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Abstract

Abstract

Once considered the ‘magic bullet’, antibiotics no longer satisfy the wonder drug label as
antimicrobial resistance (AMR) has largely eradicated the advantages given when first discovered
more than 100 years ago.l!] Stopped research efforts after “The Golden Age’ of antibiotics and the
major challenges of antibacterial drug development (e.g., discovery of new compounds, performing
clinical trials, economic value) resulted in the existing therapeutic gap contributing to the resistance
crisis mankind is currently facing.[?l As most large pharmaceutical companies dropped out of
antibiotic research, small firms and research groups are left in the frontline. In order to prevent the
21% century from turning into the ‘post-antibiotic era’, innovative partnerships between academia
and industry combining innovative research with expertise represent one promising strategy.*] For
this purpose, the Public Private Partnership (PPP) between Fraunhofer IME and Sanofi (later Evotec)
was established in 2014. The defined Target Product Profile (TPP) towards discovery of novel
antibacterial compounds dictated a main focus on Gram-negative (GN) ESKAPE pathogens and
M. tuberculosis (Mtb). Rising to the tremendous challenge based on natural product (NP) research, a
discovery platform was built on the Sanofi-Fraunhofer strain collection harboring more than 120,000
different organisms further incorporating innovative screening approaches and focusing on
underexplored phyla. Within this pipeline, isolation and structure elucidation of active metabolites
focusing especially on novel chemistry remains a crucial part as it allows the identification of

potential hit compounds for further hit expansion and lead generation.

In the present PhD thesis, four ‘active-extract-to-hit’ (AE2H) projects covering both GN and
Mtb-active secondary metabolites from fungal and bacterial producers including the phylum
Bacteroidetes were successfully accomplished. In total, the structures of all eight compounds
identified by dereplication to cause the initial activity were elucidated comprising four so far
unknown NPs. Additionally, 24 analogs were isolated including 14 new metabolites. Overall, the 32
compounds belong to four different NP classes: polyoxygenated and N-heterocyclic arenes, linear
peptides as well as amino- and phospholipids. Diverse isolation protocols were developed utilizing
various techniques to obtain compounds of interest in sufficient quantity and of adequate purity.
Therefore, optimization of fermentation conditions was beneficial. Structure elucidation was achieved
by conclusive NMR spectroscopy and strongly supported by ESI-QTOF-MS/MS analysis. Assignment
of relative and absolute configuration employed analytical methods (e.g., 2D ROESY NMR analysis)
as well as chemical derivatization (e.g., Marfey’s Analysis) and stereoselective total synthesis.
Moreover, synthetic chemistry was used to perform first SAR studies. For hit confirmation, bioactivity
properties of all isolated and synthesized compounds was extensively investigated (MIC
determination, in vitro TLR2/TLR4 and cytotoxicity assays). Overall, generated data finally encourage

further efforts as promising starting points for future projects were presented.
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1. Introduction

1. Introduction

1.1 The Antimicrobial Resistance Crisis'

The discovery of antibiotics is considered one of the greatest breakthroughs in the history of modern
medicine. Ironically, it led to one of the most serious threats to human health only one century later
as antimicrobial resistance (AMR) is an inevitable consequence of antibiotic chemotherapy.®) The
resistance crisis of current times is the result of rapidly emerging and spreading AMR promoted by
misuse of antibiotic drugs that are now no longer effective. Especially multidrug-resistant (MDR)
ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter sp.) largely contribute to the alarming situation
in which mankind is more and more often left with very few or even no options for the treatment of

bacterial infections.[6]

As evolutionary response to the selective pressure, bacteria have developed effective strategies to
withstand the harmful effect of antibiotics. On genetic level, adaptation occurs either by mutation or
horizontal gene transfer, which is possible even between different species. Resistance mechanisms
involve inactivation of the antimicrobial compound by modification or degradation, preventing it from
reaching its molecular target by restricted uptake or active extrusion via efflux mechanisms,
modification of the antibiotic target as well as bypassing its essentiality. Notably, multiple pathways

are most of the time simultaneously used to develop antibiotic resistance.[’)

One outstandingly important example due to its clinical relevance is f-lactamase-mediated resistance
to B-lactams, which are the most commonly used antibiotics.!® These bacterial enzymes hydrolyze the
amide bond of the essential -lactam pharmacophore and thereby inactivate this class of antibiotics
mainly consisting of penicillins, cephalosporins, carbapenems and monobatcams. According to
Ambler, $-lactamases are divided into the classes A, C and D of active-site serine f-lactamases as well
as the classB of zinc-dependent metallo-B-lactamases (MBLs). Increasing incidence of
extended-spectrum B-lactamases (ESBLs) and carbapenemases, especially MBLs such as New Delhi
metallo-f-lactamase 1 (NDM-1), represent major current problems, in particular true for
Gram-negative bacteria. New f-lactamase inhibitors (BLIs) that rise up to these challenges could
maintain the effectiveness of some of the most valuable antibiotics for now. In the long term however,
only novel antibiotics with new mode of actions (MoAs) will manage to overcome the resistance

crisis.[*]

UIf not states otherwise, all information resented in this chapter are based on a conference contribution. [

1



1. Introduction

Before starting research to tackle the challenges of AMR, it is crucial to define a Target Product Profile
(TPP). The benchmark is one of the key questions that need to be answered thereto. This includes:
i) the current medical need, ii) the clinical development pipeline and iii) recently approved drugs.
These aspects will be discussed in the following chapter with a focus on novel systemic antibiotics
used for treatment of community-acquired and nosocomial bacterial infections. For the reason of
distinctly different pharmacokinetic and pharmacodynamic profiles, this excludes antibiotics that are:
i) topically applied to treat e.g., skin or eye infections, ii) orally administered but not resorbed for the
purpose of treating Clostridium difficile infections or iii) used for the treatment of Mycobacterium
tuberculosis (M. tuberculosis) infections. The latter will be outlined in another chapter of this work (see

chapter 5).

1.1.1 Historical Outline

The history of antibiotics started more than 100 years ago with the discovery of the synthetic salvarsan
in 1909 and revolutionized modern medicine.l'”) Sulfamidochrysoidine (Prontosil) represented the
sulfonamides as first clinical relevant class of antimicrobials that was introduced in the 1930s.1!'] In
the 1940s, discovery of the first natural product (NP) antibiotic penicillin started an era of extensive
research efforts towards finding new antibacterial drugs. In fact, 15 of the 22 antibiotic classes
approved up to the present day were introduced in the following 30 years known as “The Golden Age’
of antibiotics (Fig. 1). Given the success, further research was considered groundless and therefore
terminated. Additional reasons, such as economic value and challenges of discovering new antibiotics
as well as performing clinical trials, resulted in the current therapeutical gap.!?! For the rest of the
millennium, no major novel class against Gram-positive pathogens was introduced until linezolid was
discovered 40 years later. However, no major novel antibiotic was discovered ever since to treat

Gram-negative infections.

<«——— The Golden Age ——

Quinolones"

. Penicillins® Fusidic acid®
Tetracyclines® Polypeptides’ Aminopyrimidines®
Aminoglycosides® [ Macrolides® Rifampicin' Fosfomycin/
2
Chloramphenicol? | Glycopeptides? Lincosamide? Carbapenemsd Oxazolidinones?
" Streptogramins? insb
Sulfonamides? | Nitro-heterocycles® =9 Cephalosporins Monbactams® Lipopeptides’ Pleuromutilins®
0
1930 1940 1950 1960 1970 1980 1990 2000 2010

Fig. 1: Approved classes of antibiotics since 1930 sorted by the decade of introduction. Synthetic classes are
underlined; fungal natural product classes are written in bold. Molecular targets: 2folic acid metabolism,
bpenicillin-binding proteins (PBPs), ©30S ribosome, 450S ribosome, °DNA interaction, fmembrane, $peptidoglycan
precursors, hDNA synthesis, RNA synthesis, IMurA, k50S ribosome.

The number of approved antibiotics in relation to the overall approved New Chemical and Biological

Entries (NCEs and NBEs) decreases constantly providing further evidence for the current therapeutic



1. Introduction

gap in the treatment of infectious diseases (Fig. 2). Moreover, most of these launched antibiotic drugs

are only derivatives within the known compound classes.

200 184
180 174
160
140 124 128
120 105
100 28
80
80
40
20 16 14 10 7 & 4 7 8

0 —‘ —| e 1 1 = FEmRE| e

1983-1987 1988-1992 1993-1987 1998-2002 2003-2007 2008-2012 2013-2017 2018-2020

160

140

‘ ONCEs & NBEs B Antibiotics ‘

Fig. 2: Number of FDA approved NCEs and NBEs as well as antibiotics since 1983 in five year intervals.[1?]

In fact, since 2000 only three first-in-class systemic antibacterials were approved: i) oxazolidinone
linezolid (2000), ii) lipopeptide daptomycin (2003) and iii) pleuromutilin lefamulin (2019). All exhibit
either mainly or only Gram-positive activity.l'¥] Although the introduction of a new class of
Gram-negative antibiotics remains elusive, three recently launched novel structures within the known
antibiotic classes are worth mentioning (Fig. 3). Diazabicyclooctane (DBO) avibactam (1) and
boronate-type vaborbactam (3) represent two novel BLIs approved over the last decade (2015 and
2017). As for most BLIs, they lack direct antibiotic activity but in combination with B-lactams however,
they can be used for treatment of Gram-negative infections and demonstrate an overall better profile
against serine P-lactamases. With the approval of cefiderocol (4) in November 2019, a promising
candidate had successfully completed clinical development. This cephalosporin was designed as
‘“Trojan horse’ to utilize the iron transport pathway via siderophores for entering bacterial cells.['*]
Additionally, Gram-negative pathogens can be entered via a porin-mediated pathway which helps to
balance the risk of a fast resistance development against the siderophore transporter. Surprisingly, the

catechol siderophore moiety also increases the MBL stability by coordinating the metal atom of the

enzyme.
_ \_-CO,H
X: o~ S_ )
7 ; C
)//,, N N S
HoN Q o HN—( ] :1;( [ ) o c
//| N _B. B H
o 0SO4R HO™ O 2 co, oH
Avibactam (1): R = H, active drug Vaborbactam (3) Cefiderocol (4)

ARX-1796 (2): R = X, prodrug

Fig. 3: Chemical structures of avibactam (1) and prodrug ARX-1796 (2), vaborbactam (3) and cefiderocol (4).



1. Introduction

1.1.2 Current medical need

The most prominent example for multidrug-resistant pathogens is the Gram-positive MRSA

(methicillin/multi-resistant Staphylococcus aureus). But
in fact, various antibiotics are approved and available,
for which no resistance occurs so far (Table 1).[%]

However, treatment frequently fails as a result of

challenges

penetration issues and biofilm formation are causes that

prevent antibiotics from either reaching the site of

other

than

resistance.

infections or taking full effect.[16]

By far less treatment options are available for

vancomycin-resistant (VRE)

enterococci

For

Resistance in Germany [2018]
Present MRSA VRE
Antibiotics
Vancomycin 4 x@
example, Daptomycin v v
Tigecycline 4 v
Linezolid v v
Synercid 4 ()P
Telavancin 4 x
Ceftaroline v X

Table 1: Resistances of MRSA and VRE against
present antibiotics in Germany (status 2018).[5]

aE. faecium: 23.8% (+ 7.3% since 2017).
bSynercid only active against E. faecium, not
E. faecalis.

including

E. faecium and E. faecalis. Especially infective endocarditis is a major issue here as it requires

penetration into the heart muscle and bactericidal activity which only daptomycin exhibits from the

antibiotics investigated herein since tigecycline and linezolid are bacteriostatic agents (Table 1).1'7]

The examples of MRSA and VRE demonstrate that, when it comes to Gram-positive bacteria,

penetration into tissue such as necrotic tissue or the heart muscle rather than resistance is the major

challenge. Appropriate assays to investigate this issue as early as possible in the preclinical drug

development would be highly advantageous and are acutely needed.

On top of penetration issues, resistance is a major challenge when it comes to Gram-negative bacteria.

As pointed out above, resistance acquired by producing f3-lactamases is a severe problem. In particular,

Table 2: Resistances of ESBL-forming Klebsiella sp.
and P. aeruginosa against present antibiotics in

Germany (status 2018; compared to 2017).[1]

Resistance (%) in Germany [2018]

Pr.eser‘n Klebsiella (ESBL) P. aeruginosa
Antibiotics

Cephalosporin a

12.9 (-1.7 .8 (-0.
(3rd generation) (L7 98(07)
Piperacillin/ b

.d. 13.5 (-2.0

Tazobactam nd (2.0
Aminoglycosides 6.2 (-2.0) 3.6 (-1.2)
Carbapenems 0.4 (-0.1) 12.1 (-0.5)
Quinolones 13.3 (-2.0) 12.3 (-1.6)
Tigecycline n.d.” not active
Colistin toxic toxic

aReferring to Ceftazidime as specific example.
PNo data available.

this applies to MBLs due to their ability to hydrolyze
carbapenems representing the last treatment option
against ESBLs. A striking example for the severe
Pseudomonas

consequences is aeruginosa, an

opportunistic pathogen noted for its inherent
antibiotic resistance.['¥] In addition to that, diverse
resistance mechanisms lead to MDR and result in
depletion of the very few treatment options available
at all. For the treatment of multidrug-resistant

P. aeruginosa there is already only one toxic reserve

antibiotic left, namely colistin (Table 2). This fact is

alarming and points out once more that novel antibiotics against Gram-negative bacterial infections

are urgently needed.
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1.1.3 Clinical Development Pipeline

Since recent approvals in 20192, the clinical development pipeline currently contains 28 compounds
including three novel compounds with Gram-positive activity only and three new derivatives with

remarkable properties and Gram-negative activity (Table 3).

Table 3: Compounds currently in clinical development according to their antibiotic class and clinical phase
(status 03/2020). Compounds with novel structures are underlined; compounds possibly active or active against
Gram-negative ESKAPE pathogens are written in bold.

Compound; active company

Classification | Antibiotic class Phase Il or beyond Phase I Phase | Total

! Cefilavancin (TD-1792); R-Pharm/ b

Hybrids 2 TNP-2092; TenNor TNP-2198; TenNor 3
Theravance
Aminoglycosides Apramycin (EBL-1003, repurposed); Juvabis| 1
. Nafithromycin (WCK-4873, OP-1068);

. Ketolides Wockhardt 1
DL d Oxazolidinones |Contezolid (MRX-I); MicuRx 1
compoun Quinolones Finafloxacin (BAY-35-3377); Merlion® 1

classes KBP-7072; KBP Biosciences®

Tetracyclines TP-271; Tetraphase 3
TP-6076; Tetraphase

BOS-228; Boston Pharmaceuticals

B-Lactams  [Sulopenem; lterum — AIC-499; AiCuris® 4
Benapenem; Sihuan
Enmetazobactam (AAI-101)/ Nacubactam (OP-0595, RG-6080)/
Non-antibiotic cefepime; Allecra meropenem; Fedorg/Meiji
P . B-lLfcxctamase Durlobactam (ETX—2514)/ Zidebactam/ cefepime; Wpckhardt : s
S inhibitors (BLIs) [sulbactam; Entasis ETX0282CPDP/ cefpodoxime; Entasis
Taniborbactam (VNRX-5133)/ VNRX-7145/ ceftibuten; VenatoRx
cefepime; VenatoRx ARX-1796 (Avibactam prodrug); Arixa
. SPR-741/ antibiotic; Northern Antibiotics
Com(;\:;ln d Peptides _ _ : SPR-206; Spero 2
classes | Other structures Gepotidacin (GSK-2140944); GSK |Afabicin (AFN-1252, Debio-1452); 3
Zoliflodacin (EXT0914); Entasis Debiopharm
unknown class/structure BCM-0184; Biocidium 1
Total 8 6 14 28

aCompounds likely to have been discontinued from clinical development.

bStructure not publically disclosed; likely to be hybrid like TNP-2092.

One of Gram-positive active novel compounds is benzofuran naphthyridine afabicin (5). Currently in
phase I, 5 is the prodrug of Debio-1452 (6) and targets the bacterial type I fatty acid biosynthesis.
Molecular target of novel zoliflodacin (7) and gepotidacin (8) is the DNA replication. As gyrase
inhibitors they share the mode of action with the quinolones, however no cross-resistance is observed.
On this account, the potential of these phase III candidates lies in the treatment of quinolone-resistant
Neisseria gonorrhea infections in the community despite their activity mainly against Gram-positive

pathogens (Fig. 4).

o HN
o R SN ON QN/\
GCTIC0, it ate
‘ N_ O Z N 0
R \([Jf N§/J§o

Afabicin (5): R = CH,OPO(OH),, prodrug Zoliflodacin (7) Gepotidacin (8)
Debio-1452 (6): R = H, active drug

Fig. 4: Chemical structures of novel compounds currently in clinical development.

