = 713.4350. d) Structural
assignment of fragment ions.
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The NMR data of the natural isolated compound of fraction P13-71 corresponds to the
synthetic 3.4, as shown in Table 6-2. There are no major deviations regarding the chemical
shifts. The signals of the fatty acid side chain, and especially that of the stereogenic center are
identical, confirming the chosen S configuration combined with the identical fragmentation
pattern. Further data and spectra of both compounds can be found in the Supporting

Information 6.5.

Table 6-2: NMR data comparison for 3.4 in MeOD for synthetic one (600 MHz, 101 MHz) and
natural isolated fraction P13-71 (600 MHz, 151 MHz). The data of the natural isolated
fraction P13-71 is written in blue.

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)
synthetic izzf:tr:clj Synthetic natural isolated

L-Leu

COOH 176.9 176.2 n.o. -

NH - - n.o. -

a-CH 52.9 52.3 4.45 (dd, 1H,J=9.4, 5.3 Hz) 4.48 (dd,/=9.8,5.0Hz)

B-CH,  42.11 41.7 1.69-1.60 (m, 2H) 1.68 (m), 1.63 (m)

v-CH 25.9 25.8 1.77-1.69 (m, 3H, overlay) 1.73 (m)

8§-CHsa 222 22.0 0.92 (d, 3H, J = 6.4 Hz) 0.90 (d, J = 6.4 Hz)

§-CH:b 23.4 23.4 0.91 (d, 3H, J = 6.4 Hz) 0.90 (d, J = 6.4 Hz)

Dhv 1

co 168.0 167.9 - -

NH - - n.o. -

o-Cquart  141.5 141.3 - _

B'cquart 1249 1249 - -

y-CHza 21.1 20.9 2.07 (s, 3H) 2.08 (s)

y-CH:b 21.61 21.6 1.79 (s, 3H) 1.80 (s)

L-Arg

Cco 173.44 173.4 - -

NH - - n.o. -

a-CH 54.9 54.9 4.34(dd, 1H,J=8.5,5.7Hz)  4.30(dd,J=8.7, 5.4 Hz)
2.06-2.00 (m, 1H) 2.04 (m)

B-CH:  29.4 29.2 1.90-1.82 (m, 1H) 1.86 (m)

v-CH: 26.4 26.5 1.77-1.69 (m, 3H, overlay) 1.71 (m), 1.69 (m)

8§-CH,  42.06 42.0 3.21 (t, 2H, J= 7.2 Hz) 3.21(t,J=7.1Hz)

€-NH - - n.o. -

C-Cquart 158.7 158.6 - -

n-NH - - n.o. -

n-NHz - - n.o. -

Dhv 2

Cco 167.8 168.0 - -
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NH - - n.o. -

a'cquart 141.4 141.7 - -

B-Cquart  124.6 1245 - -

y-CHza 20.9 21.1 2.02 (s, 3H) 2.02 (s)

y-CHzb  21.57 21.7 1.47 (s, 3H) 1.45 (s)

L-Phe

co 173.38 1734 - -

NH - - n.o. -

a-CH 56.7 56.8 4.59 (t, 1H, J =7.9 Hz) 4.58 (t, J =7.9 Hz)

3.09 (dd, 1H, J = 13.7,

3.10(dd, 1H,J=13.7, 7.7 Hz) 7.8 Hz)

B-CH, 384 384 3.02 (dd, 1H,J=13.7, 7.9 Hz)  3.01(dd, 1H, J = 13.7,

7.8 Hz)
V-Cquart  138.0 1379 - -
1304, 1304, 7.28 (d, 4H, J = 4.6 Hz) 7.29 (overlay)
CHarom  129.6, 1297, 554720 (m, 1H) 7.22 (m)
128.0 128.0 ’ ‘

SMB

co 179.9 180.0 - -

CH 43.1 43.1 2.30-2.23 (m, 1H) 2.27 (m)

CH3 17.9 17.9 1.00 (d, 3H, J = 6.8 Hz) 1.0 (d, J= 6.9 Hz)
1.60-1.52 (m, 1H) 1.56 (m)

CH, 28.2 282 1.40-1.31 (m, 1H) 1.36 (m)

CH3 12.3 12.4 0.86 (t, 3H, J = 7.4 Hz) 0.86 (t, J = 7.4 Hz)

6.2.3 Activities

The compounds 3.3, 3.4, 3.8 and 3.9 were tested against Gram-negative bacteria (E. coli,

P. aeruginosa), against fungi (A. flavus, C. albicans) as well as Gram-positive (S. aureus) and a

surrogate of M. tuberculosis (M. smegmatis) (Table 6-3). The screening was performed at the

Fraunhoer Institute (Dr. M. Marner and team). By internal standards, activities of > 128 ug/mL

are considered inactive.
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Table 6-3: Antimicrobial activity of Cryopeptides.

0
H
N
compounds  Val  Fatty acid HO T%H

3.9 L-Val ival © © val

3.3 Dhv ival " /ﬁ)\/
3.8 D-Val ival Py
o

R
<

HN™" “NH,
3.4 Dhv SMB SMB
\/
W %A ,S(\N}z
H H H
o] o} o]
L-Val Dhv D-Val
MIC [pg/mL]
3.9 3.3 3.8 3.4
E. coli ATCC 35218 >128 >128 >128 >128
P. aeruginosa ATCC 27853 >128 >128 >128 >128
A. flavus ATCC 9170 >128 >128 >128 >128
C. albicans FH2173 >128 >128 >128 >128
S. aureus ATCC 33592 >128 >128 >128 >128
M. smegmatis ATCC 607 >128 >128 >128 >128

All tested compounds (3.3, 3.4, 3.8 and 3.9) showed no antibiotic activity as shown in Table
6-3.

As a next step, they were tested against human cysteine proteases cathepsin B (CatB) and L
(CatL), as well as the parasitic protease of Tryoanosoma brucei rhodesiense rhodesain by Dr.

T. Schirmeister at the University of Mainz.

The tested compounds (3.3, 3.4, 3.8 and 3.9) showed no protease activity against cathepsin B
or L. Only compound 3.8 showed inhibition of rhodesain with an ICso of 13.7 uM. It needs to
be considered that it could have functioned as a substrate as well. First LC-MS results showed

no cleavage products, but further investigations are needed.

6.3 Summary and Outlook

Dehydrogenated amino acids are often found in natural products and show promising
properties as antibacterial compounds.3* To this date it is not known how and when the
dehydrogenation process occurs. The biosynthetic gene cluster, as seen by the example of

glidopeptin A, gives no indication on the formation or incorporation of these dehydrogenated
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amino acids either.3” Cryopeptides were detected in extracts and subsequent molecular
network of Pedobacter cryoconitis. The pentapeptides contain two dehydrogenated valines
and a fatty acid residue. Due to the scarcity of the natural isolated material and for complete
structure elucidation, a solid-phase peptide synthesis (SPPS) was developed to gain access to
the natural compounds and derivatives. The synthesis was successful with varying yields
between 8-30% for the four pentapeptides (3.3, 3.4, 3.8 and 3.9). With the elimination of the
extraction during the work up the yield was more than doubled, from 8% for 3.3 and 17% for
3.4. The synthetic compounds 3.3 and 3.4 allowed for the validation of the proposed
structures of the natural isolated compounds PE2H_3 and P13-71, respectively. The structure
was not only fully elucidated but the amount of material was enough to conduct some
antimicrobial screenings. However, neither antibacterial activity for the pentapetides (3.3,
3.4, 3.8 and 3.9) nor considerable protease activity could be observed (Table 6-3). To
determine the origin of the dehydrogenation process, two mimics, the valyl-SNACs, were
successfully synthesized with overall yields of 68% and 39% for the R- (3.6) and S-enantiomer
(3.7) respectively (Scheme 6-1). A gene encoding a protein that might catalyze this reaction
was identified clustered with the NRPS gene putatively encoding the biosynthesis of the
cryopeptides. The tests regarding the dehydrogenation process are still underway and results
are not available to this date. The enzyme assay needs further optimization and the tests will
be carried out as soon as the test is working. Therefore, the determination of the origin of the
dehydrogenation could not be completed yet. All needed substrates are synthesized and

characterized, and the tests will be conducted as soon as the assay optimization is completed.
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6.4 Experimental

General procedures of the Cryopeptide Syntheses*!
Coupling of amino acids and fatty acid:

Unless otherwise noted, all reactions were carried out in a custom-built solid phase peptide
synthesis vessel with a G2 filter and a diameter of 3, 4 or 5 cm at room temperature. Argon
was used for agitation of the resin. 20% piperidine in DMF and the cleavage cocktail were

freshly prepared on the day of use.

The Fmoc-protected amino acid or fatty acid (3.0 equiv) and HATU (2.9 equiv), dissolved in a
small amount of DMF, were added to the swelled resin (1.0 equiv). DIPEA (6.0 equiv) was

added and the resin was agitated for 1-5 hours.

Each coupling step was monitored as described in the general method part for the LC-MS
sample preparation. After each coupling step was complete as indicated by LC-MS, Fmoc-

deprotection was carried out using 20% piperidine in DMF.
LC-MS sample preparation

The reaction progress of each coupling of the Fmoc-protected amino acids was monitored
using LC-MS. A few beads of the resin were sampled in a 2 mL SPPS syringe, washed once with
DMF and then two to three times with DCM. The vessel was closed and 20% HFIP in DCM was
added (1-1.5 mL), which changed the color of the beads from yellow-orange to a dark red,
which again faded over time. The mixture was shaken for 15-30 min and the filtrate was used

for LC-MS measurement.
Fmoc-deprotection

The mixture was filtered and the remaining resin was washed 5 times with DMF. 20%
piperidine in DMF (20-30 mL) was added. After agitation for 2-5 min it was filtrated, rinsed
with DMF and the process was repeated four more times. Afterwards, the resin was washed

with DMF three times.

4 Lit:  W. Chan, P. White , Fmoc Solid Phase Peptide Synthesis Practical Approach, Oxford University Press,
Oxford, 1999.
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Cleavage from the resin

To the washed resin, 95% TFA was added, coloring the mixture a dark purple. The resin was
agitated for 30-60 min after which the supernatant was drained and the process was repeated
once more. The combined filtrates were concentrated under reduced pressure and then dried

further using lyophilization.

Preparation of S-(2-acetamidoethyl) (R)-2-((tert-butoxycarbonyl)amino)-3-
methylbutanethioate (3.10)

N o N-Boc-p-valine (511 mg, 2.35 mmol), EDC - HCI (496 mg, 2.59 mmol)
BocHN&[(S\/\”J\ and HOAt (358 mg, 2.63 mmol) were dissolved in anhydrous DCM. N-
03.10 Acetlycysteamin (95%, 250 uL, 2.23 mmol) was added, followed by
triethylamine (359 uL, 2.59 mmol). The mixture was stirred at room temperature for 25 h.
After dilution with EA, the organic phase was washed three times with citric acid (10% w/v),
once with sat. NaHCOs solution and once with brine. The organic layer was dried over MgS04
and concentrated in vacuo. Purification by semi preparative HPLC (32-45% AcCN + 0.1% FA,
NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 3 mL/min) yielded 3.10 as a

colorless syrup (506 mg, 1.59 mmol, 68%).

1H-NMR (CDCls, 400 MHz): &1 [ppm] = 5.93 (s, 1H, NH-Ac), 4.98 (d, 1H, J = 9.0 Hz, NH-Boc),
4.23 (dd, 1H, J = 8.9, 4.6 Hz, a-CH Val), 3.46 (ddd, 1H, J = 13.2, 13.2, 6.5 Hz, CH>-NH a), 3.38
(ddd, 1H,J=13.1, 13.1, 6.2 Hz, CH>-NH b), 3.04 (ddd, 2H, J = 6.4, 6.4, 2.9 Hz, S-CH>), 2.29-2.19
(m, 1H, B-CH Val), 1.95 (s, 3H, CH3 Ac), 1.45 (s, 9H, CHs Boc), 0.99 (d, 3H, J = 6.8 Hz, y-CH3 a
Val), 0.87 (d, 3H, J = 6.8 Hz, y-CHsz a Val).

13C.NMR (CDCls, 100 MHz): 8¢ [ppm] = 201.9 (CO Val), 170.5 (CO Ac), 155.8 (CO Boc), 80.6
(Cquart Boc), 65.8 (a-CH Val), 39.5 (CH2-NH), 30.9 (B-CH Val), 28.50 (S-CH;), 28.45 (CH3 Boc),
23.3 (CH3 Ac), 19.5 (y-CHsa Val), 17.1 (y-CHz b Val).

Additional found signals: 64 [ppm] = 8.08 (FA), 5.29 (DCM). &¢ [ppm] =/
UHR-MS (ESI-TOF) m/z calcd for C14H27N204S: 319.1686 [M+H]*; found: 319.1688 [M+H]*

Specific rotation [OL]E5 =-12.7°(c = 1.02, CHClI5)
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Preparation of S-(2-acetamidoethyl) (S)-2-((tert-butoxycarbonyl)amino)-3-
methylbutanethioate (3.11)

o  N-Boc-L-valine (512 mg, 2.36 mmol), EDC - HCI (499 mg, 2.60 mmol)

BocHN S\/\uJ\ and HOAt (358 mg, 2.63 mmol) were dissolved in anhydrous DCM. N-
Can Acetlycysteamin (95%, 262 ulL, 2.34 mmol) was added, followed by
triethylamine (359 uL, 2.59 mmol). The mixture was stirred at room temperature for 22 h.
After dilution with EA, the the organic phase was washed three times with citric acid (10%
w/v), once with sat. NaHCOj3 solution and once with brine. The organic layer was dried over
MgSO. and concentrated in vacuo. Purification by semi preparative HPLC (32-45% AcCN +
0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 3 mL/min) yielded 3.11

as a colorless syrup (312 mg, 0.980 mmol, 42%).

1H-NMR (CDCl3, 400 MHz): 81 [ppm] = 6.00 (s, 1H, NH-Ac), 4.98 (d, 1H, J = 8.7 Hz, NH-Boc),
4.23 (dd, 1H, J = 8.9, 4.8 Hz, a-CH Val), 3.47 (ddd, 1H, J = 13.0, 13.0, 6.4 Hz, CH,-NH a), 3.39
(ddd, 1H, J = 13.0, 13.0, 6.3 Hz, CHo-NH b), 3.04 (ddd, 2H, J = 6.3, 6.3, 3.6 Hz, S-CHa), 2.30-2.19
(m, 1H, B-CH Val), 1.97 (s, 3H, CHs Ac), 1.46 (s, 9H, CHs Boc), 0.99 (d, 3H, J = 6.8 Hz, y-CHs a
Val), 0.88 (d, 3H, J = 6.8 Hz, y-CHs a Val).

13C.NMR (CDCls, 100 MHz): 8¢ [ppm] = 201.9 (CO Val), 170.7 (CO Ac), 155.8 (CO Boc), 80.6
(Cquart Boc), 65.8 (a-CH Val), 39.6 (CH2-NH), 30.9 (B-CH Val), 28.5* (S-CH,), 28.5 (CHz Boc), 23.2
(CHs Ac), 19.5 (y-CHsz a Val), 17.2 (y-CHs b Val).

Additional found signals: &x [ppm] = 8.07 (FA), 5.30 (DCM). &¢ [ppm] =/
UHR-MS (ESI-TOF) m/z calcd for C1aH27N204S: 319.1686 [M+H]*; found: 319.1687 [M+H]*

Specific rotation [a]2” = +16.3°(c = 0.80, CHCl3)

Preparation of (R)-1-((2-acetamidoethyl)thio)-3-methyl-1-oxobutan-2-aminium chloride

(3.6)

N o Compound 3.10 (480 mg, 1.51 mmol) was dissolved in 4 M HCl in 1,4-
-C|+H3N/\[|/S\/\HJJ\ dioxane (30 mL) and stirred at room temperature for 70 min in a
[¢]

3.6 sealed flask. An argon stream removed residual HCl and the solvent
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was removed in vacuo. Product 3.6 was obtained as a colorless solid (386 mg, 1.52 mmol,

guantitavly) without further purification.

1H-NMR (DMSO-ds, 400 MHz): 8 [ppm] = 8.63 (bd, 3H, NHs*), 8.18 (t, 1H, J = 5.8 Hz, NH-Ac),
4.08 (t, 1H, J=5.1 Hz, a-CH Val), 3.22 (ddd, 2H, J = 6.3, 6.3, 6.3 Hz, CH>-NH) 3.08 (ddd, 1H, J =
13.4, 6.7, 6.7 Hz, S-CH, a), 3.02 (ddd, 1H, J = 13.2, 6.5, 6.5 Hz, S-CH2 b), 2.26-2.13 (m, 1H, B-CH
Val), 1.79 (s, 3H, CH3 Ac), 0.98 (d, 3H, J = 7.4 Hz, y-CH3a Val), 0.96 (d, 3H, J = 7.3 Hz, y-CH3 a
Val).

13C-NMR (DMSO-ds, 100 MHz): 8¢ [ppm] = 196.0 (CO Val), 169.4 (CO Ac), 63.4 (a-CH Val), 37.8
(CH2-NH), 30.0 (B-CH Val), 28.4 (S-CH,), 22.5 (CHs Ac), 18.1 (y-CHs a Val), 17.6 (y-CHs b Val).