2 Fluoroquinolones lascufloxacin (Kyorin; launched in Japan) and alalevonadifloxacin (WOCKHARDT; launched
in India) as well as cephalosporin siderophore cefiderocol (SHIONOGI), pleuromutilin lefamulin (NaBRIvA), and
BLI relebactam (MERCK) in combination with imipenem.
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1. Introduction

In terms of the current medical need, there is no novel compound presently in clinical development
exhibiting activity against Gram-negative pathogens. One of such clinical candidates that have most
recently dropped out of the development pipeline is SPR719 (9). This novel gyrase inhibitor had
previously been investigated in combination with the uptake enhancer SPR741 (11) by SpErO
THERAPEUTICS. However, its phosphate prodrug SPR720 (10) is now being developed for the treatment
of tuberculosis (see chapter 5). Furthermore, the company decided to continue with SPR206 (12) as its
lead product candidate. Instead, originator company NORTHERN ANTIBIOTICS carried on with 11 in
conjunction with a partner antibiotic since itself has no direct activity. Both compounds (11 and 12)
are colistin derivatives and target the cell wall which leads to disruption of the outer membrane of
Gram-negative bacteria. However, further clinical studies have to prove that the side effects of both

candidates are tolerable for patients with severe infections (Fig. 5).

SPR719 (9): R =H, active drug
SPR720 (10): R = PO(OH),, prodrug

NH, Cl NH,

o=
ZT
d\_yz
T Iz
o={
ZT
Iz
o
o] ZT
\
\_;I
Iz
o=,
ZT
T
©)
ZT

‘., ’, Y ‘. ’, N .\\
. >0
NH H,N OH 07 "NH
(@) NH (@)
! . Yg/k o NH_ OOYK/L
H H
HO N HO N

NH; NH; NH, NH,
SPR741 (11) SPR206 (12)

Fig. 5: Chemical structures of former and current SPR compounds 9-12 in clinical development.

The toxicity profile of macrocyclic peptides is often a major hurdle for drug approval which was
proven once more when clinical development of murepavadin (13) was stopped in 2019 due to kidney
toxicity. Now, 13 is under investigation in the context of a potential inhalative application (Fig. 6).
However, since the termination of PorypHOR’s phase III candidate, there is no novel compound
currently in the pipeline to meet the medical need by exhibiting activity especially against

Pseudomonas.
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NH2
o\ OH
jﬁN “N “/NH
o=t o
NH o
H2N/\\‘ a0 Ny ©
HNQL NQ&N HNQLN

- N , ,
= H B =
o 0o ~
QE/ N OH
NH,

HN
Murepavadin (13)

Fig. 6: Chemical structure of murepavadin (13).

With increasing cephalosporin resistance, carbapenems (such as benapenem currently in phase II, not
shown) are the only treatment option left. But consequently, MBL-mediated resistance will increase
in near future. Therefore, new derivatives of known compound classes with activity against MBLs
expressing Gram-negative bacteria are an important contribution to the pipeline. This is true for three
of the seven? 3-lactamase inhibitors currently under clinical investigation in combination with known

3-lactam antibiotics (Fig. 7).

i

| ,

R)l"' HzN N m
N N HoN \/\H 9,

O "0S0;Na o "0S0;Na
Durlobactam (17), Taniborbactam (20),

R= HN ETX-2514 H Q0 VNRX-5133
‘fzg Relebactam (14) D \S)/\N,N\ .

H

N
HO\WN % Zidebactam (15) Enmetazobactam (19),
N o% N AAI-101
o}
3 f

(ON
HNT H% Nacubactam (16) ETX-0282 (18) VNRX-7145 (21)

Fig. 7: Chemical structures of BLIs either marketed (14) or in clinical development (15-21).

The DBOs zidebactam (15) and nacubactam (16) are currently in phase I. They are combined with
cephalosporins and act as BLIs for class A and C $3-lactamases (Table 4). The activity also observed for
class B B-lactamases is explained by a direct antibiotic activity inhibiting PBP2. The phase III
boronate-type taniborbactam (20) in combination with cefepime is active against class A and C
B-lactamases by covalent binding, whereas competitive binding is observed for MBLs. The structurally
related VNRX-7145 (21), new to the pipeline, lacks this beneficial activity against class B f-lactamases.

In combination with ceftibuten, the oral bioavailability of this phase I candidate is still advantageous.

3 ARX-1796 (2) as avibactam (1) prodrug is not included here.
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Table 4: Susceptibility of selected B-lactam antibiotics to all classes of B-lactamases and efficacy of marketed
BLIs and those currently in clinical development.

Suceptibility to Marketed BLIs BLls in development
=
@ o 8 | 3 > & £ = 3 g =
B-lactamases g £ 2 2 S g S 9 2eg | = Qo | g = 8
= 5 5 IS 1S ~ E ~ o & I o E S O £ o 55
8 o c o £ 8 £ o == £ c E g N X S E g E Qe
5 2 & 2 8 3] g < 85 | 8¢ 8% | ©8 85 | o3 | 23
c 9 =3 5] 3] & 5 2 5 o2 o N3 2 @ T O ~ 2
o © @ = ] Qo g = e = @ O T O o Q O u= o D=
o 8 o g 3 5 8 € ER S5 a3 T2 N @ = @ X o
s 2 [ 3 = a o = o © 3 S0 r® g © 8° x ©
™ 8 O O 4 © o} o 2 = 0o rof 2 >
Ambler > @ N z A E 8 S
class | Examples w
TEM, SHV - + + + + + + + + + + +
A (ESBL)
KPC - - + + + + + + +/- + + + +
5 NDM, IMP, ) ) ) - N . ) ) .
VIM
C AMP C - + - + + + + + + + + + +
D OXAs +/- +/- +/- +/- +/- +/- +/- +/- + +/- +/- + +

1.1.4 Summary and Outlook

The prevalence of antimicrobial resistance has turned the treatment of Gram-negative infections into
one of the major challenges of our time. Although this problem is predominantly observed in hospitals,
its effect on community-acquired infections is most likely to increase as the black box warnings now
strongly limits the indication of quinolones in this area.["” From that, yet another gap will emerge due

to the oral application, tissue distribution and broad Gram-negative activity of this antibiotic class.

Recent advances and the current clinical development pipeline can only provide very limited
advantage over present bacterial resistance. Novel approaches in academia and industry are urgently
needed to close the existing gaps and overcome the resistance crisis in order to prevent the 21 century
from turning into the ‘post-antibiotic era’.l’] To meet this tremendous challenge, a strategic Public
Private Partnership (PPP) was established between Fraunhofer IME and Sanofi (later Evotec) in 2014.
This cooperation pursued the ambitious goal to discover and develop novel antimicrobial agents for
the treatment of infectious diseases with a strong focus on Gram-negative infections. For this purpose,
the Sanofi strain collection as well as extract libraries were extensively studied and further expanded

to utilize natural products as fertile source for drug discovery.

1.2 Natural Product Drug Discovery

The importance of natural products as source for pharmaceutical drugs such as anti-infective agents
is undeniable.??) As the ‘low-hanging fruits’ have already been picked, rediscovery of known
compounds has become a major hurdle. New strategies are being pursued at all stages along the NP
discovery process to ensure that efforts will continue to successfully explore the vast yet mostly

untapped biological and chemical diversity of microbes and deliver new lead structures.!?!]
8
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Based on their starting point, discovery processes can be divided into two categories. On the one hand,
genomics-based approaches have been evolving rapidly since microbial whole-genome sequencing is
available and becoming even more economical. Starting at DNA level, bioinformatics tools and gene
manipulation techniques are used to identify and express gene clusters of interest in either native or
heterologous hosts. The aim is to fully exploit biosynthetic potential and metabolic capabilities of any

[21

given microorganism.?] On the other hand, more traditional approaches start at microorganism level.

Concepts and advances will be discussed below in more detail.

1.2.1 Cultivation

In order to find new active compounds, it is essential to access new natural resources. 22l Therefore,
in addition to commonly explored soil samples from terrestrial environment, other sources are being
widely sampled for antibiotic producing microorganisms. This includes domains like oceans,
rainforests and deserts besides other environmental niches. Symbiotic and endophytic
microorganisms living associated with their hosts (e.g., plants[®}], insects and nematodes(?*l) are

another example for potent sources that have only recently started to be explored.

Besides profound investigation of the microbial diversity in nature, it is also important to improve
access to their full biosynthetic potential.l?’) Organisms cultivated under laboratory conditions face
optimal growth conditions. In their natural habitat however, they are confronted with diverse
environmental stress caused by e.g., interactions with other species or nutrient deficiency.[!]
Mimicking these conditions so that microorganisms are triggered to activate otherwise silent genes
and express further metabolites in order to survive, is one approach that has successfully been
implemented. This involves varying medium compositions (including minimal medium), different
cultivation status (solid or liquid, dynamic or static), co-cultivation with other strains and adding
epigenetic modifier or other factors such as enzyme inhibitors or biosynthetic precursors. This

strategy is referred to as OSMAC (‘one strain many compounds’) approach.[?’]

Evaluation of any cultivation-dependent approach generally requires the extraction of a grown culture
so that the obtained crude extract can be analyzed and subjected to primary in vitro bioassays for
example. However, this principle is only applied to the very small fraction of microorganisms that can
be grown in a laboratory.[?] Yet, the vast majority is either uncultured or unculturable. This ‘microbial
dark matter’ presents both challenges and opportunities.’”) While certain techniques (e.g.,
metagenomics) do not require cultivation to provide information, it remains essential when aiming
for true understanding of the diverse aspects and complex nature of a microbial species. Recent
advances in innovative cultivation such as encapsulation of environmental cells in microdroplets raise

hope that one day we will be up to the challenge with yet a long way to go.[!
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1.2.2 Screening

Searching for new antibacterial compounds, bioactivity screening remains essential at various stages
along the discovery process. Traditionally, target-based or phenotypic high-throughput screening
(HTS) strategies are employed.[?] The less relevant target-based approach directly tests against certain
molecular targets represented by recombinant proteins. However, when translated into whole-cell
screenings, permeability and efflux occur as major issues.!?”] Instead, the phenotype-based approach
is widely used. On the one hand, in vitro antibiotic susceptibility testing (AST) of concentrated extracts
obtained from diverse cultivation approaches represents the starting point for activity-guided
isolation.l”) However, interfering or synergistic effects within such complex mixtures may affect the
validity of the results. Therefore, advanced strategies to simplify extracts include adapted extraction
methods and pre—fractionation.[3(’][31] Following isolation on the other hand, AST is also used to
determine the minimal inhibitory concentration (MIC) of the purified compounds in order to evaluate
the antibacterial potency.[?! Covering both stages, advanced screening strategies have been developed
to increase the active extract hit rate as well as to improve the prediction value towards in vivo
efficiency in mouse models. This includes mimicking of environmental factors relevant for pathogenic
bacteria during host infection e.g., by using NaHCO3 supplemented Mueller-Hinton broth (MHC)
screening medium since it has been shown that the host’s bicarbonate buffer system disrupts the
proton motive force across bacterial membranes by dissipating the transmembrane pH gradient.[321(33]
For phenotypic screenings in general however, toxicity and target identification remain the major
challenges. In order to overcome general limitations, further improved approaches combine
target-based and whole-cell screening methods using genetically modified screening strains either
expressing reporter genes or differing from wild-type strains regarding engineered antibiotic

resistance or gene deletion/overexpression.[*’]

1.2.3 Dereplication

Differentiation between previously described and novel metabolites is important to save a
considerable amount of time and resources on re-isolation.[34! Therefore, identification of known
active compounds and potential analogues in crude extracts is a crucial part of NP discovery.[331(3¢]
This process is called dereplication and typically involves chromatographic techniques such as
reversed-phase (RP) high-performance liquid chromatography (HPLC) or ultra high-performance
liquid chromatography (UPLC) as well as spectroscopic and spectrometric methods in combination
with bioactivity screening. Based on features such as retention time, UV/vis absorption, exact mass
and MS/MS fragmentation pattern, compounds detected in active fractions are then evaluated by
database search using either in-house or commercial databases like Antibase or Dictionary of Natural

Products.3”)
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1.2.3.1 Mass spectrometry in NP research

Since the introduction of more gentle ionization techniques at atmospheric pressure (atmospheric
pressure ionization, API) such as electrospray ionization (ESI), mass spectrometry (MS) became an
indispensable analytical method in NP research.**! Besides the advantageous combinability with
liquid chromatography (LC) extending the scope of application to non-volatile organic compounds,
high sensitivity as well as continuously improving resolution and mass accuracy are major advantages
of MS analysis.[*>] This allows the prediction of elemental composition of a given ion even for minor
components in a complex mixture such as extracts of microbiological origin.*”) However, complex
and unpredictable fragmentation and adduct formation pattern complicate the identification of the
parent ion and therefore the correct assignment of a molecular formula.[** Furthermore ionization
efficiency and consequently sensitivity is strongly dependent on the compound’s structure as well as
co-eluting impurities. Their interfering in terms of ion suppression imposes another limitation to the
method.[*”) For dereplication, ESI is commonly combined with hybrid quadrupole time-of-flight
(QTOF) and quadrupole ion-trap (QIT) mass spectrometers due to their ability to perform untargeted
tandem MS by collision-induced dissociation (CID) besides high mass accuracies.[** This way, MS/MS
data is acquired in high-throughput manner without requiring additional effort but providing further
useful information. Modern computational approaches like Molecular Networking are being
increasingly exploited as tools for dereplication to support interpretation of the enormous MS/MS data

sets.[40]

1.2.3.2 Molecular Networking

Based on the fundamental assumption that structurally related compounds share a similar MS/MS
fragmentation pattern, Molecular Networking is a tool to visualize the chemical similarity of all
precursor ions detected and fragmented in large sample sets analyzed by tandem mass
spectrometry.[*l] Preprocessing of the generated MS/MS data involves removal of precursor and
low-intensity fragment ions as well as merging identical spectra sharing the same parent ion m/z value
and fragmentation pattern into a single consensus spectrum (Fig. 8).14l For generation of the molecular
network analysis, the simplified spectra are converted into multidimensional vectors taking
m/z values and intensity of fragment ions into account.[*3] The similarity of these normalized vectors
is calculated for every possible pair of consensus spectra. The resulting cosine scores represent the
degree of spectral similarity ranging from 0 to 1 whereby a value of 1 indicates completely identical
spectra. Programs like Cytoscape can be used to visualize the output of this algorithm-based analysis
in form of so called Molecular Networks. All MS/MS consensus spectra are represented by nodes
(typically labeled with the mass of the parent ions) while the thickness of edges connecting two nodes

indicates the degree of similarity of the according pair.[*’]

Therefore, Molecular Networking is a powerful dereplication tool especially when database search is

included in the analysis. It not only allows rapid identification of known molecules in complex
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mixtures but also identifies potential analogs and thus provides valuable information in regard to

pursuing the isolation of individual compounds.
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Fig. 8: Schematic representation of the process of generating a Molecular Network. Adapted and modified from
ARoN et all*] and BoUDREAU et al.l*%]
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1.2.4 Isolation

Once dereplication identified an active and potentially novel compound of interest, isolation takes
place. The goal is to obtain a sufficient amount of the target compound pure enough for structure
elucidation and further characterization. Despite continuous progress made in the development of
extraction and purification techniques, this remains a major challenge. The complexity of most
extracts as well as limited biosynthetic production of certain components complicates the task.
Furthermore, isolation protocols need to be designed individually for each target compound.
Information about general molecular features like stability, solubility, acid-base properties and charge
are advantageous but usually not given.[*] Therefore it is advisable to investigate the expediency of

each isolation step by performing preliminary tests.

Fermentation of the producing microorganism represents the starting point for isolation. Optimization
of cultivation conditions such as medium composition, salinity, pH, temperature, oxygen
concentration and time of incubation can be an efficient approach to increase the production of the
desired metabolite.[*’”] The isolation process begins with extraction. The most popular method is
solvent extraction of either the whole culture or after separation of cells and culture filtrate using
filtration or centrifugation.[*!] Separation is advantageous when the target molecule is either secreted
into the medium and can be separated from the biomass or solely associated with the cells so that
extracellular material and media components can be removed immediately. For extraction of the

usually lyophilized culture, various solvents of different polarities like e.g., MeOH or acetone can be
12
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used. It is also possible to perform liquid-liquid extraction (LLE) of aqueous liquid cultures using
EtOAc, ether or DCM for example or to carry out solid-phase extraction (SPE) using polymeric
adsorbent resins (e.g., XAD).

Isolation of the target compound from the obtained crude extract and eliminating impurities at the
same time usually requires several orthogonal purification steps. A variety of procedures employing
different separation mechanisms are available for fractionation especially when it comes to widely
used liquid chromatography. Thereby, the stationary phase is usually arranged as column. Normal-
phase, reversed-phase and size exclusion chromatography (SEC) are just a few examples for column
chromatography (CC) techniques. Due to major advantages regarding resolution, automation, speed
and reproducibility, automated systems like HPLC are favored and mostly used to achieve final

purification of the target compound.

The multistep isolation procedure should be closely monitored to prevent obtaining the compound in
small yield or even losing it along the various purification steps. For many years, this was
accomplished by activity-guided isolation.l*”] At each step, every fraction had to be subjected to an
in vitro bioassay to detect the active fractions. This method is highly time-consuming and strongly
dependent on the compound concentration in each sample. A faster and much more sensitive way is
the detection of the target compound using spectroscopic and spectrometric analysis based on
characteristics known from dereplication. Furthermore, this allows relative quantification and

evaluation of the purity of each fraction at the same time.