Additional found signals: &u [ppm] = 4.49, 3.56 (1,4-dioxane). 6¢c [ppm] = 66.4 (1,4-dioxane).
UHR-MS (ESI-TOF) m/z calcd for CoH19N20,S: 219.1162 [M+H]*; found: 219.1164 [M+H]*

Specific rotation [OL]E4 =-50.7°(c = 1.40, H,0)

Preparation of (S)-1-((2-acetamidoethyl)thio)-3-methyl-1-oxobutan-2-aminium chloride

(3.7)

The solution of Compound 3.11 (166 mg, 0.521 mmol) in 4 M HCl in

(0]

“CI*H3N S\/\HJ\ 1,4-dioxane (10 mL) was stirred at room temperature for 60 min in a
[¢]

3.7 sealed flask. An argon stream removed residual HCI and the solvent

was removed in vacuo. Product 3.7 was obtained as a colorless solid (123 mg, 0.483 mmol,

93%) without further purification.

1H-NMR (DMSO-ds, 400 MHz): 84 [ppm] = 8.67 (bd, 3H, NHs*), 8.20 (t, 1H, J = 5.4 Hz, NH-Ac),
4.06 (t, 1H,J=5.0 Hz, a-CH Val), 3.22 (ddd, 2H, J = 6.2, 6.2, 6.2 Hz, CH>-NH) 3.07 (ddd, 1H, J =
13.3,6.5,6.5 Hz, S-CHz a), 3.01 (ddd, 1H, J = 13.4, 6.8, 6.8 Hz, S-CH:» b), 2.25-2.13 (m, 1H, B-CH
Val), 1.79 (s, 3H, CH3 Ac), 0.98 (d, 3H, J = 6.6 Hz, y-CH3a Val), 0.96 (d, 3H, J = 6.7 Hz, y-CH3 a
Val).

13C-NMR (DMSO-ds, 100 MHz): 8¢ [ppm] = 195.9 (CO Val), 169.4 (CO Ac), 63.5 (a-CH Val), 37.8
(CH2-NH), 30.0 (B-CH Val), 28.4 (S-CH,), 22.5 (CHz Ac), 18.0 (y-CHsa Val), 17.6 (y-CHs b Val).

Additional found signals: 64 [ppm] = 4.66. &¢ [ppm] =/
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UHR-MS (ESI-TOF) m/z calcd for CoH19N20,S: 219.1162 [M+H]*; found: 219.1163 [M+H]*

Specific rotation [oz]é4 =+54.0° (c = 1.61, H,0)

Preparation of 2CT-L-leucine-NH; (3.12)

O 2-Chlorotrityl chloride resin (n = 1.55 mmol/g, 5.93 g, 9.19 mmol)
7 was swelled in DCM (50 mL) for 10 min. After removal of the solvent,

® O ) NH; . .
cl a solution of Fmoc-L-leucine-OH (4.24 g, 12.0 mmol) and DIPEA
O (5.1 mL, 30 mmol) in DCM (50 mL) was added and agitated for 1 h.
3'12 The solvent was drained and the resin was washed twice with DMF.
The capping mixture (50 mL), consisting of DCM/MeOH/DIPEA (80:15:5), was added and it
was agitated for 10 min. The mixture was filtered and the capping was repeated once more.
Fmoc-deprotection was done with 25% piperidine in DMF (50 mL) for 3 min and the process
was performed five times total. The resin was washed four times with DMF, three times with
isopropanol and three times with n-heptane. It was sucked dry and dried further in vacuo for

12 h. Resin 3.12 was stored under argon at 4 °C. The loading was determined by weight gain

to be n =1.19 mmol/g (77%).

Preparation of 2CT-L-leucine-p-valine-L-arginine(Pbf)-pD-valine-L-phenylalanine-NH: (3.13)

Resin 3.12 (n=1.19 mmol/g, 0.62 g, 0.738 mmol)

[¢] o (0]
O_O H\H;(H H\VP\/” NH: - was swelled in DMF for 30 min. The solvent was
° ° removed and a solution of Fmoc-D-valine-OH
i/T\ (0.752g, 2.22mmol) and HATU (0.814g,
HN NHPbf

313 2.14 mmol) in DMF was added, followed by DIPEA
(753 pL, 4.43 mmol) and more DMF. The mixture was agitated for 2 h. After Fmoc-
deprotection, Fmoc-L-arginine(Pbf)-OH (1.436g, 2.213 mmol) and HATU (0.818g,
2.15 mmol), dissolved in a small amount of DMF, were added, followed by DIPEA (753 uL,
4.43 mmol) and more DMF. The mixture was agitated for 3 h. After Fmoc-deprotection, Fmoc-
p-valine-OH (0.760 g, 2.24 mmol) and HATU (0.812 g, 2.14 mmol) dissolved in DMF, were
added, followed by DIPEA (753 L, 4.43 mmol) and more DMF. The mixture was agitated for

2.5 h. After Fmoc-deprotection, Fmoc-L-phenylalanine-OH (0.859 g, 2.22 mmol) and HATU
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(0.815 g, 2.14 mmol) dissolved in DMF, were added, followed by DIPEA (753 uL, 4.43 mmol)
and more DMF. The mixture was agitated for 1.5 h. After Fmoc-deprotection the supernatant
was drained, the resin was washed five times with DMF, three times with isopropanol and
three times with n-heptane. It was sucked dry and dried further in vacuo for 12 h. Resin 3.13
was stored under argon at 4°C. The loading was determined by weight to be

n =0.624 mmol/g (87%).

Preparation of (3-methylbutanoyl)-L-phenylalanyl-b-valyl-L-arginyl-p-valyl-L-leucine (3.9)

0 Hj;( 0 HW;( o Resin 3.13 (n = 0.624 mmol/g, 1.08 g,
N N N
HO N N . .
i?/ o M Is W 0.674 mmol) was swelled in DMF for 30 min.
The solvent was removed and HATU (0.747 g,
HN
HN)\NH

1.96 mmol) dissolved in DMF was added,

2
3.9

followed by isovaleric acid (221 pL, 2.01 mmol),
DIPEA (686 pL, 4.03 mmol) and more DMF. The mixture was agitated for 4 h. The supernatant
was drained and the resin was washed three times each with DMF and DMC. The cleavage
was performed as described in the general method section. The obtained crude product was
dissolved in 20% acetic acid and extracted three times with chloroform. The combined organic
phases were dried over MgS0O4 and concentrated in vacuo. Purification using semi preparative
HPLC (32-50-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow

rate: 3 mL/min) yielded 3.9 as a colorless powder (152 mg, 0.212 mmol, 34%).

1H-NMR (MeOD, 600 MHz): &4 [ppm] = 7.30-7.18 (m, 5H, CHarom Phe), 4.67 (t, 1H, J =7.7 Hz,
a-CH Phe), 4.36 (dd, 1H,J=10.1, 4.5 Hz, a-CH Leu), 4.29 (t, 1H, J = 6.6 Hz, a-CH Arg), 4.24 (d,
1H, J = 8.4 Hz, a-CH Val 2), 3.93 (d, 1H, J =6.8 Hz, a-CH Val 1), 3.17-3.11 (m, 2H, 6-CH, Arg),
3.03 (dd, 1H, J = 13.3, 8.1 Hz, B-CH: a Phe), 2.98 (dd, 1H, J =13.6, 7.3 Hz, B-CH2 b Phe), 2.13-
2.00 (m, 4H, B-CH Val 1, B-CH Val 2, CH: iVal), 2.00-1.93 (m, 1H, CH iVal), 1.90-1.76 (m, 2H, B-
CH; Arg), 1.73-1.65 (m, 2H, y-CH Leu, y-CH; a Arg), 1.65-1.57 (m, 3H, B-CH: Leu, y-CHz b Arg),
0.95(d, 3H,/=6.1 Hz, 6-CH3 a Leu), 0.94 (d, 3H, J=6.1 Hz, 6-CH3 b Leu), 0.92 (d, 3H,J=6.6 Hz,
y-CHs a Val 2), 0.87 (d, 3H, J = 6.6 Hz, CHs a iVal), 0.84 (d, 3H, J = 6.8 Hz, y-CHs b Val 2), 0.84
(d, 3H, J=6.5Hz, CH3 b iVal), 0.74 (d, 3H, J = 6.8 Hz, y-CH3 a Val 1), 0.70 (d, 3H, J = 6.8 Hz, y-
CHs b Val 1).
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13C-NMR (MeOD, 100 MHz): 6¢ [ppm] = 179.5 (COOH Leu), 175.3 (CO iVal), 174.4 (CO Val 1),
174.2 (CO Phe), 173.5 (CO Arg), 172.6 (CO Val 2), 158.7 ({-Cquart Arg), 138.0 (y-Cquart Phe), 130.4,
129.6, 127.9 (CHarom Phe), 61.0 (a-CH Val 1), 60.5 (a-CH Val 2), 56.5 (a-CH Phe), 55.4 (a-CH
Arg), 54.4 (a-CH Leu), 46.0 (CH2 iVal), 42.7 (B-CH Leu), 42.2 (6-CH2 Arg), 39.3 (B-CH2 Phe), 31.5
(B-CH Vval 2), 30.5 (B-CH Val 1), 30.0 (B-CH2 Arg), 27.4 (CH iVal), 26.3 (y-CH Leu), 26.0 (y-CH;
Arg), 23.7 (6-CHs a Leu), 22.9 (CHs a iVal), 22.7 (CHs b iVal), 22.0 (6-CH3 b Leu), 20.0 (y-CHs a
Val 2), 19.6 (y-CHs b Val 1), 18.8 (y-CHs b Val 2), 18.5 (y-CHs a Val 1).