The isolation process is considered successful when able to provide the target metabolite in sufficient
quantity and purity for structure elucidation by nuclear magnetic resonance (NMR) spectroscopy.
Ideally, bioactivity screening furthermore confirms that the initially observed activity was in fact

caused by the isolated compound.

1.2.5 Structure Elucidation

Even with various spectroscopic methods available to provide useful information, conclusive structure

elucidation of unknown, complex natural products normally requires significant expertise as well as

[46

experiences.[*] Although X-ray crystallography is considered the ultimate tool for molecular structure

determination, its application to natural product research is strongly limited by the requirement of

[5] Instead, NMR spectroscopy now represents the most powerful tool to meet

suitable quality crystals.
the challenges of structure determination. In terms of sensitivity, dramatic improvement has been
made over the last decades by technical innovations like construction of high-field cryomagnets,
cryoprobes minimizing thermal noise and small volume sample tubes significantly shorten acquisition
time as well as requirements regarding sample quantity.’!] This is essential because acquiring
sufficient amounts of natural products by isolation remains a major challenge. Full characterization at

sample concentrations down to 1 nM is now achievable in a practicable amount of time.[>?]
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NMR spectroscopy is based on resonant interactions between atomic nuclei and electromagnetic
radiation in the radio frequency range in a strong external magnetic field requiring a magnetic
moment and therefore a spin quantum number [ other than zero. Thus, NMR spectroscopy can provide
information about number and type of nuclei such as 'H, 13C, N and 3!P which are most important

in NP chemistry as well as the relationships among them.[3]

Practical structure elucidation successively combines all information of the various NMR experiments
to identify structural fragments which are then connected to provide the entire molecular structure of
a compound. The analysis starts based on the molecular formula predicted by HRMS. The elemental
consumption can be used to calculate the degree of unsaturation and therefore provides the number
of double bonds and rings present in the molecule. Examination of 1D 'H and *C NMR spectra allows
verification of the molecular formula and can also give information on functional groups based on the
chemical shifts. In this context, IR and UV/vis spectroscopy can provide additional useful information.
Nevertheless, homo- and heteronuclear 2D NMR experiments are indispensable to fully determine and
link all individual fragments of a molecule. The 'H-3C HSQC (heteronuclear single quantum
correlation) experiment allows the detection of one-bond carbon-proton connectivities (*Jou). If an
even or odd number of protons is bound to the corresponding carbons can also be determined due to
the phase sensitivity of this experiment. In the next step, 'H-'H COSY (correlation spectroscopy)
spectra provide information on the connectivity of those CHx (n = 1, 2, 3) groups. Structural fragments
can be deduced based on the homonuclear germinal (*Jin), vicinal (*Fin) or in some cases even
long-range (*fun) coupling of adjacent protons. Finally, the !H-3C HMBC (heteronuclear
multiple-bond correlation) experiment is used to combine all structural units. As it reveals
heteronuclear long-range correlations (mainly 2Jcn and 3Jcn) even through quaternary carbons and
heteroatoms, the overall skeletal connectivity can be established revealing the whole planar structure

of the molecule. [341(55]

1.2.6 Assignment of Stereochemical Configuration

With elucidated two-dimensional structures in hand, the question of spatial arrangement remains for
chiral compounds. Since the stereochemistry has a profound impact on physicochemical, biological
and pharmaceutical properties of a molecule, determination of the relative and absolute configuration

is of fundamental importance. (5]

1.2.6.1 Relative Configuration

For elucidation of the relative configuration, once more NMR spectroscopy is a very powerful tool.
Relatively rigid or cyclic molecules that predominantly exist in a single conformation provide reliable
information. NMR parameters such as coupling constants (J) and the nuclear Overhauser effect (NOE)

allow prediction of the relative stereochemistry. [7]
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Saturating the magnetic resonance of a particular proton by specific irradiation leads to a change in
resonance intensity of a neighboring proton. This phenomenon is called NOE.[8! Here, spin
polarization transfer occurs via dipolar cross-relaxation and strongly depends on the internuclear
distance (= 5 A). These dipole interactions through space can be visualized in homonuclear NOESY
(Nuclear Overhauser Effect Spectroscopy) and ROESY (Rotating-frame Overhauser Effect
Spectroscopy) experiments.’*”) The NOE also depends on the motional character of molecules in
solution and is characterized by the tumbling rate (or rotational correlation time) which in turn
particularly depends on the molecular weight besides solvent viscosity, temperature and spectrometer
frequency.[®] For small molecules (MW < 700 Da), the NOE is positive while a negative NOE is
observed for large molecules (MW > 2000 Da). Consequently the NOE for medium-sized molecules
(700 Da > MW < 2000 Da) is very weak or even zero. In those cases, ROESY experiments are performed.
Because the cross-relaxation occurs here in spin-locked magnetization, the rotating-frame NOE (or
ROE) is always positive. Therefore, ROESY supplies very similar, additional information compared to

NOESY.[e!]

Besides dipolar couplings through space, scalar couplings provide further stereochemical information
in the form of coupling constant values. Especially homonuclear, vicinal coupling of protons (3 )
allows identification of 1,2-stereochemical relations. The § values can be extracted from 1D 'H NMR
spectra in a straightforward manner and their direct correlation to dihedral angles is defined by the
Karplus equation. [ Further development of this method also allows heteronuclear *Jcn (n = 2, 3;
only for n = 2 if electronegative substituent is attached to C,) values obtained from 2D HETLOC
(Heteronuclear Long-Range Coupling) experiments to provide stereochemical information in a similar

manner.[62]

Because j-based configurational analysis is applicable to acyclic, substituted carbon chains, coupling
constants are an important and useful complement to the NOE-based analysis. Both NMR parameters

collectively provide essential geometric information in regard to the relative configuration.

1.2.6.2 Absolute Configuration

A variety of different methods and techniques are available for absolute configuration assignment of
natural products. This includes X-ray crystallography, chiroptical methods (e.g., optical rotation (OR)
and optical rotatory dispersion (ORD), electronic and vibrational circular dichroism (ECD/VCD),
Raman optical activity (ROA)) and NMR-based methods.[*] In the latter case, chemical derivatization
with a chiral derivatizing agent (CDA) is required which represents a major disadvantage over
non-destructive techniques. o-Methoxy-a-trifluoromethylphenylacetic acid (MTPA; Mosher’s
reagent, Fig.9) represents one of the most common CDAs used to determine the absolute
configuration of monofunctional molecules such as secondary alcohols and amines in combination

with NMR analysis.[64]
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NO, , O
HsCO_ CF; N
_Cl " NH,
CH
o) O,N 3
F
Mosher's Reagent Marfey's Reagent
(+)-a-Methoxy-a-trifluormethylphenylacetyl chloride, 1-Fluoro-2,4-dinitrophenyl-5-L-alanine amide,
(+)-MTPA-CI L-FDAA

Fig. 9: Chemical structures of Mosher’s Reagent and Marfey’s Reagent as examples for CDAs.

The products of chemical degradation and/or chiral derivatization can also be analyzed by
chromatography-based methods such as gas chromatography (GC) and chiral HPLC.!%] This approach
is applied in the widely used Marfey’s method to determine the absolute configuration of amino acids
e.g., in peptides.[96] After acidic hydrolysis of the natural product to obtain the constituent amino acids,
the hydrolysate is derivatized with Marfey’s reagent as CDA in the next step. The most commonly
used Marfey’s reagent is 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (L-FDAA, Fig. 9).¢] However,
a variety of L- and D-amino acid amides can be attached to 1,5-difluoro-2,4-dinitrobenzene via
synthesis or purchased commercially.l*] The reaction of any given chiral Marfey’s reagent with a
racemic mixture of an amino acid results in two diastereomers that can be separated by HPLC and
detected using UV absorption or MS. The retention time provides first evidence regarding the
identification of both diastereomers. It has been shown various times that, on reversed-phase LC, the
L-L diastereomer elutes first in most cases due to stronger intramolecular hydrogen bond formation
than in the L-D diastereomer.[®”) However, final determination of the absolute configuration can only
be achieved by comparing the retention time to enantiomerically pure standards that serve as

reference.

Since all above-mentioned methods are limited in their scope regarding certain structural features,
total synthesis remains gold standard to determine or confirm the absolute configuration.l>* While
also potentially giving access to a larger amount of compound, this approach most often represents a

major challenge as true for many aspects within natural product drug discovery.

1.3 Outline of this PhD thesis

The present PhD thesis was prepared in the Sanofi-Fraunhofer Natural Product Center of Excellence
later becoming the Fraunhofer-Evotec Natural Products Excellence Center for Infectious Diseases
(FENPEC ID), a PPP established between Fraunhofer and Sanofi resp. Evotec in 2014. The focus of this
collaboration was to tackle the antimicrobial resistance crisis by discovering novel active compounds
for treatment of severe bacterial infections caused by Gram-negative pathogens and M. tuberculosis.

Besides continued high-throughput screening of extracts originating from diverse microorganisms in
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order to identify new antimycobacterial active metabolites, the following innovative approaches were
pursued to achieve this objective as standard screening of the strain collection only delivered known
Gram-negative active antibiotics: i) Adapted screening methods were implemented including the use
of bicarbonate supplemented medium. Also applied to Actinobacteria broadly explored under common
screening conditions, this approach implied an increased chance of identifying new and yet
undetected active metabolites. ii) In order to discover novel NPs, exploration of rare and less-studied
bacterial phyla such as Bacteroidetes and Acidobacteria represented another key aspect. Innovative
cultivation techniques (e.g., microdroplets) were used to isolate corresponding producer strains from
ecological niches such as termite nests.[””] The goal of the current work is to demonstrate proof of
concepts by directly translating these strategic efforts starting at the microbiology site of the group
into chemistry and identifying new or even novel active metabolites based on isolation, structure
elucidation and coordination of extensive bioactivity profiling. Thus, provided data then allow

determination of potential hit compounds for further antibiotic drug discovery.
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2. Gram-negative active metabolites from Aspergillus terreus ST000934

2.1 Introduction

Fungi are highly diverse microorganisms that form the second biggest kingdom behind bacteria.[”!]
More than 1.5 million species are estimated to be living in almost every ecological niche across the
planet with a maximum of only 10% that have been discovered so far.[2] Natural products of fungal
origin exhibit a wide range of pharmaceutically relevant activities. A variety of e.g., antiviral,
anticancer, antidiabetic, antihypercholesterolemic and immunosuppressant drugs such as irofulven,
lovastatin and cyclosporine A are in clinical development or approved for treatment.l”?) Ever since
the discovery of penicillin G (22) from Penicillium notatum (later termed P. chrysogenum), the great
importance of fungal NPs in the field of antibiotics is furthermore undeniable. Fusidic acid (23) as
well as the classes of cephalosporins and pleuromutilins like lefamulin (24) represent further
examples of antibiotics originating from fungi (Fig. 10). The latter has only recently been approved
and is a good example for how advanced technologies of present days overcome challenges of earlier
times in antibiotic research history. In contrast to fast-growing bacteria, receiving sufficient
quantities of relevant compounds from fungi was considered more difficult and therefore
neglected.[#! For this reason, only a minority of natural product antibiotics in current clinical use is

derived from fungal secondary metabolites.

SR YEes

/—OH
O/‘

Penicillin G (22) Fusidic acid (23) Lefamulin (24)

Fig. 10: Chemical structures of penicillin G (22), fusidic acid (23) and lefamulin (24).

However, as fungi remain a rich and yet widely underexplored source for novel antibiotics, their
potential has been studied increasingly in recent years.[’”] Especially endophytic fungi from e.g.,
marine environment have been identified to produce a great variety of new secondary metabolites.[”!]
In the Sanofi-Fraunhofer strain collection, fungi make up approximately 20% of all species which were

exploited regarding the production of novel Gram-negative active secondary metabolites in the PPP.
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2. Gram-negative active metabolites from Aspergillus terreus ST000934

2.2 Gram-negative Activity against E. coli

Within the standard process of screening the Sanofi-Fraunhofer strain collection for producer strains
of Gram-negative active metabolites, the methanolic crude extract of Asperguillus terreus ST000934
inhibited the growth of E. coli (ATCC 35218) in the primary screening. Based on subsequent
UPLC-MS/MS fractionation of the crude extract and screening of the obtained fractions, the
antibacterial activity was assigned to a highly polar compound produced in large quantity by

dereplication (Fig. 11).

A et

s 20
o _II|| | 1

Fig. 11: Crude extract of ST000934. A: Base peak chromatogram (BPC, grey), extracted ion chromatogram (EIC,
black) of C1sHi1609 *m/z 377.0867+0.005, [M+H]* and **m/z 359.0761+0.005, [M-H,O+H]*; B: Relative growth
inhibition [%)] of fractions 1-159 against E. coli ATCC 35218, F-06-F-12 and F-14-F-18: > 90%.

According to the positive HRESIMS ion peak at m/z 377.0864 ([M+H]*, Appm 0.80), the molecular
formula was assigned to Ci1sHi6O9 retrieving seven hits in the Antibase database. However, none of
them conclusively explained the observed molecular characteristics such as UV absorption and
MS/MS fragmentation pattern (Fig. 12). Therefore, an isolation project was initiated purposing
structure elucidation of the potentially new fungal metabolite and confirmation of the Gram-negative

activity against E. coli. Henceforth, the compound will be referred to as SF005-B (25).

2.3 Isolation

Despite the relatively high production of SF005-B (25) by ST000934, isolation proved to be challenging
due to the high polarity of the compound. Various techniques such as separation of cells and culture
filtrate, pH effects, normal phase chromatography and size exclusion chromatography had been
investigated throughout optimization of the isolation procedure. The most efficient protocol was

established as described in the following (Scheme 1).
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5 L culture
(5188)
MeOQH extraction LLE (EtOAe/H,0) |
(13.99) -
I Preparative HPLC,
| 1.pH 9 (2.97g) |— ACN/H,0 + 0.1% FA
I (98.1 mg)
| 2 pH 2 (3.65g) |
Semi-preparative HPLC,
SF005-B UPLC ACN/H,0 + 0.1% FA
(0.895mg) ACNH,0 +0.1% FA (3.7 ma)

Scheme 1: Optimized isolation procedure of 25 from liquid culture of ST000934 in medium 5189.

The isolation started from 5 L fermentation of ST000934 in liquid medium 5189. After lyophilization
of the whole broth and subsequent MeOH extraction, the crude extract was dissolved in H2O to
perform LLE. Therefore, the aqueous phase was first adjusted to pH 9 for the first round of ethyl
acetate extraction and then acidified to pH 2 for the second round. Based on LC-MS analysis, only the
extract obtained under alkaline conditions was further processed. Preparative HPLC using a C18
column (Synergi™ Fusion-RP 80 A, 250 x 21.2 mm) and a linear gradient of 5-55% ACN in water was
performed followed by semi-preparative HPLC (NUCLEODUR® Gravity-SB, 3 pm, 250 x 4.6 mm) with
an adjusted gradient of 5-30% ACN in water. Final purification was achieved by UPLC fractionation
(Acqurry UPLC® BEH C18, 1.7 um, 100 x 2.1 mm) yielding 0.895 mg of SF005-B (25) which was

subjected to structure elucidation and bioactivity profiling.

2.4 Structure Elucidation of Fungal Metabolites

2.4.1 SF005-B

First indications regarding the structure of SF005-B (25) were provided by LC-MS/MS analysis. As
noticed along the isolation process, an unusually broad peak was observed in the chromatogram
(Fig. 12A). Reversible reactions (e.g., tautomerism, ring-opening/ring-closure) under acidic conditions

during analysis were considered as potential explanation for this observation./”]

In agreement with dereplication, HRMS analysis of isolated 25 proved the molecular formula
Ci1sH1609 according to the positive ESIMS ion peak at m/z 377.0864 ([M+H]*, Appm 0.80) further
supported by the sodium adduct with m/z 399.0683 ([M+Na]*, Appm 1.00) (Fig. 12C). From the sodium
adduct however, a further water adduct was annotated (m/z 417.0791, [M+H;O0+Na]*, Appm 0.24).
Moreover, the fragment ion resulting from neutral loss of H2O (m/z359.0759, [M-H.O+H]",
Appm 0.56) represented the ion of highest intensity in the spectrum. Additionally, a certain dimeric
structure was proposed by neutral losses of CoHgOs (180.0421 Da, Appm 2.22) and CoHzOs
(196.0370 Da, Appm 2.04) resulted in the fragment ions CoHyOs* and CoHoO4", respectively. Yet, in the
MS/MS spectrum of the [M+H]* parent ion, only the former case was observed followed by neutral
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losses of H2O and CO/C;Hj4 (Fig. 12D). These findings suggested highly oxygenated aromatic

structures for both monomeric units potentially linked via oxygen bridge.
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Fig. 12: LC-MS/MS analysis of SF005-B (25). A: BPC (grey), EIC (black) of C1sH1609 *m/z 377.0867+0.005 [M+H]*
and **m/z359.0761+0.005 [M-H;O+H]*, UV chromatogram 205-640 nm (yellow); B: UV spectrum of 25;
C: MS spectrum of 25; D: MS/MS spectrum of [M+H]* parent ion m/z 377.0869.