Additional found signals: 61 [ppm] = 4.88 (H20), 4.60 (bs), 2.66 (DMSO), NH signals, COOH Leu
and NH/NH, Arg were not observed. 8¢ [ppm] = 40.4 (DMSO).

The differentiation between Val 1 and Val 2 refers to the spin system and not the position in

the molecule. Due to the missing NH signals differentiation was not possible using HMBC data.
UHR-MS (ESI-TOF) m/z calcd for CssHe1NsO7: 717.4658 [M+H]*; found: 717.4660 [M+H]*

Specific rotation [a]2" = +34.1°(c = 1.10, CH3OH

Preparation of (2-((S)-5-guanidino-2-(3-methyl-2-((S)-2-(3-methylbutanamido)-3-

phenylpropanamido)but-2-enamido)pentanamido)-3-methylbut-2-enoyl)-L-leucine (3.3)

0 Hj;f 0 HWI o Resin 3.12 (n =1.19 mmol/g, 0.565 g, 0.672 mmol)

N N N
Hoi"j/ I Hjﬁ I 5Ef W was swelled in DMF for 30 min. The solvent was
n drained and the solution of Fmoc-2,3-
HN)\NHZ dehydrovaline-OH (0.683 g, 2.02 mmol) and HATU
N (0.741 g, 1.95 mmol) in DMF was added, followed
by DIPEA (685 pL, 4.03 mmol) and more DMF. The mixture was agitated for 4 h, succeeded by
by Fmoc-deprotection. Fmoc-L-arginine(Pbf)-OH (1.315 g, 2.027 mmol) and HATU (0.745 g,
1.96 mmol) dissolved in DMF, were added, followed by DIPEA (685 pL, 4.03 mmol) and more
DMEF. The mixture was agitated for 4 h after which LC-MS indicated no complete conversion.
The coupling step was repeated. Fmoc-L-arginine(Pbf)-OH (0.439 g, 0.677 mmol) and HATU
(0.231 g, 0.608 mmol) dissolved in a small amount of DMF, were added to the resin, followed
by DIPEA (228 uL, 1.34 mmol) and more DMF. The mixture was agitated for 3 h. After Fmoc-
deprotection, Fmoc-2,3-dehydrovaline-OH (0.685g, 2.03 mmol) and HATU (0.745g,
1.96 mmol), dissolved in DMF, were added, followed by DIPEA (685 uL, 4.03 mmol) and more
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DMF. The mixture was agitated for 4.5 h. After Fmoc-deprotection, Fmoc-L-phenylalanine-OH
(0.788 g, 2.03 mmol) and HATU (0.746 g, 1.96 mmol), dissolved in DMF, were added, followed
by DIPEA (685 pL, 4.03 mmol) and more DMF. The mixture was agitated for 3 h. After Fmoc-
deprotection the supernatant was drained, HATU (0.740 g, 1.95 mmol) dissolved in DMF was
added, followed by isovaleric acid (222 uL, 2.02 mmol), DIPEA (685 L, 4.03 mmol) and more
DMF. The mixture was agitated for 6 h, after which LC-MS result indicated complete
conversion. The supernatant was drained, and the resin was washed three times each with
DMF and DMC. The cleavage was done as described in the general method section. The
obtained crude product was dissolved in 20% acetic acid and extracted three times with
chloroform. During extraction a third, cloudy layer formed, which would not dissolve in either
the organic or aqueous phase. Later, LC-MS analysis showed the free acid to be in this 3™
phase but due to its gel like consistency it was not combined with the other organic phases
and discarded. The combined organic phases were dried over MgSQO4 and concentrated in
vacuo. Purification using semi preparative HPLC (28-45-95% AcCN + 0.1% FA, NUCLEODUR®
C18 Gravity SB, 3 um, 250 x 10 mm, flow rate: 3 mL/min) yielded 3.3 as a colorless oil (38 mg,
0.053 mmol, 8%).

1H-NMR (MeOD, 600 MHz): &4 [ppm] = 7.30-7.18 (m, 5H, CHarom Phe), 4.62 (t, 1H, J =7.8 Hz,
a-CH Phe), 4.41 (dd, 1H, J = 7.4, 6.1 Hz, a-CH Arg), 4.34 (dd, 1H, J = 9.0, 4.9 Hz, a-CH Leu),
3.24-3.15 (m, 2H, -CH. Arg), 3.10 (dd, 1H, J = 13.8, 7.7 Hz, B-CH, a Phe), 2.99 (dd, 1H, J = 12.7,
9.2 Hz, B-CH; b Phe), 2.09-1.92 (m, 4H, CH; iVal, CH iVal, B-CH: a Arg), 2.04 (s, 3H, y-CHz a
Dhv 1), 2.00 (s, 3H, y-CH3 a Dhv 2), 1.85-1.52 (m, 6H, B-CH> b Arg, y-CH; Arg, B-CH- Leu, y-CH
Leu), 1.75 (s, 3H, y-CHs b Dhv 1), 1.45 (s, 3H, y-CHs b Dhv 2), 0.95 (d, 3H, J = 6.3 Hz, 6-CH3 a
Leu), 0.92 (d, 3H, J = 6.5 Hz, 6-CH3 b Leu), 0.87 (d, 3H, J = 6.6 Hz, CHs a iVal), 0.82 (d, 3H, J =
6.6 Hz, CHs b ival).

13C-NMR (MeOD, 100 MHz): &¢ [ppm] = 176.1* (CO iVal), 173.8* (CO Arg), 173.4* (CO Phe),
168.4* (CO Dhv 2), 167.5* (CO Dhv 1), 158.8* (T-Cquart Arg), 141.9% (a-Cquart Dhv 1), 141.5* (0-
Cquart Dhv 2), 138.2* (y-Cquart Phe), 125.2* (B-Cquart Dhv 1), 124.8* (B-Cquart Dhv 2), 130.4, 129.7,
128.0 (CHarom Phe), 56.6 (a-CH Phe), 54.8 (a-CH Arg, a-CH Leu), 45.9 (CH, iVal), 43.6 (B-CH.
Leu), 42.1 (6-CH; Arg), 38.4 (B-CH2 Phe), 30.0 (B-CH2 Arg), 27.4 (CH iVal), 26.1 (y-CH; Arg, y-CH
Leu), 23.7 (6-CHs b Leu), 22.8 (CHs a iVal), 22.7 (6-CHs a Leu, CHs b iVal), 21.6 (y-CHs b Dhv 1),
21.5 (y-CH3 b Dhv 2), 21.0 (y-CHs a Dhv 1), 20.9 (y-CHs a Dhv 2).
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Additional found signals: 64 [ppm] = 4.87 (H;0), 3.01, 2.66 (DMSO), NH signals, COOH Leu and
NH/NH, Arg were not observed. &c [ppm] = 40.4 (DMSO), COOH Leu was not observed.

The differentiation between Dhv 1 and Dhv 2 refers to the spin system and not the position
in the molecule. Due to the missing NH signals differentiation was not possible using HMBC

data.
UHR-MS (ESI-TOF) m/z calcd for C3¢Hs7NgO7: 713.4345 [M+H]*; found: 713.4349 [M+H]*

Specific rotation [oz]é1 =+16.7°(c = 1.05, CH30H)

Preparation of (3-methylbutanoyl)-L-phenylalanyl-L-valyl-L-arginyl-L-valyl-L-leucine (3.8)

Resin 3.12 (n =1.19 mmol/g, 0.653 g, 0.777 mmol)

o Yo Yo
N ~ N ~ N
Hoi;j/ j(\u T(\H | W was swelled in DMF for 30 min. After removal of the
[¢] o (o]
HN
NH,

solvent, a solution of Fmoc-L-valine-OH (0.793 g,

A

2.34 mmol) and HATU (0.856 g, 2.25 mmol) in DMF,

HN
3.8

was added, followed by DIPEA (793 uL, 4.66 mmol)
and more DMF. The mixture was agitated for 2.5 h, succeeded by Fmoc-deprotection. Fmoc-
L-arginine(Pbf)-OH (1.514 g, 2.334 mmol) and HATU (0.859 g, 2.26 mmol) dissolved in DMF,
were added, followed by DIPEA (793 uL, 4.66 mmol) and more DMF. The mixture was agitated
for 4.5 h, after which LC-MS indicated incomplete conversion. Fmoc-L-arginine(Pbf)-OH
(0.506 g, 0.780 mmol) and HATU (0.276 g, 0.726 mmol) were dissolved in DMF and added to
the drained resin. DIPEA (264 pL, 1.55 mmol) and more DMF followed. The mixture was
agitated for 3 h. After Fmoc-deprotection, Fmoc-L-valine-OH (0.790 g, 2.33 mmol) and HATU
(0.857 g, 2.25 mmol) dissolved in DMF, were added, followed by DIPEA (793 uL, 4.66 mmol)
and more DMF. The mixture was agitated for 2.5 h, succeeded by Fmoc-deprotection. To the
drained resin, Fmoc-L-phenylalanine-OH (0.903 g, 2.33 mmol) and HATU (0.855 g, 2.25 mmol)
dissolved in DMF, were added, followed by DIPEA (793 pL, 4.66 mmol) and more DMF. The
mixture was agitated for 2 h. After Fmoc-deprotection, the supernatant was drained, HATU
(0.860 g, 2.26 mmol) dissolved in DMF was added, followed by isovaleric acid (256 pL,
2.33 mmol), DIPEA (264 pL, 1.55 mmol) and more DMF. The mixture was agitated for 5.5 h.
The supernatant was drained and the resin was washed three times each with DMF and DMC.