Consistent with these findings, the literature-known fungal metabolite eleganketal A (26)1"") was
considered as a potential structural candidate (Fig. 13). Yet, NMR analysis of purified 25 disproved
this hypothesis as no methylene groups were detected. Conclusive structure elucidation however

failed as multiple signal sets indicated a mixture of three highly similar compounds.

HO OH on
poies
OH
o
O OH

Eleganketal A (26) Flavimycin A (27)

Fig. 13: Chemical structures of eleganketal A (26) and flavimycin A (27).

Yet, 1D and 2D NMR spectra still revealed the same aromatic system substituted with three hydroxyl
groups and one methyl group as in 25 to be present. Furthermore, only methine groups with either
one or two oxygen substituents (-OH, -OMe or -O-) were identified. This information strongly pointed
towards an monooxygenated derivative of flavimycin A (27).8] With SF005-A (28), such a fungal
metabolite had previously been isolated by Praza et al from the strain ST005638 within the
Sanofi-Fraunhofer collaboration in 2016 (Fig. 14). However, 1D NMR spectra did not match (data not

shown).
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SF005-A (28)

Fig. 14: Chemical structure of SF005-A (28).

As for 26, methylation had been reported to contribute to the structure elucidation of
polyhydroxylated natural products.’”] Moreover, restriction of intramolecular interactions most
likely causing the characteristics observed in LC-MS and NMR analysis were considered
advantageous in the particular case of SF005-B (25). Therefore, a pre-purified sample of 25 was
methylated according to a modified protocol reported by COrNELLA et al.[”l Two isomers of the 6-fold
methylated product (29a and 29b) were detected as sharp peaks in LC-MS analysis according to the
pseudo-molecular ion at m/z 461.1806 (C24H2009%, [M+H]*) and its sodium adduct at m/z 483.1626
(C24H2809Na*, [M+Na]*). Similar to the most intensive [M-H,O+H]* ion of 25, the fragment ion at
m/z 429.1544 (Cz3H2505*, [M-CH4O+H]*) resulting from a neutral loss of CH3OH was observed as
most intensive in the MS spectrum of 29. Both obtained isomers 29a and 29b were separated. Their
conversion into compound 30 occurred constantly during purification under used conditions (Fig. 15).
This aspect detected by LC-MS analysis of pure fractions will be further discussed below, however,
contributed to the strongly limited amount obtained, especially for 29a. Therefore, only 29b was
analyzed by NMR spectroscopy.

Intens.

x100 | A

L2
[
1.0
0.8
06
04
30 ‘

0.2 Il \

/ b
0.0

0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 0.0 225 Time [min]
Intens. MB01355_A2p_P1-6-8_01_66117.0: M5, 11.0min, #3820

x106 | B

125 CH.O
429.1554

0.75
483.1631
0.50 239.0916

0.5
369.1106

511811 L 9433358

| 1005,3066
0.0 1 .

300 400 500 600 700 800 900 1000 mz

Fig. 15: Methylation products of SF005-B (25). A: EIC of 29 (black, m/z 429.1544+0.005, C24H2509 [M-CH4O+H]*)
and 30 (red, m/z 447.1650+0.005, C23H2609 [M+H]*); B: Annotated MS spectrum of 29b.

Based on the NMR analysis results, the structure of 29b was postulated according to 'H and 2D spectra
as insufficient quantity did not allow *C analysis. The relative configuration was predicted based on
ROESY experiments (Fig. 16). Clearly related to the flavimycins and SF005-A (28), the presence of an

oxocane motif and two acetals was most prominent. Formation of the dioxabicyclic ring system only
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during methylation reaction could not be excluded completely. Yet, based on this structure a variety

of findings could be explained comprehensively.

29b

Fig. 16: Chemical structure of 29b including relative configuration postulated by NMR analysis.

Firstly, even though acidic conditions had been avoided during purification, the conversion of 29a
and 29b into the more polar compound 30 (m/z447.1648, Cz3Hz;0¢*, [M+H]*, Appm 0.45)
accompanied by the formal loss of CH; had been observed as previously implied. Similar to the
unmethylated metabolite 25, 30 showed the very same broad peak in LC-MS at a shifted retention
time between 6.4 min and 8.2 min (Fig. 15A, Fig. 17A). Furthermore, the MS spectrum was in
accordance (Fig. 17B). As 30 had also been isolated, a mixture of highly similar compounds was again
observed during NMR analysis not allowing valid structure elucidation. However, based on

LC-MS/MS data and structural features of 29, the chemical structure of 30 was postulated.
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Fig. 17: LC-MS analysis of 30. A: BPC (grey), EIC (black) of m/z447.1648+0.005 (C23H2s09 [M+H]?),
UV chromatogram 205-640 nm (yellow); B: Annotated MS spectrum of 30.

While methylation had led to the sharp peak shape of acetals 29, the structure still suggested the
formation of the corresponding hemiacetal 30 explaining the observed formal loss of CH;. 30 can
furthermore undergo oxo-cyclo tautomerism to 30’ potentially explaining the mixture of compounds
observed in NMR analysis (Fig. 18). This interconversion moreover suggested 29a being
diastereomeric to 29b with altered configuration most likely at the two stereogenic centers of the

monocyclic methyl acetal.
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Fig. 18: Equilibrium of acetal 29 and hemiacetal 30 undergoing oxo-cyclo tautomerism leading to 30’.

Accordingly, the structure of the unmethylated 29 represented by SF005-B (25) was proposed as
depicted also able to undergo tautomerism to 25’ and most likely at equilibrium with hemiacetal 31,
a regioisomer of SF005-A (28) (Fig. 19). This also explained the sodium adduct of the [M+H,O+H]*
ion observed in LC-MS analysis (Fig. 12) and the mixture of highly similar compounds present in the
NMR sample including diastereomeric forms of 25. Furthermore, the MS/MS fragmentation pattern

could be explained conclusively based on this structure for SF005-B (25) (Fig. S62).
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Fig. 19: Postulated structure of SF005-B (25) including equilibrium with hemiacetal 31 and oxo-cyclo
tautomerism leading to 25'".

Overall, the postulated structure of SF005-B (25) was brought into accordance with all findings
observed in LC-MS/MS and NMR analysis including for the methylated derivatives 29 and 30
(Fig. S63, Fig. S64). However, the proposition remains theoretical as structural features clearly
indicate a high level of isomerism hindering isolation of sufficient amounts of compound as well as
structure elucidation. To the best of knowledge, 25 is being reported for the first time. Yet, several
other bioactive natural products have been described also possessing the rare oxocane moiety even
as unique dioxabicyclic ring system, e.g., arenaranB (32)[3 integrastatin B (33)®Y, and

isolaureatin (34)[%?] (Fig. 20).

Oy o
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MeO o) OH
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Arenaran B (32) Integrastatin B (33) Isolaureatin (34)

Fig. 20: Chemical structures of selected natural products containing dioxabicyclic ether moieties.

2.4.2 Other Fungal Secondary Metabolites
In the isolation campaign of SF005-B (25), eight additional secondary metabolites were isolated from

A. terreus ST000934 including the three butyrolactones (35-37), flavipin (38), epicoccolide B (39),
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dibefurin (40) as well as ethyl 2,4-dihydroxy-5,6-dimethyl benzoate (41) and its novel derivative 42
representing the only unknown compound. Similar to 25, all structures feature highly oxygenated

aromatic systems (Fig. 21).
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Fig. 21: Additional fungal secondary metabolites 35-42 isolated from Aspergillus terreus ST000934.

Butyrolactone I (35),183] 11 (37)34 and VII (36)!®® are known fungal metabolites isolated from
Aspergillus terreus. While lacking antibacterial and antiplasmodial activity, they are known to exhibit

mild cytotoxicity.!®3[3¢] Various further derivatives have been described.[”]

Flavipin (38) is a polyoxygenated fungal polyketide exhibiting broad bioactivity including
antifungall®], nematocidal®] and antialgal®®l properties. 38 was first isolated from Aspergillus
flavipes and Aspergillus terreus® but also found to be produced by other fungi such as
Chaetomium sp.[#”) and Epicoccum sp.[®] The latter case is also true for flavipin-derived
epicoccolide B (39).°4 Besides antibacterial (S. aureus, E. coli) and antifungal activity®®), 39 showed
inhibition of protein kinase and histone deacetylase activities as well as cytostatic effects.[*! Isolation
of 39 together with the biosynthetically related calcineurin inhibitor dibefurin (40) from the fungal
culture AB 16501-759 has also been published.[*”]

Ethyl 2,4-dihydroxy-5,6-dimethyl benzoate (41) was isolated from the endophytic fungus Phomopsis
cassia.l”®! Antifungal activity against the phytopathogenic fungi Cladosporium cladosporioides and
Cladosporium sphaerospermum was reported. However, the 3-methoxy derivative 42 has not yet been
described in literature. HRMS data suggested the molecular formula C12H160s (m/z 241.1070, [M+H]",
Appm 0.42). The structure was elucidated by NMR analysis in comparison to 41 with 2D HMBC and

NOESY experiments confirming the aromatic substitution pattern (Table 5).
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Table 5: 'H and 13C data of 42 (‘H: 600 MHz, 1*C: 101 MHz, DMSO-ds) including COSY and selected HMBC
correlations in comparison to reported data for 41 (*H: 500 MHz, 3C: 125 MHz, DMSO-d).

11 \/O N O

10

8 M5, OH

>< 3‘//12

RO N,

OH
42
— cosy — HMBC (key)
4108 42
position du (Jin Hz) de, type du (Jin Hz) dc, type
1 - 112.2 - 1124
2 - 154.5 - 147.5
2-OH - - 9.50, s -
3 6.26, s 99.9 - 1334
4 - 157.2 - 150.0
4-OH - - 9.09, s -

5 - 113.8 - 115.1
6 - 135.9 - 130.2
7 - 169.2 - 168.9
8 2.10, s 17.1, CHs 2.09, s 16.8, CHs
9 1.95, s 11.1, CHs 1.99, s 11.5, CHs
10 4.22, q (7.0) 60.2, CH, 4.25,q(7.1) 60.5, CH,
11 1.26, t (7.0) 14.1, CHs 1.28,t (7.2) 14.1, CHs
12 - - 3.63, s 60.2, CHs

2.5 Antibacterial Activity

The antibacterial activity of all nine metabolites isolated from A. terreus ST000934 was evaluated by
micro broth dilution assay against a selected panel of Gram-negative and Gram-positive pathogenic
bacteria (Table 6). Overall, growth inhibition was observed for every compound against at least one
of the screening strains due to the high test concentration of up to 256 pg/mL. However, considering
clinical relevant ranges, very low antibacterial activity was only detected against the sensitive
Gram-negative M. catarrhalis. With a MIC of 8-16 pg/mL, epicoccolide B (39) exhibited the highest

activity and also represented the only compound for which antibacterial activity had been reported.[®]
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The structurally related SF005-B (25) and flavipin (38) showed a similar activity pattern. Both
compounds revealed comparable polarity and eluted within the active fractions (Fig. 11). Their large
quantity present in the crude extract of ST000934 most likely resulted in the originally observed
activity against E. coli as the purified compounds exhibited very low MIC values of 256 pg/mL and
128 pg/mL, respectively. Previously, the same MIC of 256 pg/mL had also been determined for
SF005-A (28).

Table 6: MICs [pug/mL] of isolated compounds 25 and 35-42.

25 35 36 37 38 39 40 41 42
Escherichia coli

ATCC 35218 (MH-I) 256 >256  >256 > 256 128 256 >256  >256 > 256
Escherichia coli

ATCO 35218 (MHC) 128 256 256 > 256 128  64-128 256 256 > 256
Moraxella catarrhalis

ATCO 95938 16-32 64 32 256 16 8-16  32-128 64 256
Mycobacterium smegmatis )¢ 256 64 > 256 256 256 > 256 64 256
ATCC 607

Staphylococcus aureus 64 256 64 > 256 32 64 256 256 > 256

ATCC 25923

Considering the presented MIC values and cytotoxic or cytostatic properties reported for some
compounds, the isolated metabolites overall lacked pharmacological potential for further antibiotic
drug development. Also true for SF005-B (25), stability issues were an additional criterion leading to

the decision not to follow up this project by the industrial partner.

2.6 Summary

Within the standard process of screening the Sanofi-Fraunhofer strain collection for novel
Gram-negative active secondary metabolites, the crude extract of Asperguillus terreus ST000934
inhibited growth of E. coli. The activity was assigned to a novel compound named SF005-B (25).
Structural features of 25 complicated its isolation. Yet, these challenges were overcome. However,
structure elucidation required methylation of the natural product leading to profound postulation of
the reported structure in conclusive agreement with the presented LC-MS/MS data. Additionally, a
total of eight fungal metabolites were furthermore isolated. Among them, 42 had been described for
the first time. The antibacterial activity of all isolated compounds was evaluated and revealed broad
growth inhibition towards Gram-positive and Gram-negative bacteria. The initially observed activity

against E. coli was attributed to the high concentration of 25 present in the extract. However, the
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determined MIC values discouraged further efforts regarding antibiotic drug development. Yet,
SF005-B (25) has successfully been characterized and will serve as valuable contribution to the

in-house dereplication database, although no further development is planned.
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3. Oxazoline-containing Madurastatins from Actinomadura sp. ST100801

3.1 Introduction

Iron is essential for optimal cellular growth of many microorganisms. Yet, the concentration of free
Fe(III) in most microbial habitats is strongly limited due to its low solubility. Therefore, the production
of siderophores represents a common strategy to counteract the restricted bioavailability. These small
chelating molecules selectively bind extracellular ferric iron typically forming hexadentate complexes

with high affinity. Affiliated uptake into the cell occurs via membrane transporters.®]

For complexing siderophores, a great structural variety has been reported with more than 500 known
analogs. Normally, the mononuclear, hexadentate iron(Ill) coordination results from functional
assembly of several bidentate ligands such as catecholates or phenolates, hydroxamates and
a-hydroxy carboxylates. Hydroxyphenyloxazoline acts as less frequently occurring coordinating
motif.[*ll1%] Mycobactins (such as mycobactin S (43a) and mycobactin T (43b)) and the structurally
related brasilibactin A (44), nocardimicins (such as nocardimicin B (45)) as well as oxachelin (46)
exemplify this group of siderophores with hydroxamate units completing the chelating design
(Fig. 22).[101]1102][103]104] Bjoactive properties have been reported for these compounds, e.g., the

antibacterial and antifungal activity of 46.
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Mycobactin T (43b): (R)

O

J*%HW@ ijwﬁwwwmé

L Oxachelin (46)
Nocardimicin B (45)

Fig. 22: Chemical structures of selected hydroxyphenyloxazoline siderophores and related analogs.

Another example is the group of madurastatins produced by Actinomyces. Various members of this

class, such as madurastatin A1 (47), madurastatin C1(48) (also designated as MBJ-0034) and
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3. Oxazoline-containing Madurastatins from Actinomadura sp. ST100801

MBJ-0035 (49), have been isolated and identified as linear pentapeptides (Fig. 23).11%51106]1107] Other
members of the madurastatin family like madurastatin B1 (50), B2 (51) and B3 (52) only consist of the
characteristic core unit functionalized in position 4 of the oxazoline ring.['%)(1%] The originally
reported aziridine element (as depicted for madurastatin B3 (52)) has been revised for 47-50 by
SHAABAN et al. and is further supported by the work of TYLER et al.'%1111%] The distinctive N-terminal
2-(2-hydroxyphenyl)oxazoline motif in combination with two hydroxamate moieties explains the
siderophoric character responsible for the reported antibacterial activity. This hypothesis is further
supported by the loss of activity accompanying ferric iron complex formation.[%11%] Although

breaking the hexadentate design, antibacterial activity is also described for madurastatin B1 (50) and

B3 (52).[105][108]

2
OH o R OH SR e
N /S(N NM(N /OH OH
o 0o o) o)
Madurastatin B1 (
Madurastatin A1 (47): R'=Me,R2=H

Madurastatin C1 (48), MBJ-0034: R' =H, R?=
7 OH

MBJ-0035 (49): R'=H, R%=
Madurastatin B2 (51) Madurastatin B3 (52)

Fig. 23: Chemical structures of selected madurastatins described in literature.

Generally, the naturally evolved concept of iron chelation is being exploited for various applications
in medicine (e.g., iron excess, malaria or cancer therapy) and agriculture (e.g., promoting plant growth
and health).l""!] In antibiotic therapy, the ability of siderophores to cross the membrane barrier,
especially of Gram-negative bacteria, is most relevant in terms of iron transport-mediated drug
delivery. Covalently attached to an antibiotic, the siderophore serves as “Trojan horse’ to facilitate
cellular uptake of the conjugate.[®)1% The most current example of clinically relevant sideromycins
is cefiderocol (4) approved in 2019 (Fig. 3). However, for other siderophore-antibiotic conjugates
entering only via one type of siderophore transporter, rapid resistance development remains the
major problem.['?] Therefore, it is worth exploring siderophores regarding antibacterial activity
potentially independent of the Fe(Ill) concentration as they may utilize additional uptake systems.
Overall, the iron metabolism is a target of great potential for a large scope of applications emphasizing
the importance of continuous research in the field of siderophore biology and chemistry for better

understanding and superior drug development.
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3.2 Dereplication of Madurastatins

3.2.1 Gram-negative Activity against E. coli MHC

Besides the Gram-negative pathogens included in the standard screening panel, E. coli (ATCC 35218)
was additionally tested in Mueller-Hinton II broth supplemented with sodium bicarbonate (MHC) in
order to mimic in vivo host physiology. These screening condition are reported to improve the
prediction value of in vitro antimicrobial susceptibility assays and to ensure the identification of
otherwise undetected active compounds.®3] Utilizing this procedure, Actinomadura sp. ST100801 was
identified to produce active metabolites inhibiting growth of E. coli. Subsequently, the methanolic
crude extract was fractionated via UPLC and dereplication was then performed using available MS/MS

data in correlation with obtained screening data (Fig. 24).
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Fig. 24: Crude extract of ST100801. A: BPC (grey); EIC (black) of I: m/z 296.6399+0.005, C26H37N709, [M+2H]?*,
II: m/z 309.6477+0.005, C2sH39N70o, [1\/[+ZI‘I]2+ and III: m/z 316.6556+0.005, C29H41N7Oy, [M+2H]Z+; EIC (yellow):
m/z 208.0604+0.005, C10HoNO4, [M+H]*. B: Relative growth inhibition [%] of fractions 1-159 against E. coli
ATCC 35218 in MHC medium; F-30-F-33, F-39+F-40 and F-46: > 90%.

Considering fractions with a relative growth inhibition above 90%, the activity of fractions F-30-F-33
was assigned to a compound with the molecular formula CycH3;N7O9 (m/z 592.2705 [M+H]*,
Appm 3.55). It was dereplicated as madurastatin C1 (48) for which antibacterial activity against
S. aureus, B. subtilis and M. luteus had been described.[1)11%] The growth inhibition in F-39+F-40 and
F-46 was presumed to be caused by CisH3N7O¢ (53) (m/z618.2862 [M+H]*, Appm 3.24) and
C2oHa1N7O9 (54) (m/z 632.3024 [M+H]*, Appm 2.37), respectively. Similar molecular formulae and
MS/MS fragmentation pattern compared to 48 suggested two unknown madurastatin derivatives
(Fig. S72). An additional double bond equivalent (dbe) indicated a further double bond or ring to be

present in these molecules.

Based on the occurrence of (un)known active madurastatins, the extract was furthermore examined

regarding the presence of other reported derivatives. Thus, madurastatin B1 (50) was identified as
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3. Oxazoline-containing Madurastatins from Actinomadura sp. ST100801

also being produced by ST100801 (Fig. 24A). Having identified various madurastatins gave occasion

to perform Molecular Networking for fast identification of additional derivatives in the crude extract.

3.2.2 Molecular Networking

In order to identify more potential madurastatin derivatives with chemical similarities to the
dereplicated compounds based on available ESI-QTOF-MS/MS data, Molecular Networking was
performed. This well-established bioinformatics tool allows detection of analogs even when present
in very limited concentrations.[''3] Potential growth inhibiting properties of compounds detected by
this activity-independent approach need be determined following upscaled isolation campaigns. In
general, isolation of several derivatives can potentially provide information about their common

biosynthesis and can be used to investigate structure-activity relationships.

Within the Molecular Network of ST100801, the three compounds 48, 53 and 54 to which activity
had been assigned, were detected in three different clusters (cluster A-C, Fig. S73).
Madurastatin C1 (48) arranged with either one of the dereplicated madurastatin derivatives in the
[2M+H/2M+Na]* cluster A or the [M+2H]?* cluster C (Fig. S74) and with both of them in the [M+H]*
cluster B (Fig. 25).
CagH3gN70s (53)
m/z 618.2882 [M+H]*
Ca7H37N7010

m/z 620.2675 [M+H]* — 618.286

< 606.25
NS
L]

CagH41N70g (54)
m/z 632.3039 [M+H]* (632.301

Ca7H37N70g
m/z 604.2726 [M+H]*

A
604.27
Y

Madurastatin C1 (48)
CaH37N70g

)‘ m/z 592.2726 [M+H]*
C31H45N70g i y
m/z 660.3352 [M+H]* ‘
N
C30H41N7014 .“
m/z 676.2937 [M+H]*
C31H43N7014 22244 Ca6H37N7Og
m/z 690.3093 [M+H]* m/z 576.2776 [M+H]*

Fig. 25: Molecular Network of Actinomadura sp. ST100801: [M+H]* madurastatin cluster B. Nodes are labelled
with m/z values of parent ions; width of edges correlates with cosine scores. Dark grey: madurastatin C1 (48);
light grey: potential madurastatin derivatives 53 and 54 previously identified by activity-based dereplication.
For the six further relevant derivatives, parent ion masses and molecular formulae are given.

In the latter case, eleven additional parent ions completed the cluster showing a high degree of
similarity indicated by the large number of linkages and the corresponding cosine scores. Therefore,
an isolation project was initiated in order to purify as many compounds as possible, elucidate their

structure and study their antimicrobial activity.
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3.3 Isolation

In regards to establishing an appropriate isolation protocol, acidic conditions were strictly avoided
since oxazoline ring opening by acidic hydrolysis has been described before.[''¥] This finding was
additionally confirmed by the observation of water addition product formation during LC-MS analysis
at pH 2.7. Furthermore, as indicated by 51 (Fig. 23), the hydrolyzed forms of 47, 48 and 50 have been
reported in literature most likely occurring during isolation.[1%3](1%] Thus, an NH4HCO; buffer

adjusted to pH 8 was used to prepare HPLC solvents.

40 L culture MeOH extraction SPE
(5265) (51.59) XAD-16N, MeOH/H,0
(1.55g,1.22g,0.623g)

Analytical HPLC Semi-preparative HPLC SEC
ACN/H,O ACN/H,O
+ 5% NH,HCO; buffer (pH 8) + 5% NH,HCO; buffer (pH 8) Sephadex LH-20, MeOH
55 (1.31mg), 50 (14.4mg), 58(0.840mg), 61 (5.66 mg), 48(1.18g)
56 (3.65mg), 53 (215mg), 59(3.91mg), 62(5.19mg),
57 (2.76 mg) 54 (139 mg), 60(8.49mg), 63 (2.27 mg)

Scheme 2: Isolation scheme of 48, 50, 53-63 from liquid culture of ST100801 in medium 5265.

Intending isolation and characterization of as many madurastatins as possible, strain ST100801 was
fermented in 40 L scale in liquid medium 5265. After lyophilization and MeOH extraction, the crude
extract was fractionated by SPE using Amberlite® XAD-16N as absorbent resin and a stepwise
gradient from 20% to 100% MeOH in H;0O. Three combined fractions were subsequently purified by
SEC using Sephadex™ LH-20 as gel filtration medium and MeOH as eluent. Final purification was
achieved by semi-preparative (NUucLEODUR® C18 Gravity-SB, 3 um, 250 x 10 mm) and analytical
(NucLeoDpUR® Sphinx RP, 5 um, 250 x 4.6 mm) HPLC fractionation and adjusted gradients to yield a
total of thirteen madurastatin derivatives in sufficient quantity for structure elucidation and further

profiling (Scheme 2).

3.4 Structure Elucidation

In accordance with published data, HRMS and NMR analysis confirmed that Actinomadura sp.
ST100801 indeed produced madurastatin B1 (50)[1°] (Table 7) and madurastatin C1 (48)['1°] (Table 11)
as postulated by dereplication. The two other derivatives detected by activity-guided dereplication
were identified as madurastatin D1 (53) and D2 (54) based on NMR analysis (Fig. 26). These two novel
structures containing a 4-imidazolidinone ring had been published by Yan et all'®]
contemporaneously with the present structure elucidation and were therefore not available in any

chemical database at the beginning of the isolation campaign.
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R O, /OH
OH 0 o < N
N\)k H NMN
@ﬁo/ S ,

Madurastatin D1 (53a): R=H
Madurastatin D2 (54a): R = CHj3

Fig. 26: Chemical structures of madurastatin D1 (53a) and D2 (54a) including published stereochemistry.

The complete set of NMR and HRMS data available for 48, 50, 53 and 54 allowed structure elucidation

of the remaining nine isolated madurastatins in a straightforward manner.

Table 7: 'H and '3C data of 55 in comparison to isolated madurastatin B1 (50) (‘*H: 400 MHz, 3C: 101 MHz,
DMSO-ds) including COSY and selected HMBC correlations.

OH (@] OH (@]
Gy (e
. P,
JQ/O JO 10

1

Madurastatin B1 (50) Madurastatin B4 (55)
— — » HMBC
cosy (selected)
50 55
position du (Jin Hz) de, type b (Jin Hz) dc, type
1 - 159.2 - 156.5
2 7.00, dd (8.2, 0.5) 116.6, CH 7.06, d (8.2) 116.9, CH
3 7.46,ddd (8.4,7.2, 1.4) 134.2, CH 7.40, ddd (8.2, 7.4, 1.6) 132.3, CH
4 6.94, ddd (7.8, 7.2, 0.8) 119.2, CH 6.99, t (7.5) 119.5, CH
5 7.63,dd (7.8, 1.6) 128.0, CH 7.80,dd (7.8, 1.4) 125.9, CH
6 - 109.9 - 111.0
7 - 166.0 - 159.4
9 4.97,dd (10.1, 7.7) 67.2,CH - 139.8
10 4.60, dd (16.2, 8.5) 69.6, CH; 8.29, s 140.2, CH
11 - 172.0 - 162.4

For compound 55, the molecular formula C10H;NO4 (m/z 206.0447 [M+H]*, Appm 0.49) was assigned
by positive HRESIMS analysis indicating a high similarity to madurastatin B1 (50) with one additional
dbe. NMR data revealed the H-9 proton to be missing. Furthermore, a single H-10 proton (u 8.29 ppm)
confirmed the presence of an aromatic oxazole instead of the oxazoline moiety while substitution
pattern of the ring was identical (Table 7). It was designated as madurastatin B4, previously

unreported.

Compound 56 was assigned the molecular formula Ci2H;2N20s according to the positive HRMS ion

peak at m/z 265.0818 ([M+H]*, Appm 0.38). 1D and 2D NMR data indicated a high structural similarity
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up to NH-12 in comparison to other isolated madurastatins such as 48. Two additional methylene
protons H-13 (8u 3.52 ppm / 8 3.47 ppm) showed COSY correlation to NH-12 and HMBC correlation
to the carbonyl carbon C-14 (dc 170.6 ppm). 56, designated as madurastatin E1, was identified as
dipeptide with glycine being attached to the distinctive oxazoline structure via peptide bond (Table 8).

Table 8: 'H and 3C data of 56 (‘H: 400 MHz, 3C: 101 MHz, DMSO-d;) including COSY and selected
HMBC correlations.

OH O
[FoddH 5

O~10
Madurastatin E1 (56)

— cosy — > HMBC
(selected)
56
position bu (Jin Hz) dc, type
1 - 159.1
2 7.01,d (8.3) 116.6, CH
3 7.47,ddd (8.3, 7.3, 1.6) 134.1, CH
4 6.95, ddd (7.8, 7.3, 0.8) 119.1, CH
5 7.64, dd (7.8, 1.6) 128.0, CH
6 - 109.9
7 - 165.9
9 5.02, dd (10.4, 7.7) 67.3, CH
4.64, dd (10.4, 8.4)
10 69.6, CH;
4.50, t (8.0)
11 - 169.1
12 7.95,t (4.3) -
3.52, dd (16.8, 4.8)
13 43.1, CHy
3.47, dd (16.6, 4.7)
14 - 170.6

For compound 57 and 58, HRMS analysis suggested the related molecular formulae Ci5H17N304
(m/z336.1190 [M+H]*) and CisHi7N3O4 (m/z304.1293 [M+H]*, Appm 0.33), respectively. These
findings indicated the next amino acids in line, namely B-alanine, being attached to the glycine
residue. NMR data confirmed this hypothesis for 57, named maduratstatin F1, identifying it as linear
tripeptide (Table 9). Compound 58, was lacking two oxygen atoms compared to 57. 1D and 2D NMR
data revealed a single H-13 proton (éu 4.20-4.13 ppm) with similar HMBC correlation to carbonyl
carbon C-14 (6c 169.3 ppm) but showing additional COSY correlations to two methylene protons H-18
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(0 2.02-1.96 ppm / g 1.73-1.65 ppm). The C-terminal amino acid was identified as cyclic ornithine

resulting in the dipeptidic structure of 58, that was therefore named madurastatin E2 (Table 9).

Table 9: 'H and !3C data of 57 (‘H: 400 MHz, 3C: 101 MHz, DMSO-ds) and 58 ('H: 500 MHz, 13C: 126 MHz,
DMSO-ds) including COSY and selected HMBC correlations.

OH 0 OH 0 @d
H
\_/4 7
(S’ "o o (S o "0

0 0

Madurastatin F1 (57) Madurastatin E2 (58)
— cosy — HMBC
(selected)
57 58
position b1 (Fin Hz) dc, type du (Fin Hz) dc, type
1 - 159.1 - 159.0
2 7.01, dd (8.3, 0.6) 116.6, CH 7.01, dd (8.3, 1.0) 116.5, CH
3 7.47,ddd (8.3, 7.3, 1.6) 134.0, CH 7.47,ddd (8.3, 7.3, 1.7) 134.0, CH
4 6.95,ddd (7.9, 7.2, 0.7) 119.0, CH 6.95, ddd (7.8, 7.3, 1.0) 119.0, CH
5 7.64,dd (7.8, 1.6) 128.1, CH 7.65,dd (7.8, 1.7) 128.0, CH
6 - 109.9 - 109.9
7 - 165.9 - 165.8
9 5.01, dd (10.4, 7.7) 67.4, CH 4.97, dd (10.4, 7.7) 67.4, CH
4.64, dd (10.4, 8.5) 4.65,dd (10.4, 8.4)
10 69.4, CH: 69.4, CH:
4.53,t(8.1) 4.50, dd (8.4, 7.7)
11 - 170.1 - 169.4
12 8.54,t (5.7) - 8.45, d (8.0) -
3.75, dd (16.5, 6.1)
13 42.1, CHz 4.20-4.13, m 49.1, CH
3.65, dd (16.5, 5.6)
14 - 168.2 - 169.3
15 8.01, t (5.4) - 7.61,brs -
16 3.23,dd (12.9, 6.6) 35.2, CHz 3.15-3.11,m 41.0, CHz
1.82-1.77, m
17 2.28, 1 (7.0) 34.8, CH, 21.0, CH;
1.75-1.69, m
2.02-1.96, m
18 - 173.4 27.4, CH;
1.73-1.65, m

Based on HRMS analysis, the molecular formulae C20H27N50s (m/z 466.1933 [M+H]*, Appm 0.22) and
C21H29Ns0s (m/z 480.2089 [M+H]*) were assigned for compound 59 and 60, respectively. 1D and 2D
NMR data were in agreement with the published data of madurastatin C1 (48) up to C-26. Thus,

compound 60, designated as madurastatin G2, was identified as linear tetrapeptide with Na-methyl
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ornithine linked at the N-terminus via a hydroxamate moiety. In comparison, compound 59, titled

madurastatin G1, was lacking the No-methyl group at the terminal ornithine residue (Table 10).

Table 10: 'H and 3C data of 59 and 60 (*H: 400 MHz, 1*C: 101 MHz, DMSO-ds) including COSY and selected

HMBC correlations.

25 5 2
& Z, e H’Céps\o\g 0 f/‘?g 10-/1‘1 H/\([)KE/ 5 N o)
b Madurastatin G1 (59) Madurastatin G2 (60)
— cosy . HMBC
(selected)
59 60
position du (Jin Hz) de, type b (Jin Hz) dc, type
1 - 159.1 - 159.0
2 7.00, d (7.9) 116.7, CH 7.00, d (8.2) 116.6, CH
3 7.47,ddd (8.3, 7.4, 1.5) 134.1, CH 7.47,ddd (8.4, 7.2, 1.4) 134.0, CH
4 6.96, ddd (8.0, 7.0, 1.0) 119.2, CH 6.95, t (7.5) 119.1, CH
5 7.64, dd (7.8, 1.5) 128.1, CH 7.64, dd (7.8, 1.4) 128.1, CH
6 - 110.0 - 109.9
7 - 165.9 - 165.8
9 5.02, dd (10.4, 7.8) 67.5, CH 5.03, dd (10.2, 7.8) 67.4, CH
4.64, dd (10.3, 8.6) 4.65, dd (10.2, 8.6)
10 69.5, CH; 69.4, CHy
452, (8.1) 4.52,t (8.1)
11 - 170.3 - 170.1
12 8.58, t (5.8) - 8.63, t (5.4) -
3.76, dd (16.4, 5.9) 3.76, dd (16.5, 5.9)
13 42.2, CH; 42.2, CHy
3.67, dd (16.5, 5.5) 3.67, dd (16.6, 5.5)
14 - 168.5 - 168.4
15 7.98, t (5.4) - 7.98, t (5.1) -
16 3.31-3.22, m 34.8, CH, 3.31-3.23, m 34.7, CHy
17 2.57-2.50, m 32.1, CH; 2.57-2.51, m 32.0, CH»
18 - 171.0 - 170.9
3.67-3.61, m 3.65-3.57, m
20 46.6, CH; 46.7, CH;
3.42-3.36, m 3.46-3.37, m
21 1.71-1.60, m 28.5, CH, 1.71-1.61, m 27.2. CHy
22 1.70-1.59, m 22.2, CH, 1.67-1.61, m 22.1, CHy
23 3.34-3.28, m 53.5, CH 3.16-3.12, m 62.6, CH
24 - 170.9 - 169.7
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26 - - 2.43,brs 31.6, CHj

HRMS analysis suggested a molecular formula of Cz7H37;N7010 (m/z 620.2667 [M+H]*, Appm 1.29) for
compound 61 indicating a high similarity to madurastatin C1 (48) with an extra carbonyl group. As
NMR data showed additional HMBC correlations to C-23 and C-25 by the aldehyde proton H-24
(u 8.08 ppm, éc 163.3 ppm), 61, named madurastatin C2, was identified as formamide derivative of
48 (Table 11). A second set of signals was observed for the methyl and formamide substituent at N-24
indicating cis-trans isomerization of the amide bond (Fig. S87).[11%] Since 61 was observed in the crude
extract and acidic conditions were strictly avoided which excluded the use of formic acid as additive
in HPLC solvents, it was most unlikely that the formamide 61 had only been formed during isolation

and must therefore been produced biosynthetically.