The cleavage was executed as described in the general method section. The obtained crude
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product was dissolved in 20% acetic acid and extracted three times with chloroform. During
extraction a third, cloudy layer formed, which would not dissolve in either the organic or
aqueous phase. Later, LC-MS analysis showed the free acid to be in this 3™ phase but due to
its gel like consistency it was not combined with the other organic phases and discarded. The
combined organic phases were dried over MgS04 and concentrated in vacuo. Purification
using semi preparative HPLC (28-45-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um,
250 x 10 mm, flow rate: 3 mL/min) yielded 3.8 as a colorless solid (83.6 mg, 0.12 mmol, 15%).

1H-NMR (MeOD, 400 MHz): &y [ppm] = 7.30-7.15 (m, 5H, CHarom Phe), 4.72 (dd, 2H, J = 8.9,
6.2 Hz, 0-CH Phe), 4.48 (t, 1H, J = 6.8 Hz, a-CH Arg), 4.34 (dd, 1H, J = 8.7, 5.4 Hz, a-CH Leu),
4.23(d, 1H,J = 7.0 Hz, a-CH Val 2), 4.21 (d, 1H, J = 7.3 Hz, a-CH Val 1), 3.22-3.11 (m, 3H, B-CH
a Phe, 8-CH, Arg), 2.84, (dd, 1H, J = 14.1, 10.3 Hz, B-CH. b Phe), 2.18-1.99 (m, 4H, B-CH Val 1,
B-CH Val 2, CH, iVal), 1.96-1.83 (m, 2H, B-CH, Arg), 1.76-1.54 (m, 6H, y-CHz Arg, y-CH Leu, B-
CH, Leu, CH iVal), 1.00-0.90 (m, 18H, 8-CHs Leu, y-CHs Val 2, y-CHs Val 1), 0.82 (d, 3H, J =
6.6 Hz, CHz a iVal), 0.74 (d, 3H, J = 6.6 Hz, CHs b iVal).

13C-NMR (MeOD, 100 MHz): &¢ [ppm] = 177.5 (COOH Leu), 175.6 (CO iVal), 173.9 (CO Phe),
173.6 (CO Arg), 173.3 (CO Val 1), 173.1 (CO Val 2), 158.6 (T-Cquart Arg), 138.6 (y-Cquart Phe),
130.2, 129.5, 127.7 (CHarom Phe), 60.5 (a-CH Val 2), 59.9 (a-CH Val 1), 55.9 (a-CH Phe), 53.9
(a-CH Arg), 53.5 (a-CH Leu), 46.1 (CH; iVal), 42.7 (y-CH2 Arg), 42.1 (B-CH3 Leu), 38.6 (B-CH3
Phe), 32.3 (B-CH Val 1), 31.9 (B-CH Val 2), 30.5 (B-CH; Arg), 27.4 (CH iVal), 26.1 (y-CH Leu),
26.0 (6-CH2 Arg), 23.5,22.7,22.6,22.3,19.8,19.7 (CH3 Val 1, Val 2, Leu), 18.7 (CH3 a iVal), 18.6
(CHs bival).

Additional found signals: 64 [ppm] = 4.88 (H20), 2.66 (DMSO), broad peak between 4.99-4.42,
NH signals, COOH Leu and NH/NH; Arg were not observed. ¢ [ppm] = 40.4 (DMSO).

The differentiation between Val 1 and Val 2 refers to the spin system and not the position in

the molecule. Due to the missing NH signals differentiation was not possible using HMBC data.
UHR-MS (ESI-TOF) m/z calcd for C3sHs1NsO7: 717.4658 [M+H]*; found: 717.4655 [M+H]*

Specific rotation [Ol]él =-95.0°(c = 1.00, CHs0OH)
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Preparation of 2CT-L-leucine-dehydro-valine-L-arginine(Pbf)-dehydro-valine-L-

phenylalanine-NH; (3.14)

H-L-lle-2-chlorotrityl resin (n=0.74 mmol/g,

0 0 0
O—o?b/n\”j”fu H\P]\/” " 2.106g, 1.558 mmol) was swelled in DMF for
° ° 30 min. The solvent was removed and a solution of
HNj\NHbe Fmoc-2,3-dehydrovaline-OH (1.577 g, 4.674 mmol)

3.14 and HATU (1.720 g, 4.524 mmol) in DMF was added.
DIPEA (1590 pL, 9.350 mmol) and more DMF followed. The mixture was agitated for 1 h,
succeeded by Fmoc-deprotection. Fmoc-L-arginine(Pbf)-OH (3.037 g, 4.681 mmol) and HATU
(1.721 g, 4.526 mmol) were dissolved in DMF and added to the drained resin, followed by
DIPEA (1590 pL, 9.350 mmol) and more DMF. The mixture was agitated for 1 h. After Fmoc-
deprotection, Fmoc-2,3-dehydrovaline-OH (1.577 g, 4.674 mmol) and HATU (1.718 g,
4.518 mmol) dissolved in DMF, were added, followed by DIPEA (1590 pL, 9.350 mmol) and
more DMF. The mixture was agitated for 3 h, after which the coupling was repeated due to
the incompleteness of the reaction. Fmoc-2,3-dehydrovaline-OH (0.571 g, 1.69 mmol) and
HATU (0.624 g, 1.641 mmol) were added as a solution in DMF, followed by DIPEA (575 pL,
3.38 mmol) and more DMF. The mixture was agitated for 1 h, after which full conversion was
observed as indicated by LC-MS. After Fmoc-deprotection, Fmoc-L-phenylalanine-OH
(1.816 g, 4.688 mmol) and HATU (1.720 g, 4.524 mmol) dissolved in DMF, were added,
followed by DIPEA (1590 uL, 9.350 mmol) and more DMF. The mixture was agitated for 2 h,
after which the coupling was repeated. Fmoc-L-phenylalanine-OH (1.811 g, 4.675 mmol) and
HATU (1.719 g, 4.521 mmol) dissolved in a bit DMF, were added to the resin, followed by
DIPEA (1590 pL, 9.350 mmol) and more DMF. The mixture was agitated for 2 h. After Fmoc-
deprotection the supernatant was drained, the resin was washed three times with DMF, two
times each with isopropanol and n-heptane. It was sucked dry and half of resin 3.14 was taken

for storage. This was dried in vacuo for 18 h, flushed with argon and stored at -8 °C. The rest

of resin 3.14 was directly used in the next step.
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Preparation of  (2-((S)-5-guanidino-2-(3-methyl-2-((S)-2-((S)-2-methylbutanamido)-3-

phenylpropanamido)but-2-enamido)pentanamido)-3-methylbut-2-enoyl)-L-leucine (3.4)

o o o Resin 3.14 (0.779 mmol) was swelled in DMF for
H H H
HO N\Hj]\/u Nj;]\/u N\”/k/ 30 min. The solvent was drained, HATU (0.861 g,
(¢] [¢] (¢]
2.26 mmol) dissolved in DMF was added,
HN
HN)\NH

followed by S-methylbutanoic acid (255 pL,

L 2.34 mmol), DIPEA (795 uL, 4.68 mmol) and

more DMF. The mixture was agitated for 1 h. The solvent was removed, and the resin was
washed three times each with DMF, isopropanol and n-heptane. The cleavage cocktail,
consisting of TFA/TIS/H,0 (95:2.5:2.5), was added, coloring the mixture a dark violet. The
resin was agitated for 30 min after which the supernatant was drained and the process was
repeated once more. The combined filtrates were reduced under pressure and then dried
further using lyophilization. Purification of 58% of the crude product using semi preparative
HPLC (5-50-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 um, 250 x 10 mm, flow rate:

3 mL/min) yielded 3.4 as a colorless powder (54.5 mg, 0.0764 mmol, overall yield calculated

to be: 17%).