Table 11: 'H and 3C data of 61 in comparison to madurastatin C1 (48) (‘H: 400 MHz, *C: 101 MHz, DMSO-dj)
including COSY and selected HMBC correlations.

25 24
0] OH NH 0]
/_\ ’/N_\g N H q& NWHFQ 33 _OH
7, 1N 15 23 N~
J o) 15) H/ﬁoﬁ\/\(/}g ~— 0 k
Madurastatin C1 (48) %
0O
N
OH 0O H ~ 25 )
/_‘ f ;/N—\g » N/}\'(N 18 NM 28 33 _OH
2 15
[ St N T o
Madurastatin C2 (61)
— COSY __» HMBC
(selected)
48 61
position b (Jin Hz) dc, type b (Fin Hz) dc, type
1 - 159.1 - 159.0
2 6.99, d (8.1) 116.6, CH 7.01,d (8.3) 116.6, CH
3 7.46,t (7.7) 134.0, CH 7.47,ddd (8.1, 7.5, 1.4) 134.0, CH
4 6.93, t (6.5) 119.0, CH 6.95, td (7.5, 1.0) 119.1, CH
5 7.64,dd (7.8, 1.3) 128.1, CH 7.64, dd (7.8, 1.6) 128.1, CH
6 - 110.0 - 109.9
7 - 165.9 - 165.9
9 5.01, dd (10.4, 7.7) 67.4, CH 5.01, dd (10.3, 7.8) 67.4, CH
4.64, dd (10.3, 8.7) 4.65, dd (10.3, 8.5)
10 69.4, CH; 69.4, CH;
4.52,t(8.1) 4.52,t(8.1)
11 - 170.2 - 170.1
12 8.52, t (5.6) - 8.52, t (5.8) -
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s 3.76, dd (16.5, 6.0) 129, CH 3.75, dd (16.5, 6.0) 429, CH
3.66, dd (16.5, 5.6) 3.66, dd (16.6, 5.8)

14 - 168.3 - 168.3

15 7.94, br s - 7.94, br s -

16 3.26, dd (13.2, 6.9) 34.6, CH, 3.26, dd (12.9, 6.7) 34.6, CH,

17 2.55-251, m 31.9, CH; 2.56-2.50, m 31.9, CH;

18 - 170.9 - 171.0

20 3.50-3.44, m 47.0, CH; 3.54-3.48, m 46.6, CH;

21 1.65-1.53, m 22.9, CH, 1.47-1.38, m 22.8. CHy
1.52-1.45, m 1.80-1.73, m

22 30.3, CH; 25.2, CHz
1.45-1.35, m 1.66-1.59, m

23 2.84,t (6.5) 63.8, CH 4.13,dd (9.4, 5.7) 59.8, CH

24 - - 8.08, s 163.3

25 2.20, s 34.3, CHs 2.66, s 26.3, CHs

26 - 173.7 - 169.3

27 8.07,d (8.2) - 8.39, d (8.4) -

28 4.32,ddd (10.1, 8.3, 4.8) 49.3, CH 4.32-4.22, m 49.8, CH
1.97-1.87, m 1.90-1.81, m

29 27.8, CHy 27.4, CHy

1.67, qd (10.9, 3.4) 1.71-1.66, m

30 1.94-1.83, m 20.3, CH, 1.92-1.83, m 20.3, CHy

31 3.50-3.44, m 51.2, CH; 3.50-3.42, m 51.1, CHy

33 - 165.0 - 164.4

In comparison with the published NMR data, compounds 62 and 63 were identified as new derivatives
of the madurastatin D series. For 62, the molecular formula Cj7H3;N7O¢ (m/z 604.2724 [M+H]*,
Appm 0.33) was assigned according to HRMS data. 1D and 2D NMR data revealed only one methyl
group to be present in position 28 (Su 2.32 ppm, dc 39.5 ppm) in accordance with the published data
of madurastatin D1 (53) and D2 (54). The N-methyl protons H-28 showed HMBC correlation with the
secondary carbon C-26 (dc 66.7 ppm). The HSQC correlating methylene protons H-26
(61 4.24/ 6n 3.58 ppm) in turn showed HBMC correlation to C-23 (éc 65.4 ppm) and C-29
(8c 51.0 ppm). Due to the very similar structure compared to 53 and 54, 62 was named

madurastatin D3 (Table 12).

For compound 63, HRMS analysis suggested a molecular formulas of C3HuN7O11 (m/z 676.2937
[M+H]*). The NMR spectra proved a high similarity compared to madurastatin D1 (53) including the
single H-26 proton (Ju4.04 ppm). COSY correlation to methylene protons H-35 (du 1.98-
1.92 / 81 1.87-1.82 ppm) which in turn correlated with methylene protons H-36 (du 2.39-2.31 ppm)

lead to the hypothesis of 63, designated as madurastatin D4, being a propionic acid derivative
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(Table 12). Limited amount of the isolated sample prevented final confirmation of the structural
proposal by according HMBC correlations and chemical shifts of the carbonyl carbons were concluded

and assigned based on observations made for the other madurastatins.

Table 12: 'H and 3C data of 62 and 63 (H: 600 MHz, 13C: 151 MHz, DMSO-d;) including COSY and selected
HMBC correlations.

. o TR
OH H N
H ] ‘/ N—29
U N NN
(\‘ 7 9_)1 HWW \/Q)JB\‘S;A
\/‘ O~ 10 o o
Madurastatin D3 (62)
HO
a0
28N *Q N,OH
, OH O/_\/_\‘ H (?H N726 NES 34
24
0710 0 0
Madurastatin D4 (63)
— cosy — HMBC
(selected)
62 63
position du (Jin Hz) dc, type b (Fin Hz) dc, type
1 - 159.0 - 159.0
2 7.01, d (8.3) 116.6, CH 7.00, dd (8.3, 0.7) 116.6, CH
3 7.47,ddd (8.3, 7.3, 1.5) 134.0, CH 7.47,ddd (8.3, 7.3, 1.6) 134.0, CH
4 6.95, td (7.5, 0.9) 119.0, CH 6.95, ddd (7.9, 7.3, 0.7) 119.0, CH
5 7.65, dd (7.8, 1.8) 128.0, CH 7.64,dd (7.9, 1.6) 128.0, CH
6 - 109.9 - 109.9
7 - 165.8 - 165.8
9 5.01, dd (10.4, 7.8) 67.4, CH 5.02, dd (10.4, 7.7) 67.4, CH
4.65, dd (10.4, 8.4) 4.64, dd (10.4, 8.5)
10 69.4, CH; 69.4, CH;
4.52,t(8.1) 4.53,dd (8.5,7.7)
11 - 170.1 - 170.1
12 8.49, t (5.8) - 8.57, t (5.9) -
3.75,dd (16.5, 6.1) 3.75,dd (16.5, 6.2)
13 42.1, CH, 42.1, CH,
3.67, dd (16.5, 5.7) 3.67,dd (16.5, 5.7)
14 - 168.3 - 168.3
15 7.91,t (5.1) - 7.93, t (5.4) -
16 3.26, dd (13.0, 6.7) 34.6, CH; 3.26, dd (12.9, 6.7) 34.7, CH;
17 2.54-2.50, m 31.9, CHy 2.55-2.51, m 31.8, CHy
18 - 170.8 - 170.7
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20

21

22

23
24

26

28
29

30

31

32

34

35

36
37

3.50-3.44, m
1.72-1.66, m
1.51-1.44, m
1.90-1.86, m
1.81-1.77, m
2.86,t(5.4)
4.24,d (4.7)
3.58,dd (4.7, 1.7)
2.32,s
4.52,t(8.1)

1.56-1.50, m

1.73-1.67, m
1.51-1.44, m
3.53-3.47, m
3.47-3.42, m

47.2, CH

21.9, CH;

24.9,CH;

65.4, CH
172.7

66.7, CHs

39.5, CHs
51.0, CH

25.8, CHz

21.9,CH;

51.1, CH,

162.5

3.50-3.44, m
1.71-1.66, m
1.52-1.48, m

1.53-1.48, m

2.86, t (5.2)

4.04, br s

2.29, s
4.09, br s
1.99-1.95, m
1.87-1.82, m

1.91-1.83, m

3.55-3.49, m
3.46-3.40, m
1.98-1.92, m
1.87-1.82, m
2.39-2.31,m

47.1, CH

21.7, CHy

27.2,CH;

64.9, CH
175.2

77.3, CH

38.9, CHj
51.8, CH

249, CH;

20.7, CHy

50.8, CH:

162.3

25.9, CH;

27.1, CH,
164.9

In conclusion, as postulated by dereplication, structure elucidation by NMR analysis confirmed the
biosynthetic production of madurastatin B1(50) and C1 (48) by Actinomadura sp. ST100801.
Furthermore, the other two potentially active derivatives were identified as the very recently
published madurastatin D1 (53) and D2 (54). On top, structure elucidation of nine so far unknown
madurastatins was accomplished. The six madurastatins (48, 53, 54 and 61-63) with a molecular
weight above 590 Da were recognized to cluster in the Molecular Network described above proving
the concept. Additional three compounds also found in the network were partially purified (Fig. S93-
Fig. S95). However, the isolated amount was insufficient for structure elucidation. Yet, the potential

of ST100801 to produce a great variety of structurally related madurastatins has still been

demonstrated sufficiently.
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3.5 Assignment of Absolute Configuration by Marfey’s Analysis

With elucidated structures in hand, the absolute configuration of all isolated optically active
madurastatins was determined by Advanced Marfey’s Analysis using No-(2,4-dinitro-5-
fluorophenyl)-L-valinamide (L-FDVA) known as Marfey’s reagent.''”] Enantiopure D-/L-serine,
D-/L-ornithine and Noa-methyl-L-ornithine served as references regarding the retention time of their
L-FDVA adducts determined by UPLC-MS for comparison with the hydrolyzed madurastatins
featuring unknown stereochemistry (Fig. S96-Fig. $99).

In agreement with published data, the isolated madurastatin B1 (50) was identified as (R)-50 based on
comparison of the specific rotation value and Marfey’s Analysis.[1] For madurastatin C1 (48), two
enantiomers had been described in literature.l''?l115] According to optical rotation, the isolated 48
was determined as (+)-madurastatin C1 (48a) with a configuration of 9R, 23S and 28S which was
furthermore confirmed by Marfey’s Analysis. In return, its L-FDVA adducts of linear and cyclic
Nb&-hydroxylated L-ornithine including the No-methylated derivative served as further references
since the hydroxylamine moieties were relatively stable to acidic digestion and authentic references
could not be purchased commercially. The retention times of either single or double derivatized amino

acids were considered (Fig. 27).

OH o Ny OH  TNH ., O OH 0
N(R) N N ~__N _OH NEA o
e} (0] (0] (0] \) O
(+)-Madurastatin C1 (48a) Madurastatin B1 (50)

Fig. 27: Absolute configuration of (+)-madurastatin C1 (48a) and B1 (50).

In alignment with the stereochemistry of 48a and 50, the absolute configuration of
madurastatin E1 (56) and E2 (58), F1 (57) as well as G1 (59) and G2 (60) was determined as depicted
based on detection of their Marfey adducts (Fig. 28).

ety ey Sorldyt

Madurastatin E1 (56) Madurastatin F1 (57) Madurastatin E2 (58)

OH 0 H OH NH, OH o) H OH “NH
N(R) N N - OH N(R) N N - OH
0 o (0] o 0 (o} o (e}
Madurastatin G1 (59) Madurastatin G2 (60)

Fig. 28: Absolute configuration of madurastatin E1 (56), F1 (57), E2 (58), G1 (59) and G2 (60).

In accordance with these findings, the C-9 configuration of madurastatin D1 (53) and D2 (54) was
identified as 9R indicating differences to the published data.l''s] In comparison with the Marfey
adducts of 48a, isolated madurastatin D1 (53) and D2 (54) were postulated to be the total enantiomer
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of 53a and 54a reported in literature (Fig. 29). However, only for ent-53a the optical rotation values*
were in good agreement with this hypothesis. Yet, different solvents used for measurement limited

the comparability.

~ §
OH 0 H OH NN\
N(R) N N\/\/\\< “
oy e —
e} (6] (6]

Madurastatin D1 (ent-53a)

N

0} OH
OH 0 Ny OH N)(N (_s)>\_ N
N(R) N N\/\/’\\< ,_)
@\( H/ﬁ( W 5 (
0 O o
Madurastatin D2 (ent-54a)

Fig. 29: Absolute configuration of isolated madurastatin D1 (en#-53a) and D2 (en#-54a).

Consistently, the L-FDVA-derived amino acids of madurastatin C2 (61), D3 (62) and D4 (63) eluted at
identical retention times as D-serine and all L-ornithine references. Therefore, their absolute
configuration was assigned accordingly. Since in the madurastatin D series, the configuration of
residues in position 2 of the 4-imidazolidinone moiety (C-26) is not accessible by Marfey’s Analysis,

its configuration was postulated according to ent-53a (Fig. 30).

i
OH oH O o)
®) N N : H@L OH
H :
o o) o) o
Madurastatin C2 (61)
o OH
OH o y OH \N/\N(S) N
N.R) N N - 3 /\
e} O O
M in D3 (62
adurastatin D3 (62) HO

OoH 0 y OH \u/'\(;)(_s)} N
N(R N N\/\/:\\< -",_)
Oy~
o o) o)
Madurastatin D4 (63)

Fig. 30: Absolute configuration of madurastatin C2 (61) and D3 (62); postulated for maduratstain D4 (63).

When present in the molecule, the L-FDVA adducts of glycine and f-alanine were also detected by
LC-MS analysis. Overall, Marfey’s Analysis was proven appropriate and efficient for assignment of

the absolute configuration of all chiral madurastatins.

4 Specific rotation: 53a: [a]23¢ +16.6 (c 0.6, MeOH)!!5], ent-53a: [a]3! -5.8 (c 0.2, DMSO); 54a: [a]33, -184.3
(c 1.4, MeOH)[15], ent-54a: [a]3! -39.7 (¢ 0.15, DMSO).
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3.6 Stereoselective Synthesis of Madurastatin B1 and Derivatives

Considering the widely accepted molecular weight cutoff around 600 Da for Gram-negative
antibacterials!!’®], the much smaller madurastatin B1(50) identified in the crude extract of
Actinomadura sp. ST100801 were of special interest. Therefore, an extensive literature search
regarding potential bioactivity and related natural products was initiated. In fact, a variety of
derivatives had been isolated and described. For alcohol 65, various names were reported for both

enantiomers and the outlined activity data of these enantiomers was inconsistent to some extent

(Fig. 31).
NP N
/ﬂR /\7/\OH

o} O
Madurastatin B1 ((R)-50): R = OH Madurastatin B3 (revised structure),
(R)-64: R =0OMe Yanglingmycin ((S)-65)
OH OH
N 2 N
A 7N
0—= NH, 0—= OH
Spoxazomicin D ((S)-66) Spoxazomicin C,

Nocazoline A ((R)-65)

Fig. 31: Overview of madurastatin B1 ((R)-50) and B3 ((5)-65) and related natural products described in literature.
Within the frame of this work, the configuration of 64 was assigned and the structure madurastatin B3 revised
from 52 to ((S5)-65).

In order to comprehensively evaluate the antimicrobial potential of these related small molecules,
both enantiomers of methyl ester 64, carboxylic acid 50, hydroxyl derivative 65 and carboxamide 66
and were synthesized stereoselectively as part of the bachelor thesis of Jana L. FLUGEL. Moreover, the
originally reported aziridine moiety was revised for madurastatin B1 ((R)-50) besides others but has
not yet been specifically applied to madurastatin B3 ((5)-65).[1°°)(11%] Therefore, investigation if the

corrected oxazoline structure is also true for 65 was also intended.

Starting from benzoyl chloride 67 and serine methyl esters (5)-68 resp. (R)-68, oxazolines (S)-70 and
(R)-70 were synthesized in two steps via amides (S)-69 and (R)-69 according to a literature known
procedure.l''% After benzyl deprotection by transfer hydrogenation, methyl esters (5)-64 and (R)-64
were obtained. Subsequently, alcohol derivatives (R)-65 and (5)-65 were achieved by reduction with
DIBAL-H"! while carboxylic acids (S)-50 and (R)-50 were synthesized by mild saponification of the
ester moieties. Finally, corresponding carboxamides (S)-66 and (R)-66 were obtained by
EDC-mediated coupling with NH4Cl (Scheme 3). The target compounds were isolated in good to
excellent yields with an enantiomeric excess of above 90% (Fig. S100-Fig. S102) allowing subsequent

investigation of their antimicrobial properties.
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67 (S)-68
(R)-68
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Scheme 3: Synthesis of carboxylic acid 50, methyl ester 64, hydroxyl derivative 65 and caboxamide 66.

Furthermore, the analytical data of all synthetic references were compared to the natural products
described in literature (Table S27). Thereby, the methyl ester 64 isolated by Sasaki et all?%] was
identified as (R)-64. The published data of madurastatin B1 ((R)-50)['%], spoxazomicin D ((S)-66)1%],
yanglingmycin ((S)-65)[*?!] and its epimer spoxazomicin C['??] resp. nocazoline Al'?3! ((R)-65) were in
full alignment with the synthesized compounds confirming their elucidated structures and
configurations. The identical analytical data reported for yanglingmycin and madurastatin B3¢
clearly indicated that the aziridine structure originally proposed for latter was incorrect. Its structure

was revised as it instead features the distinctive oxazoline moiety.

3.7 Antibacterial Activity

The total of 21 compounds, either obtained from isolation or total synthesis, were comprehensively
investigated as purified compounds regarding the initially observed antibacterial properties and those

reported in literature.

3.7.1 Isolated Madurastatins

The antibacterial activity of all 13 isolated madurastatins was determined by micro broth dilution

assay against a selected panel of Gram-negative and Gram-positive bacteria (Table 13).
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Table 13: MICs [pg/mL] of isolated madurstatins 48a, 50, ent-53a, ent-54a and 55-63.

E. coli (MH-II) E. coli (MHC) M. catarrhalis P. aeruginosa M. smegmatis S. aureus
ATCC 25922 ATCC 25922 ATCC 25238 ATCC 27853 ATCC 607 ATCC 25923
50 > 128 > 128 > 128 > 128 > 128 > 128
55 > 128 > 128 > 128 > 128 > 128 > 128
56 > 128 > 128 > 128 > 128 > 128 > 128
57 > 128 > 128 > 128 > 128 > 128 > 128
58 > 128 > 128 64-128 > 128 > 128 > 128
59 > 128 128 32 > 128 > 128 > 128
60 > 128 > 128 16-32 > 128 > 128 > 128
48a > 128 64 4 > 128 > 128 8-16
ent-53a > 128 64 64 > 128 128 > 128
ent-54a > 128 128 64 > 128 128 > 128
61 > 128 > 128 8 > 128 > 128 > 128
62 > 128 > 128 8 > 128 > 128 > 128
63 > 128 > 128 16 > 128 > 128 > 128

Activity against Gram-positive M. luteus has been consistently reported for the known
madurastatin B1 (50)(1%%], C1 (48)[1%] D1 (53a) and D2 (54a).l''3] For (+)-madurastatin C1 (48a),
growth reduction against B. subtilis''%l and S. aureus!'%] in disk diffusion assays had also been
described, whereas ent-48a did not inhibit MRSA (below 100 uM).['"] In the present screening,
S. aureus (MSSA) was the only Gram-positive pathogen included based on its clinical relevance.
Growth inhibition was exclusively observed for madurastatin C1(48a) with a MIC value of
8-16 pg/mL. Regarding Gram-negative activity, the originally observed growth inhibition towards
E. coli MHC assigned to madurastatin C1 (48a), D1 (ent-53a) and D2 (ent-54a) by dereplication was
reproduced at 64 pg/mL and 128 pg/mL, respectively. However, considering these high
concentrations, large quantities present in the crude extract and a lower cell density used in 384 well
plate screening most likely explain their detection in the first place. No activity was observed for
E. coli without bicarbonate supplementation and P. aeruginosa. Yet, the determined MIC values up to
4 pg/mL against sensitive M. catarrhalis allowed evaluation of basic structure-activity relationships.
In general, the antibacterial activity of reported madurastatin pentapeptides was described as a result
of their siderophore character and related Fe* uptake inhibition vanishing in ferric iron
supplementation experiments.!'%1[1%] This assumption was further supported by the present results
indicating a certain length and relevant chelating groups required for growth inhibition. While MIC

values of 32 pg/mL were observed for madurastatin G1 (59) and G2 (60) consisting of four amino
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acids, the pentapeptidic madurastatins C1 (48a) and C2 (61) as well as D1-D4 (ent-53a, ent-54a, 62,
63) were more active on average. However, the rather very low oberserved antibacterial activity
overall discouraged further investigation of the iron dependency by Fe(Ill) supplementation assay as
reported in literature for madurastatin A1 (47), C1 (48a/ent-48a), D1 (53a) and D2 (54a).[105][106][115]

Instead, iron complex formation was studied by LC-MS analysis (see chapter 3.8).

3.7.2 Synthesized Madurastatin Derivatives

The antibacterial activity of both synthetic enantiomers of 50, 64, 65 and 66 was investigated using
a similar screening panel. MIC values were analogously determined by micro broth dilution assay. In
general, both enantiomers consistently showed identical growth inhibition indicating a

stereochemical independent mode of action (Table 14).

Table 14: MICs [pg/mL] of the enantiomeric pairs of synthesized compounds 50, 64, 65 and 66.

(R-50 (550 (R)-64 (S-64 (R-65 (565 (R-66 (566

Escherichia coli ATCC 25922 (MH-II) > 128 > 128 > 128 > 128 > 128 > 128 > 128 > 128
Escherichia coli ATCC 25922 (MHC) > 128 > 128 > 128 > 128 64 64 > 128 > 128
Moraxella catarrhalis ATCC 25238 > 128 > 128 16 16 4 4 > 128 > 128

Pseudomonas aeruginosa ATCC 27853 > 128 > 128 > 128 > 128 > 128 > 128 > 128 > 128

Mycobacterium smegmatis ATCC 607 > 128 > 128 > 128 > 128 128 128 > 128 > 128
Bacillus subtilis DSM 10 > 128 > 128 > 128 > 128 > 128 > 128 > 128 > 128
Staphylococcus aureus ATCC 25923 > 128 > 128 > 128 > 128 > 128 > 128 > 128 > 128

For madurastatin B1 ((R)-50) and its enantiomer (S)-50, no antibacterial activity was observed against
any of the tested strains. This was in alignment with the isolated natural product and literature as

mentioned above since M. luteus had not been included in the screening.[1%%]

Also in agreement with published data, amide 66 showed no growth inhibition up to 128 pg/mL.
SHAABAN et al. had also described a lack antibacterial activity for spoxazomicin D ((5)-66) against

S. aureus, M. luteus, E. coli and S. enterica whereas its enantiomer (R)-66 has not been reported so

far.[109]

With a MIC of 16 pg/mL, methyl esters 64 showed only weak growth inhibition towards
M. catarrhalis. Consequently, the activity against S. aureus, B. subtilis and E. coli published for (R)-64
could not be confirmed. The same publication furthermore reported almost complete loss of activity

by addition of 50 mM FeCls.'20]
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Regarding antibacterial activity, the hydroxyl derivative 65 was identified as the most potent one.
Growth inhibition of M. smegmatis (128 pg/mL), E. coli MHC (64 pg/mL) and especially M. catarrhalis
(4 pg/mL) was observed with only the latter being in a relevant range and never having been included
in any screening of 65 yet published. In contradiction to the MIC values shown above (Table 14),
spoxazomicin Cl1%1[122] and nocazoline Al'?3] were described inactive including against M. smegmatis.
The only activity reported for (R)-65 (found accordingly for (S)-65) was against P. syringae pv.
actinidiae (7.81 pg/mL) and R. solanacearum (15.62 pg/mL).['?*] However, lacking growth inhibition
towards E. coli (except in MHC), P. aeruginosa, B. subtilis and S. aureus was confirmed by the present
results. On the other hand, the antimicrobial activity reported for the enantiomers
yanglingmycin(?11(124] and madurastatin B3[1%] ((5)-65) including E. coli, B. subtilisand S. aureus could

not be verified.

3.8 Iron Chelating Properties

A feature known especially for the madurastatin pentapeptids is their siderophoric character by
comprising one hydroxyphenyloxazoline and two hydroxamate motifs. Iron binding efficiencies
comparable to deferoxamine mesylate have been reported for e.g., (-)-madurastatin C1 (ent-48a) as
well as madurastatin D1 (53a) and D2 (54a) determined by colorimetric chrome azurol S assay.[!!’]
Therefore, the iron chelating properties of all madurastatins were investigated by LC-HRESIMS
analysis. This approach is also used to identify potential correlations with the observed antibacterial

activity.

The traces of ferric iron present in the LC-MS system were sufficient for the corresponding complexes
to be formed and detected. The characteristic isotope pattern of iron supported the identification of
the resulting [M-2H+Fe]* adduct ions which were associated with a shift of retention time.
Complexation of Fe(Ill) furthermore caused a characteristic bathochromic shift previously reported
(Fig. 32).1105]0106] Besides 48a, ent-53a and ent-54a, formation of iron complexes was observed for
madurastatin C2 (61), D3 (62) and D4 (63) all comprising the three distinctive bidentate ligands
(Fig. S103). Furthermore, Fe(Ill) complexes of madurastatin G1 (59) and G2 (60) were also detected
indicating that the carboxylate moiety represents an appropriate surrogate (Fig. S104). For the smaller
madurastatins (50, 55-58) including all synthesized compounds (both enantiomers of 50, 64-66)
lacking hydoxamate motifs, no Fe(IIl) chelation occurred. These findings were in alignment with the
above-mentioned antibacterial activities supporting the postulated correlation between both features.
Yet, for 64 and 65 an iron-independent mode of action needs to be verified by MIC testing with Fe(III)
supplementation as formation of complexes involving two or three molecules cannot be precluded,

however, are not provable by LC-MS analysis. The madurastatins clearly identified as siderophores
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represent a starting point for further investigation including determination of complex formation
constants also for trivalent metal ions other than Fe3*. However, these experiments exceed the scope

of this work.
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Fig. 32: LC-MS analysis of madurastatin C1 (48) and its Fe(IlT) complex as depicted. A: BPC (grey), EIC (black)
of m/z323.1058+0.005 [M-H+Fe]?* and m/z 296.6399+0.005 [M+2H]?*; B: UV spectrum of 48 (top) and its
Fe(IlT) complex (bottom); C: Isotope pattern of the [M-2H+Fe]* adduct ion in alignment with calculated
abundance (Compass IsotopePattern, BRUKER).

3.9 Summary and Outlook

The metabolites of Actinomadurasp. ST100801 causing the Gram-negative activity against
E. coli MHC have been investigated. As postulated by dereplication, isolation, structure elucidation
and MIC determination of the purified compounds confirmed the known madurastatin C1 (48a) and
two derivatives as growth inhibiting components. These two analogs were identified as
madurastatin D1 (53) and D2 (54) which had only been published by YaN et al. during ongoing
isolation.['’®] Assignment of the absolute configuration however revealed the enantiomers of the
reported natural products to be produced by ST100801. Thus, ent-53a and ent-54a are described for
the first time.

As the known madurastatin B1 (50) was also detected in the crude extract, Molecular Networking
was performed and allowed identification of several other potential derivatives produced by
ST100801. Detected within the same cluster of 48, 53 and 54, three additional compounds
(madurastatin C2 (61), D3 (62) and D4 (63)) were isolated and identified now extending the
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madurastatin C and D series. Moreover, the structure of six further unpublished madurastatins
(B4 (55), E1 (56) and E2 (58), F1 (57), G1 (59) and G2 (60)) breaking the pentapeptidic design was
elucidated including assignment of the absolute configuration. For the total of thirteen isolated
madurastatins, antibacterial activities and iron chelating properties were determined clearly

indicating a correlation between both properties.

Furthermore, based on the correlation between molecular weight and Gram-negative activity,
madurastatin B1 (50) was of special interest. Therefore, enantioselective total synthesis was
performed and extended to the three derivatives 64, 65 and 66. The antibacterial potential of all eight
compounds was comprehensively studied. Combined analytical and bioactivity data furthermore
allowed verification of the results inconsistently reported in literature for the corresponding natural

products.

However, taking the determined MIC values into account the pharmaceutical potential of all reported
compounds either isolated or synthesized does not meet the requirements for further optimization
towards Gram-negative active hit structures. Therefore, evaluation in this direction was stopped.
However, other potential applications such as agricultural crop protection targeting e.g., Septoria

tritici and Xylella fastidiosa are suggested to be worth exploring,[123][126]
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4. Amino- and Phospholipids from Olivibacter sp. FHG000416

4.1 Introduction

Unculturable bacteria or genera consisting of limited known species are most commonly referred to
as rare or underexplored.['?”] These microorganisms present both challenges and opportunities at the
same time by potentially producing new, antimicrobial active secondary metabolites but requiring
innovative cultivation strategies. The phylum Bacteroidetes represents one of the most abundant
divisions in the bacterial kingdom. The diverse members of this phylum inhabit almost every
ecological niche on the planet including the mammalian microbiome (especially the gastrointestinal
tract). A large number of species are known, the majority of which are easy to cultivate.!1?71128][129]
However, the number of bioactive natural products isolated from Bacteroidetes is very limited. Some
of the few antimicrobial active examples are the isopedopeptins (such as isopedopeptin B (67))[13%],
marinoquinolines  (such as marinoquinoline E  (68))["*)],  formadicins!’*¥),  pinensins!!33,

TAN-1057 A-D!'34 and elansolid A (69)['*] (Fig. 33).

OH
0
R2 HoN
HN R
~( HN
HN. 00" © NH
o] 0 O
00 OH o
HN .. OO0 NH
NH N m
Ho )—NH
NH, NH;
Isopedopeptin B (67): R! = heptyl, R?> = OH Marinoquinoline E (68) Elansolid A (69)

Fig. 33: Antimicrobial active natural products isolated from the phylum Bacteroidetes. Chemical structures of
isopedopeptin B (67), marinoquinoline E (68) and elansolid A (69).

These contrary statements indicate not the phylum Bacteroidetes itself but rather its chemical space
and biosynthetic potential being underexplored and therefore bearing great potential regarding the

discovery of even more new antibiotics of bacterial origin.

4.2 Gram-negative Activity against E. coli MHC

Aiming for the discovery of new antimicrobial active secondary metabolites, investigation of the
underexplored chemical space of Bacteroidetes was intended. Therefore, a screening project was

initiated within the cooperation including all species of the strain collection belonging to this specific
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phylum either isolated from environmental samples or purchased commercially. All strains were
cultivated in various media, extracted and subjected to primary screening. Among them, the crude
extract of FHG000416 was found to inhibit growth of E. coli (ATCC 35218) in MHC medium. This
strain had previously been isolated from a termite nest provided by the Federal Institute for Materials
Research and Testing (BAM) in similar manner as reported.l’’ Based on 16S rRNA gene sequencing,
FHGO000416 was identified as Olivibacter sp. most closely related (94.5%) to type strain Olivibacter
domesticum (DSM 18733).1136](137]

Based on HRMS/MS-guided UPLC fractionation of the FHG000416 crude extract, activity-based
dereplication identified four compounds in two fractions showing growth inhibition (Fig. 34). They

were designated as FE003-FE006 (70-73).
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Fig. 34: Crude extract of FHG000416. A: BPC (grey), EIC (black) of I: m/z 376.2694+0.005, C19H37NOs [M+H]*
and II: m/z 344.2794+0.005, C19H37NOy4 [M+H]+, EIC (llght blue) of III: m/z 440.2770+0.005, C20H42NO7P [I\/[+I‘I]Jr
and EIC (dark blue) of IV: m/z 452.2772+0.005, C21H4NO7P [M+H]*; B: Relative growth inhibition [%] of
fractions 1-159 against E. coli ATCC 35218 in MHC medium, F-87 and F-100: > 90%; C: Chemical structure of
LPE 451 (73a) published by Woznica et al.[138]

HRMS data suggested the molecular formula Ci19H3NO4 (m/z 344.2794, [M+H]*, Appm 0.29) for
FE003 (70) and C19H37NOg (m/z 376.2694, [M+H]*, Appm 0.33) for FE004 (71) indicating derivatives
differing in two oxygen atoms. Database search failed to match their analytical features with any
known natural product indicating potential novelty. In contrast, for FE006 (73) dereplication of the
molecular formula Cy;HuNO7P (m/z 452.2772, [M+H]*) provided LPE 451 (73a) (Fig.34C) as
structural hypothesis based on similar MS and MS/MS spectra in accordance with literature

(Fig. S105A+B).[138] This 2-lysophosphatidylethanolamine (Cis:1) was isolated from Algoriphagus
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machipongonensis (Bacteroidetes sp.). Based on the molecular formula of C20H42NO7P according to the
positive HRMS ion peak at m/z 440.2770 ((M+H]*, Appm 0.45), FE005 (72) was identified as derivative
of 73 lacking a single carbon atom. Neutral losses of 141.02 Da corresponding to the
phosphatidylethanolamine group followed by 31.00 Da corresponding to the CH,OH group were
equally observed for the MS/MS fragmentation of 72 and 73 indicating the structural variance to be
located in the acyl motif (Fig. S105B+C). For structure elucidation and confirmation as well as
verification of the antimicrobial potential of FE003-FE006 (70-73) produced by Olivibacter sp.