1H-NMR (MeOD, 600 MHz): &4 [ppm] = 7.28 (d, 4H, J = 4.6 Hz, CHarom Phe), 7.24-7.20 (m, 1H,
CHarom Phe), 4.59 (t, 1H, J=7.9 Hz, a-CH Phe), 4.45 (dd, 1H, J = 9.4, 5.3 Hz, a-CH Leu), 4.34 (dd,
1H, J=8.5,5.7 Hz, a-CH Arg), 3.21 (t, 2H, J = 7.2 Hz, 6-CH; Arg), 3.10 (dd, 1H, J = 13.7, 7.7 Hz,
B-CH; a Phe), 3.02 (dd, 1H, J = 13.7, 7.9 Hz, B-CH2 b Phe), 2.30-2.23 (m, 1H, CH S-MBA), 2.06-
2.00 (m, 1H, B-CH: a Arg), 2.07 (s, 3H, y-CHs a Dhv 1), 2.02 (s, 3H, y-CHs a Dhv 2), 1.90-1.82
(m, 1H, B-CH2 b Arg), 1.79 (s, 3H, y-CH3 b Dhv 1), 1.77-1.69 (m, 3H, y-CH2 Arg, y-CH Leu), 1.69-
1.60 (m, 2H, B-CH, Leu), 1.60-1.52 (m, 1H, CHz a S-MBA), 1.47 (s, 3H, y-CHs b Dhv 2), 1.40-1.31
(m, 1H, CHz b S-MBA), 1.00 (d, 3H, J = 6.8 Hz, CH-CH3 S-MBA), 0.92 (d, 3H, J = 6.4 Hz, 6-CHs a
Leu), 0.91 (d, 3H, J= 6.4 Hz, 6-CH3 b Leu), 0.86 (t, 3H, J = 7.4 Hz, CH,-CH3 S-MBA).

13C-NMR (MeOD, 150 MHz): 8¢ [ppm] = 179.9 (CO S-MBA), 176.9 (COOH Leu), 173.44 (CO Arg),
173.38 (CO Phe), 168.0 (CO Dhv 1), 167.8 (CO Dhv 2), 158.7 ({-Cquart Arg), 141.5 (a-Cquart Dhv 1),
141.4 (a-Cquart Dhv 1), 138.0 (y-Cquart Phe), 124.9 (B-Cquart Dhv 1), 124.6 (B-Cquart Dhv 2), 130.4,
129.6, 128.0 (CHarom Phe), 56.7 (a-CH Phe), 54.9 (a-CH Arg), 52.9 (a-CH Leu), 43.1 (CH S-MBA),
42.11 (B-CH; Leu), 42.06 (8-CH; Arg), 38.4 (B-CH: Phe), 29.4 (B-CH, Arg), 28.2 (CH2 S-MBA),
26.4 (y-CH; Arg), 25.9 (y-CH Leu), 23.4 (6-CHs b Leu), 22.2 (6-CHs a Leu), 21.61 (y-CHs b Dhv 1),
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21.57 (y-CHs b Dhv 2), 21.1 (y-CHs a Dhv 1), 20.9 (y-CHs a Dhv 2), 17.9 (CH-CH3 S-MBA), 12.3
(CH2-CHs3 S-MBA).

Additional found signals: 61 [ppm] =8.16 (FA), 4.84 (H,0), 2.66 (DMSO), NH signals, COOH Leu
and NH/NH, Arg were not observed. 8¢ [ppm] = 40.4 (DMSO).

Dhv 1 refers to the amino acid on the right side of L-leucine, and Dhv 2 to the amino acid on

the right side of L-arginine. Differentiation is based on HMBC data.
UHR-MS (ESI-TOF) m/z calcd for for C3gHs7NsO7: 713.4345 [M+H]*; found: 713.4353 [M+H]*

Specific rotation [on]é1 =+63.0°(c = 1.00, CH30H)
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6.5 Supporting Information

"H-NMR (CDCls, 400 MHz) E
S-(2-acetamidoethyl) (R)-2-((tert-butoxycarbonyl)amino)-3-methylbutanethioate (3.10)
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¥C-NMR (CDCls, 101 MHz) g
S-(2-acetamidoethyl) (R)-2-((tert-butoxycarbonyl)amino)-3-methylbutanethioate (3.10)
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Figure S 6-1: NMR spectra of 3.10 in CDCls.
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"H-NMR (CDCls, 400 MHz)
S-(2-acetamidoethyl) (S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanethioate (3.11)
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Figure S 6-2: NMR spectra of 3.11 in CDCls.
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H-NMR (DMSO-ds, 400 MHz) rE
(R)-1-((2-acetamidoethyl)thio)-3-methyl-1-oxobutan-2-aminium chloride (3.6) =
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3C-NMR (DMSO-ds, 101 MHz) I 2
(R)-1-((2-acetamidoethyl)thio)-3-methyl-1-oxobutan-2-aminium chloride (3.6)
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Figure S 6-3: NMR spectra of 3.6 in DMSO-d.
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"H-NMR (DMSO-ds, 400 MHz)

(S)-1-((2-acetamidoethyl)thio)-3-methyl-1-oxobutan-2-aminium chloride (3.7) r
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Figure S 6-4: NMR spectra of 3.7 in DMSO-ds.
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"H-NMR (MeOD, 600 MHz) E
(3-methylbutanoyl)-L-phenylalanyl-D-valyl-L-arginyl-D-valyl-L-leucine (3.9)
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BC-NMR (MeOD, 101 MHz) E
(3-methylbutanoyl)-L-phenylalanyl-D-valyl-L-arginyl-D-valyl-L-leucine (3.9)
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Figure S 6-5: NMR spectra of 3.9 in MeOD.
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Table S 6-1: NMR data for 3.9 in MeOD (600 MHz, 101 MHz).

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)

L-Leucine

COOH 179.5 n.o.

NH - n.o.

a-CH 54.4 4.36 (dd, 1H, J=10.1, 4.5 Hz)

B-CH: 42.7 1.65-1.57 (m, 3H, overlay)

y-CH 26.3 1.73-1.65 (m, 2H, overlay)

6-CHz a 23.7 0.95 (d, 3H, /= 6.1 Hz)

6-CHsz b 22.0 0.94 (d, 3H, /= 6.1 Hz)

D-Valine 1

co 174.4 -

NH - n.o.

a-CH 61.0 3.93(d, 1H, J=6.8 Hz)

B-CH 30.5 2.13-2.00 (m, 4H, overlay)

y-CHsz a 18.5 0.74 (d, 3H, J=6.8 Hz)

y-CHz b 19.6 0.70 (d, 3H, /= 6.8 Hz)

L-Arginine

co 173.5 -

NH - n.o.

a-CH 55.4 4.29 (t, 1H, J = 6.6 Hz)

B-CH; 30.0 1.90-1.76 (m, 2H)
1.73-1.65 (m, 2H, overlay)

v-CH: 26.0 1.65-1.57 (m, 3H, overlay)

5-CH; 42.2 3.17-3.11 (m, 2H)

€-NH - n.o.

T-Cauart 158.7 -

n-NH - n.o.

n-NHz - n.o.

D-Valine 2

co 172.6 -

NH - n.o.

a-CH 60.5 4.24 (d, 1H, J = 8.4 Hz)

B-CH 315 2.13-2.00 (m, 4H, overlay)

vy-CHz a 20.0 0.92 (d, 3H, /= 6.6 Hz)

y-CHz b 18.8 0.84 (d, 3H, /= 6.8 Hz)

L-Phenylalanine

co 174.2 -

NH - n.o.

a-CH 56.5 4.67 (t, 1H, J =7.7 Hz)
3.03 (dd, 1H, J =13.3, 8.1 Hz)

B-CH. 39:3 2.98 (dd, 1H, J =13.6, 7.3 Hz)

V-Cquart 138.0 -

CHarom Egg 1296, 7.30-7.18 (m, 5H)

Isovaleroyl
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co 175.3 -

CH; 46.0 2.13-2.00 (m, 4H, overlay)
CH 27.4 2.00-1.93 (m, 1H)

CHsza 22.9 0.87 (d, 3H, /= 6.6 Hz)
CHs b 22.7 0.84 (d, 3H, /= 6.5 Hz)

The differentiation between Val 1 and Val 2 refers to the spin system and not the position in

the molecule. Due to the missing NH signals differentiation was not possible using HMBC data.

Intens. SaS_110_F42-65_pure_spitz DVSO_A2p_P1-A8_01_6735L.d: #VE2(717.4657), 33.2-41.5eV, 8.5min #3059
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Figure S 6-6: MS? fragmentation of 3.9 and fragmentation pattern.
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"H-NMR (MeOD, 600 MHz)
(2-((S)-5-guanidino-2-(3-methyl-2-((S)-2-(3-methylbutanamido)-3-phenylpropanamido)but-2-enamido)pentanamido)-3-methylbut-2-enoyl)-L-leucine (3.3)
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BC-NMR (MeOD, 101 MHz)
(2-((S)-5-guanidino-2-(3-methyl-2-((S)-2-(3-methylbutanamido)-3-phenylpropanamido)but-2-enamido)pentanamido)-3-methylbut-2-enoyl)-L-leucine (3.3)
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Figure S 6-7: NMR spectra of 3.3 in MeOD.

235

[rel]

[rel]



L

M

T
HMBC spectra (MeOD) of (2-((S)-5-guanidino-2-(3-methyl-2-((S)-2-(3-methylbutanamido)-3-phenylpropanamido)but-2- -z
enamido)pentanamido)-3-methylbut-2-enoyl)-L-leucine (3.3) =
I

LI} o r

, FARTVRIES <} ,

L] L L

' o,

8 [ w 4

L L
8

® g @ |

¢ aR F

L] . L] @ ¢ o L
L8

' L

y 1 [ L

r " o 8 ‘

b=4
ra

u T T T T T T T T T T T T T 2

6 4 2 F2 [ppm]

Figure S 6-8: HMBC NMR spectra of 3.3 in MeOD.
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Table S 6-2: NMR data for 3.3 in MeOD (600 MHz, 101 MHz).

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)

L-Leucine

COOH n.o. n.o.

NH - n.o.

a-CH 54.8 4.34 (dd, 1H,J=9.0, 4.9 Hz)

B-CH: 43.6 1.85-1.52 (m, 6H, overlay)

y-CH 26.1 1.85-1.52 (m, 6H, overlay)

6-CHz a 22.7 0.95 (d, 3H, /= 6.3 Hz)

6-CHsz b 23.7 0.92 (d, 3H, /= 6.5 Hz)

Dehydrovaline 1

co 167.5* -

NH - n.o.

G'Cquart 141.9* -

B-Cquart 125.2* -

v-CHsz a 21.0 2.04 (s, 3H)

v-CHs b 21.6 1.75 (s, 3H)

L-Arginine

co 173.8* -

NH - n.o.

a-CH 54.8 4.41(dd, 1H,J=7.4,6.1 Hz)
2.09-1.92 (m, 4H, overlay)

B-CH; 30.0 1.85-1.52 (m, 6H, overlay)

v-CH: 26.1 1.85-1.52 (m, 6H, overlay)

6-CH; 42.1 3.24-3.15 (m, 2H)

€-NH - n.o.

{-Cquart 158.8* -

n-NH - n.o.

n-NHz - n.o.

Dehydrovaline 2

co 168.4* -

NH - n.o.

a-Cquart 141.5* -

B-Cquart 124.8* -

v-CHsz a 20.9 2.00 (s, 3H)

v-CHs b 215 1.45 (s, 3H)

L-Phenylalanine

co 173.4* -

NH - n.o.

a-CH 56.6 4.62 (t, 1H, J =7.8 Hz)
3.10(dd, 1H, J=13.8, 7.7 Hz)

B-CH. 38.4 2.99 (dd, 1H, J = 12.7, 9.2 Hz)

V-Cquart 138.2* -

CHarom Egg’ 129.7, 7.30-7.18 (m, 5H)

Isovaleroyl
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co 176.1* -

CH; 45.9 2.09-1.92 (m, 4H, overlay)
CH 27.4 2.09-1.92 (m, 4H, overlay)
CHsza 22.8 0.87 (d, 3H, /= 6.6 Hz)
CHs b 22.7 0.82 (d, 3H, /= 6.6 Hz)

The differentiation between Dehydrovaline 1 and 2 refers to the spin system and not the

position in the molecule. Due to the missing NH signals differentiation was not possible using

HMBC data.
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Figure S 6-9: MS? fragmentation of 3.3 and fragmentation pattern.
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"H-NMR (MeOD, 600 MHz) L E
(3-methylbutanoyl)-L-phenylalanyl-L-valyl-L-arginyl-L-valyl-L-leucine (3.8)
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Figure S 6-10: NMR spectra of 3.8 in MeOD.
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Table S 6-3: NMR data for 3.8 in MeOD (600 MHz, 101 MHz).

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)
L-Leucine
COOH 177.5 n.o.
NH - n.o.
a-CH 53.5 4.34 (dd, 1H,J = 8.7, 5.4 Hz, a-CH Leu),
B-CH: 42.7 1.76-1.54 (m, 6H, overlay)
y-CH 26.1 1.76-1.54 (m, 6H, overlay)
5-CHz a, b rra 10 100 100:0.90 (m, 18H, overlay
L-Valine 1
co 173.3 -
NH - n.o.
a-CH 59.9 4.21(d, 1H,J =7.3 Hz)
B-CH 32.3 2.18-1.99 (m, 4H, overlay)
23.5,22.7,22.6,
22.3,19.8,
v-CHza, b 19.7Error! 1.00-0.90 (m, 18H, overlay)
Bookmark not
defined.
L-Arginine
co 173.6 -
NH - n.o.
a-CH 53.9 4.48 (t, 1H,J = 6.8 Hz)
B-CH; 30.5 1.96-1.83 (m, 2H)
v-CH: 26.0 1.76-1.54 (m, 6H, overlay)
6-CH> 42.1 3.22-3.11 (m, 3H, overlay)
€-NH - n.o.
{-Cquart 158.6 -
n-NH - n.o.
n-NHz - n.o.
L-Valine 2
co 173.1 -
NH - n.o.
a-CH 60.5 4.23 (d, 1H,J =7.0 Hz)
B-CH 31.9 2.18-1.99 (m, 4H, overlay)
23.5,22.7,22.6,
22.3,19.8,
y-CHza, b 19.7Error! 1.00-0.90 (m, 18H, overlay)
Bookmark not
defined.
L-Phenylalanine
co 173.9 -

42 Not distinguishable to CHs of Valine 1 and Valine 2
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NH - n.o.
a-CH 55.9 4.72 (dd, 2H, J = 8.9, 6.2 Hz)
3.22-3.11 (m, 3H, overlay)

-CHz 38.6
B 2.84, (dd, 1H, J = 14.1,10.3 Hz)
y-Cauart 138.6 -
130.2, 129.5
CHarom 127-7' ’ 7.30-7.15 (m, 5H)
Isovaleroyl
co 175.6 -
CH: 46.1 2.18-1.99 (m, 4H, overlay)
CH 27.4 1.76-1.54 (m, 6H, overlay)
CHs a 18.7 0.82 (d, 3H, J = 6.6 Hz)
CHs b 18.6 0.74 (d, 3H, J = 6.6 Hz)
Inte[r:/s]. SaS_112(nm_C1_pure_DIVEO_A2p_P1-A6_01 67347.d: #V2(717.4651), 33.2-41 5eV, 8.0min #2849
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Figure S 6-11: MS? fragmentation of 3.8 and fragmentation pattern.
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TH-NMR (MeOD, 600 MHz) 2
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Figure S 6-12: NMR spectra of 3.4 in MeOD.
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Figure S 6-13: 2D-NMR spectra of 3.4 in MeOD.
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Table S 6-4: NMR data for 3.4 in MeOD (600 MHz, 151 MHz).

Position 6 13C [ppm] 6 H [ppm]; (m, [, J)

L-Leucine

COOH 176.9 n.o.

NH - n.o.

a-CH 52.9 4.45 (dd, 1H,J=9.4, 5.3 Hz)

B-CH: 42.11 1.69-1.60 (m, 2H)

y-CH 25.9 1.77-1.69 (m, 3H, overlay)

6-CHz a 22.2 0.92 (d, 3H, /= 6.4 Hz)

6-CHsz b 23.4 0.91 (d, 3H, /= 6.4 Hz)

Dehydrovaline 1

co 168.0 -

NH - n.o.

G'Cquart 141.5 -

B-Cquart 124.9 -

v-CHsz a 21.1 2.07 (s, 3H)

y-CHz b 21.61 1.79 (s, 3H)

L-Arginine

co 173.44 -

NH - n.o.

a-CH 54.9 4.34 (dd, 1H,J=8.5,5.7 Hz)

2.06-2.00 (m, 1H)

B-CH; 294 1.90-1.82 (m, 1H)

v-CH: 26.4 1.77-1.69 (m, 3H, overlay)

6-CH; 42.06 3.21(t, 2H,J=7.2 Hz)

€-NH - n.o.

{-Cquart 158.7 -

n-NH - n.o.

n-NHz - n.o.

Dehydrovaline 2

co 167.8 -

NH - n.o.

a-Cquart 141.4 -

B-Cquart 124.6 -

v-CHsz a 20.9 2.02 (s, 3H)

v-CHs b 21.57 1.47 (s, 3H)

L-Phenylalanine

co 173.38 -

NH - n.o.

a-CH 56.7 4.59 (t, 1H, J =7.9 Hz)

3.10(dd, 1H,J=13.7, 7.7 Hz)

B-CH. 38.4 3.02 (dd, 1H, J = 13.7, 7.9 Hz)

V-Cquart 138.0 -

CHaror 130.4, 129.6, 7.28 (d, 4H, /= 4.6 Hz)
128.0 7.24-7.20 (m, 1H)

S-methylbutanoic acid
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co 179.9 -

CH 43.1 2.30-2.23 (m, 1H)

CHs 17.9 1.00 (d, 3H, J = 6.8 Hz)
1.60-1.52 (m, 1H)

CH, 28.2 1.40-1.31 (m, 1H)

CHs 12.3 0.86 (t, 3H, J = 7.4 Hz)

Dhv 1 refers to the amino acid on the right side of L-leucine, and Dhv 2 to the amino acid on

the right side of L-arginine. Differentiation is based on HMBC data.

Intens. SaS_154_pure_DNVBO_A2p_P1-A5_01_67345.d: HV52(713.4346), 33.1-41.4eV, 7.6min #2736
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-t Tt

A

HNZ NH,
: . -
Chemical Formula: C,5H37NgO4* Chemical Formula: C4gH5N,05* Chemical Formula: C14H1gNO2
Exact Mass: 485.2871 Exact Mass: 329.1860 Exact Mass: 232.1332

Figure S 6-14: MS? fragmentation of 3.4 and fragmentation pattern.
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Figure S 6-15: Original NMR spectra of natural isolated fraction PE2H_3 in MeOD (600 MHz,
150 MHz).
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HM Nllz
H3 Arg F5 Leu
OH
R f
1 a 0 R:i Dehydro-\Val 2
3 R2 Dehydro-Val 1
| ] 1

Tahle 1. “H (600 MHz) and “*C (130 MHz) NME data of 1 (CD20DY, 3 in ppm)

Unit Position | éc ¢H (J in Hz) HMEC
Starting 1 176.01
residue 2 4588 207, m C-1, C-3,C4,C3
3 27.40 195, m C-2,C4,C-5
4 2270 0.85,d(6.8) C-2,C-3,C-5
5 2284 0.89, d(6.6) C-2,C-3,C4
El Phe co 173.538
o 36.94 4.57,t{7.8) C-1,C0, R1-8,R1-1
B 3832 309,dd(138,7.8) | Rl-o. R1-1.R1-2
3.01,4d (138, 7.8)
aromatic | 1: 137.89
2:130.39 7.28 (overlapped) El-B, R1-1.R14
3:129.70 7.28 (overlapped) E1-1.R1-3
4:128.06 722, m Fl1-2,Rl-6
312070 7.28 {overlapped) El-1.R1-3
6: 130.39 7.28 (overlapped) FEl1-B,E1-1.R14
E2 Dehydeo- | CO 167.99
Vall
o 141.80
B 124 .86
i 2159 146, 3 F2-C0O, R2-o, E2-B,
B2
T 21.07 202, s F2-CO, R2-o, B2-B,
Rl-y
B35 Arg co 173.41
o 34.56 432 dd(9.0,5.1) | F2-C0O, F3-CO, E3-
B, R3-y
B 2919 1.96, m F5-p, B3y
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1.85, m

26.47 1.68, m E3-&
& 42.04 3.20,t(7.00 B3-B, R3-y, R3-f
T 158.46
FE4 Dehydro- | CO 16786
Val 2
o 141.22
i 124.82
21.57 1.80, 5 E4-CO, R4-o. R4-0,
By
v 20.91 208, 3 E4-CO, Bd-o. B4-0,
R4"."
F3Leu co 176.12
o 32.23 449 dd (9.8, 5.1) | B4-CO, B3-CO, R3-
B, B3y
i 41.68 1.68, m B3-CO, RS-, R3-
1.62, m v. R3- &, B5-8'
v 25.79 1.73,m
& 23.39 091, d(6.3) BE5-y, R5-6, R5- &
&' 21.98 091, d(6.5) B5-y, R3-B,R5-8

Table 2. 'H (600 MHz) and “C (150 MHz) NME datz of 1 (DMSO-d:; & in ppm)

Unit Position | g¢ ¢H (J in Hz) HMEC
Starting 1 172.21
residue 2 4426 203, m C-1,C-3
1.96, m
3 2547 1.74, m
4 2138 0.89,d(6.6)
5 2284 0.91,d(6.6)
F1FPhe NH 3.25,d(6.8) C-1
co 171.20
o 5451 463,dd(953,8.8) |ERI1-CO
B 38.32 3.07,dd (13.8,3.9) | E1-CO, Rl-u, Phe-1,
2.95,dd(13.8,9.3) | Phe-2
aromatic | 1: 137.89
2:120320 7.28 (overlapped)
3:12020 7.36 (overlapped)
4:126.42 728, m
5:12020 7.36 (overlapped)
6: 12920 7.36 (overlapped)
R2 Dehydro- | NH 045, s E1-CO
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WVall

co 165.62
o 135.96
B 12434
20.82 1.60, = E2-CO, F2-u, R2-B,
Bl
20.40 2.03, s E2-CO, R2-u, R2-B,
R_:',-'I-'
B3 Ars NH g.11,4(8.9) R2-CO
co 170.59
o 33.03 426, dd (6.9, 5.0}
i 27.83 197, m
1.74, m
¥ 2529 1.64, m
6 40.49 3.17, g (6.9) E3-B, R3-v, R3f
3 156.64
E4 Dehydro- | NH 2.08, 2 E3-CO
Wal 2
Cco 164.72
o 13843
B 12436
21.26 1.74, = F4-CO, Rd-u, B4R,
R4y
'd 2038 2.11, = B4-CO, Bd-u, R4-B,
Bd-y
E3Leu NH 7.52,d(7.8) E4-CO
Co 17421
o 30.26 433, ddd (101,78, | R3-CO
5.0
i 40.06 164, m
1.35,m
¥ 2549 1.96, m
6 2227 0.87,d(6.6)
&’ 2216 0.82,d (6.6)

Figure S 6-16: Original analysis of natural isolated PE2H_3.
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Figure S 6-17: Original NMR spectra of natural isolated fraction P13-71 in MeOD (600 MHz,
150 MHz).
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HN NH;

Fa

R3 Arg NH Ho Leu
R1 FPhe /gii ¢
OH
e f
" 1 o 0 F-{d Dehydro-Val 2
3 R2 Dehydm—‘dal 1

2

Table 3. 'H (800 MHz) and “C (130 MHz) NME. data of 2 (CD:0D; & in ppm)

Uit Position | dc, type | 8H (J in Hz) HMEBEC
Starting 1 1500, C
residue 2 4311, 227, m C-1, C-3,C4,C-3
CH
3 2822 1.36, m C-1,C-2,C4,C3
CH: 136, m
4 12.36, 0.86,t(7.4) C-2,C-3
CH:
5 17.91 1.0, d(6.9) C-2,C-3
CH:
ElTPhe co 173.42
o 36.79 4.58,t1(7.9) C-1,CO,R1-B,R1-1
i 3837 3.09,dd(15.7,7.8) | El-g, R1-1, R1-2
3.01,dd (13.7,7.8)
aromatic | 1: 13780
2:130.43 | 729 (overlapped) | E1-B,R1-1, R1-4
3:129.67 | 729 (overlapped) | R1-1,R1-3
4:128.04 | 722 m R1-2,Rl1-6
3:129.67 | 7.29 (overlapped) | B1-1,R1-3
6:130.43 | 7.29 (overlapped) | E1-B,R1-1,R1-4
B2 co 167.99
Vall
o 141.66
i 124 .47
¥ 21.67 145 s R2-CO,R2-g, R2-B,F2'
T 21.11 202, s F2-CO, R2-n, B2-6, Ry
E3 Atz co 17342
o 34.88 430,dd (3.7, 54) | E2-CO, E3-CO, E3-4,
R3-y
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i} 2916 204, m B33
1.86. m
v 26.50 1.71, m E3-8
1.69, m
& 42.03 321 t(7.1) E3.B, B3y, E3f
T 15861
E4d co 167.85
Dehydro-
WVal 2
o 141.33
i} 12491
21.a62 1.80, 3 F4-CO Fd-o F4-6 R4y
2092 208, 2 F4-CO Fd-o F4-B Rdry
Eileu co 176.18
o 52.23 448 dd (9.8, 3.0) | E4-CO, E5-CO, E3-B,
ES-y
i 41.63 1.68, m E3-CO. BE3-p, R3-y, BE5-
1.63, m 8, B5-&'
i 2578 1.73, m
& 2193 0.90, d(6.4) E5-y, B3-B,BE3- &'
&' 23.40 0.90, d(6.4) R5-y,R3-B,B5-5

Figure S 6-18: Original analysis of natural isolated P13-71.
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