FHG000416, up-scaled fermentation was performed as starting point for an isolation campaign.

4.3 Isolation

Initial cultivation of all Bacteroidetes spp. including FHG000416 was performed under varying
conditions including different media. Based on HRMS analysis and relative quantification of all four
compounds in the resulting extracts, media for up-scaled fermentation were selected. The highest
amount of FE003 (70) was observed for cultivation in medium 5065 whereas FE004-FE006 (71-73)

were produced most sufficiently in medium 5294.

4.3.1 FE003 and FE004

Isolation of FE003 (70) started from 7 L fermentation of FHG000416 in medium 5065. The culture was
lyophilized and extracted with MeOH followed by SPE fractionation using Amberlite® XAD-16N as
absorbent resin and a stepwise increasing gradient of MeOH in H>O up to 100%. MeOH-soluble
components of combined fractions were further fractionated by preparative (Synergi™ Fusion-RP
80 A, 10 um, 250 x 21.2 mm) and/or semi-preparative HPLC (NUCLEODUR® C18 Gravity-SB, 3 pm,
250 x 10 mm) using gradients of 60-95% and 50-95% ACN in water, respectively. Final purification
was achieved by analytical HPLC (Synergi™ Fusion-RP 80 A, 4 pm, 250 x 4.6 mm) and UPLC
fractionation (Acqurry UPLC® BEH C18, 1.7 pym, 100 x 2.1 mm) yielding 1.58 mg FE003 (70)
(Scheme 4).

Starting point for the isolation of FE004 (71) was a fermentation volume of 20 L in medium 5294. Due
to the enlarged volume, LLE was performed as additional purification step after MeOH extraction
using ethyl acetate and H;O. Hereafter, the isolation procedure was highly similar to 70.
Semi-preparative HPLC utilizing an adapted gradient of 55-95% ACN in water was appropriate to
give 0.960 mg FE004 (71) (Scheme 4).
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7 L culture

(5065) 20 L culture

(5294)

MeOH extraction

(14.4g) MeOH extraction
I (189 g)
SPE |
XAD-186N, MeOH/H,0 | LLE (EtOAc/H,0) |
4.75¢g ” 0.343g | Organic ” Adqueous |
—— —— | |
Preparative HPLC, Semi-preparative HPLC, SPE

ACN/H,0 + 0.1% FA
(25.7 mg)

ACN/H,0 +0.1% FA
(2.54 mg)

Semi-preparative HPLC,
ACN/H,0 + 0.1% FA
(0.880mg)

Analytical HPLC,
ACN/H,0 +0.1% FA

XAD-16N, MeOH/H,0

1.22g/175mg /240 mg

Semi-preparative HPLC,

0.315mg || 0.885mg | ACN/H,0 +0.1% FA
I
I | |
UPLC FE003 FE004
ACN/H,0 +0.1% FA (158 mg) (0.960 mg)

Scheme 4: Isolation scheme of FE003 (70) and FE004 (71) from liquid culture of FHG000416 in medium 5065 and
5294.

4.3.2 FE005 and FE006

The isolation of FE005 (72) and FE006 (73) started from another 40 L fermentation of FHG000416 in
medium 5294 which was lyophilized and extracted with MTBE/MeOH as reported sufficient for lipid
extraction.!*”) Combined organic layers were subsequently fractionated by preparative (Synergi™
Fusion-RP 80 A, 10 pm, 250 x 21.2 mm) and semi-preparative HPLC (NucLeopUR® C18 Gravity-SB,
3 pm, 250 x 10 mm) using gradients of 40-95% and 60-95% ACN in water, respectively. Separation of
both compounds with very similar elution behavior and final purification was achieved by UPLC
fractionation (AcqQurty UPLC® BEH C18, 1.7 um, 100 x 2.1 mm) yielding 4.06 mg FE005 (72) and
3.05 mg FE006 (73) (Scheme 5).

4.3.3 Additional compounds

Besides the dereplicated NPs 70-73, three additional compounds were isolated. The aqueous phase
of the initial MTBE extraction (see 4.3.2) was further processed to evaluate the advantage of ion
exchange chromatography (IEC) using Lewatit® resin regarding the isolation of remaining
phospholipids when FE008-FE010 (74-76) were spotted. Semi-preparative HPLC using a C18 column
(NucLEoDUR® C18 Gravity-SB, 3 pm, 250 x 10 mm) and gradient elution of 35-85% ACN in water was
performed as final isolation step to yield 1.57 mg FE008 (74). Combined with purified portions from
the organic phase, 12.2 mg FE009 (75) and 3.16 mg FE010 (76) were obtained (Scheme 5).
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Scheme 5: Isolation scheme of FE005 (72), FE006 (73) (solid outline) and FE008-FE010 (74-76) (dashed outline)
from liquid culture of FHG000416 in medium 5294.

All seven metabolites isolated from liquid cultures of Olivibacter sp. FHG000416 were obtained in

sufficient amount for structure elucidation and further profiling.

4.4 Structure Elucidation

4.4.1 Aminolipids FE003 and FE004

According to dereplication, HRMS analysis suggested the molecular formulas Ci9H3;NO4
(m/z344.2794, [M+H]*) and CisHs;NOs (m/z376.2694, [M+H]*) for FE003 (70) and FE004 (71),
respectively. In both cases, 1D and 2D NMR spectra revealed an aliphatic acyl group that was
identified as iso-Ci70. The amide protons 3-NH (éu 8.01 ppm / 7.76 ppm) showed HMBC correlation
to the corresponding carbonyl carbons C-4 (8¢ 171.1 ppm / 171.3 ppm) and additionally COSY
correlation to a methylene group (Ju 3.68 ppm / 3.67 ppm, éc 41.0 ppm) showing HMBC correlation
to another carbonyl carbon (dc 173.8 ppm). Thereby, glycine was identified being connected to the
acyl chain via peptide bond (Table 15, Table 16). In the case of FE003 (70), the a-methylene protons
of the acyl group H-5 (du 2.19 ppm) showed COSY correlation to a single methine proton H-6 (éu
3.79-3.74 ppm) suggesting substitution. The chemical shift of the HSQC-correlating carbon atom C-6
(6c 67.4 ppm) furthermore supported the hypothesis of a hydroxyl group being attached in f-position.
Thus, FE003 (70) was identified as (3-hydroxy-15-methylhexadecanoyl)glycine (Table 15).
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Table 15: 'H and *C NMR data of FE003 (70) (*H: 600 MHz, 1*C: 101 MHz, DMSO-ds) including COSY and

selected HMBC correlations.

"
FE003 (70)
— sy e
FE003 (70)
position structure SH Sc
1 CH,-COOH - n.d.
2 NH-CH,-COOH  3.68, ddd (27.2, 17.4, 5.8 Hz, 2H) 41.0
3 CO-NH-CH; 8.01, t (5.7 Hz, 1H) -
4 CH;-CO-NH - 171.1
5 CH-CH»-CO 2.19,d (6.4 Hz, 2H) 43.6
6 CH,-CH-CH, 3.79-3.74, m (1H) 67.4
7 CH,-CH-CH 1.33-1.27, m (2H) 36.8
8 CH>-CH,-CH 1.40-1.36, m (2H) 25.1
9-16 aliphatic CH; 1.26-1.21, m (16H) 293,291, 29:1, 5.0,
29.0, 29.0, 29.0, 26.8
17 CH-CH,-CH, 1.15-1.11, m (2H) 38.5
18 (CHs),—CH-CH, 1.49, non (6.6 Hz, 1H) 27.4
19 (CHs),-CH 0.84, d (6.6 Hz, 6H) 22.5

n.d.: Not determined (due to extreme line broadening).

In comparison to 70, FE004 (71) contained two additional oxygen atoms according to its molecular

formula. The NMR spectra confirmed the expected similarities except for the methine proton H-6

(6u 3.44 ppm, & 75.4 ppm) showing COSY correlations to methine instead of methylene protons in

a- (H-5, éu 4.19 ppm) and y-position (H-7, du 3.40-3.35 ppm) of the acyl chain. In agreement with the

chemical shift of the HSQC-correlating carbon atoms C-5 and C-7 (dc-s 70.9 ppm, dc7 69.5 ppm)

hydroxylation was determined at both sites identifying FE004 (71) as (2,3,4-trihydroxy-15-

methylhexadecanoyl)glycine (Table 16).
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Table 16: 'H and *C NMR data of FE004 (71) (*H: 600 MHz, 13C: 151 MHz, DMSO-ds) including COSY and

selected HMBC correlations.

OH ©
QN 20 on

~~—
OH OH 0
FE004 (71)
— COsY __» HMBC
(selected)
FE004 (71)
position structure SH Sc
1 CH,-COOH - 173.8
3.67,dd (17.6, 5.3 Hz, 1H)
2 NH-CH,-COOH 41.0
3.80, dd (17.4, 5.8 Hz, 1H)
3 CO-NH-CH; 7.76, t (5.6 Hz, 1H) -
4 CH-CO-NH - 171.3
5 CH-CHOH-CO 4.19, s (1H) 70.9
5-OH CH-CHOH-CO 5.25, br s (1H) -
6 CH-CHOH-CH 3.44, dd (8.8, 1.1 Hz, 1H) 75.4
6-OH CH-CHOH-CH n.o. -
7 CH,-CHOH-CH 3.40-3.35, m (1H)? 69.5
7-OH CH,;-CHOH-CH 4.43, br s (1H) -
1.83-1.79, m (1H),
8 CH,;-CH,-CHOH 33.4
1.41-1.37, m (1H)
1.60-1.55, m (1H),
9 CH>-CH,-CHOH 25.1
1.42-1.37, m (1H)
29.4, 29.3, 29.2, 29.1,
10-16 aliphatic CH. 1.35-1.28, m (14H)
29.1, 29.1, 26.8
17 CH-CH>-CH: 1.20-1.16, m (2H) 38.5
18 (CHs),-CH-CH, 1.49, non (6.6 Hz, 1H) 274
19 (CH3),-CH 0.84, d (6.6 Hz, 6H) 22.5

n.o.: Not observed; 2Assigned based on HSQC spectrum due to overlapping water signal.

The production of aminolipids by Gram-negative bacteria including Bacteroidetes spp. has frequently

been reported. In most cases they remain ‘unidentified’ as no isolation efforts are made to allow

chemical characterization.[1401[141J[1422]1143] However, some exceptions provided the structures of

N-(B-acyloxyacyl) mono- or dipeptides usually containing glycine, serine or ornithine and

unsaturated or monosaturated iso-fatty acids varying in length (Table 17). With this compound class,

a variety

of Dbioactivities has

been associated including macrophage

haemagglutination['*’] and antimicrobial properties.[4¢]
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Table 17: Chemical structures of isolated aminolipids (77-86) reported in literature.

Py
o
o
o
Py
N
A
/
o

n R! R? R?

771146] 3 ~(CH2)1oCH(CH3): -H (Gly) -OH
oglia7)148]149]150] 3 ~(CHz)1;CH(CHs), -H (Gly) -OH

I 79[145] 3 -(CH,)1:CH(CHs); -CH,OH (Ser) -OH
80/145) 3 -(CHz)11CH(CHs), -(CHz):NH (Orn) -OH
g10151] 2 ~(CHz)1CH(CHs), -H (Gly) -NH-X-COOH (Ser)
g2[148][150](151][152] 3 -(CH2)1:CH(CH3); -H (Gly) -NH-X-COOH (Ser)
830149 2 -(CH,);CH(CHs); -H (Gly) -OH

1 84[14] 3 -(CHz);CH(CHjs); -H (Gly) -OH
85(151] 2 -(CHz);CH(CHs), -H (Gly) -NH-X-COOH (Ser)
86L151] 3 ~(CH,);CH(CHs), -H (Gly) -NH-X-COOH (Ser)

X = CHCH;OH

Furthermore, antibacterial activity has been reported for lipid 430 (87), first obtained by enzymatic or

chemical hydrolysis of lipid 654 (82) (also referred to as flavolipin, topostin D654 and WB-3559 DI153])

and later isolated from Algibacter sp.[13411551(156] Both lipodipeptides feature glycine and L-serine at

their C-terminus (Fig. 35).

Lipid 430 (87)

Fig. 35: Chemical structures of lipid 654 (82), also referred to as flavolipin, topostin D640 and WB-3559 D, as
well as lipid 430 (87).

Lipid 654 (82) and in particular lipid 430 (87) have also been found to activate the Toll-like receptor 2

(TLR2) which plays an important role in pathogen response by activation of the immune system.!5°]

The terminal serine residue is the only structural difference of 87 compared to FE003 (70).
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4.4.2 Lysophospholipids FE005 and FE006

Based on HRMS analysis, the molecular formula C2:H&NO7P (m/z 452.2772, [M+H]*) had been

suggested for FE006 (73). NMR analysis confirmed the occurence of

lysophosphatidylethanolamine (Cis.1) as postulated by dereplication (Table 18). According to
published data, the double bond (methine protons: du 5.24-5.12 ppm) of the mono-unsaturated
palmitoyl motif was assigned to A° position with (Z)-configuration and the acyl chain being attached
to the glycerol moiety at sn-1 position.!®] Thus, FE006 (73a) was identified as
1-(9Z-palmitoyl)-2-hydroxy-sn-glycerol-3-phosphoethanol-amine (2-LPE). As the present data did not
allow clear differentiation from the constitutional sn-2 isomer 73b with (E)-configuration reported by

MEYLAERS et al.l'%], the structure remains a proposal.

Table 18: 'H and '3C NMR data of FE006 (73a) (‘H: 600 MHz, 13C: 151 MHz, CDCls/MeOD-d; 2:1) including
COSY and selected HMBC correlations.

s ] Q
SO O @ v
N FEO006 (73a)
— cosy ﬁ(sglgggd)
FE006 (73a)
position structure Su dc Jp
1 CH--NH, 3.01, br s (2H) 40.3 -
2 P-O-CH,-CH; 3.99-3.92, m (2H)* 61.6 -
3 O-PHO3-CH - - 4.42
4 CH-CH,-O-P 3.84-3.70, m (2H)? 66.9 -
5 CH-OH 3.88-3.82, m (1H)* 68.5 -
6 CO-0-CH; 4.01-3.93, m (2H)* 64.7 -
7 CH,-CO-0 - 174.2 -
8 CH,-CH>-CO 2.19, t (7.5 Hz, 2H) 33.9 -
9 CH,-CH,-CO 1.51-1.43, m (2H) 24.7 -
10-13, 31.6, 29.6, 29.6, 29.1,
aliphatic CH; 1.22-1.10, m (14H) -
18-20 29.0, 29.0, 28.8
14+17 CH,~CH=CH-CH; 1.91-1.83, m (4H) 27.0, 27.0 -
15+16 CH,-CH=CH-CH, 5.24-5.12, m (2H) 129.9, 129.6 -
21 CH;s-CH,-CH; 1.18-1.11, m (2H)? 22.5 -
22 CH;-CH; 0.73, t (6.9 Hz, 3H) 13.8 -

aAssigned based on HSQC spectrum due to overlapping signals.

In comparison to 73, HRMS analysis had assigned the molecular formula C20Hs2NO7P for FE005 (72)
according to the positive ESIMS peak at m/z 440.2770 ([M+H]*, Appm 0.45) indicating one carbon
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atom and dbe less. 1D and 2D NMR data confirmed the double bond of the acyl chain to be missing
with an iso-Cis. side chain replacing the unbranched linear alkenyl moiety. Therefore, FE005 (72) was

identified as 1-isopentadecanoyl-2-hydroxy-sn-glycerol-3-phosphoethanolamine (Table 19).

Table 19: 'H and '3C NMR data of FE005 (72) (*H: 600 MHz, 13C: 151 MHz, CDCls/MeOD-ds 2:1) including
COSY and selected HMBC correlations.

WOMO/ o N NH2

FE005 (72)
— cosy T (selocted)
FE005 (72)
position structure Su dc Jp
1 CHz-NH 2.91, br s (2H) 40.3 -
2 P-O-CH>-CH, 3.87-3.83, m (2H)? 61.3 -
3 O-PHO;-CH; - - 0.75
4 CH-CH>-O-P 3.74-3.63, m (2H) 66.7 -
5 CH-OH 3.79-3.74, m (1H)* 68.5 -
6 CO-O-CH; 3.93-3.88, m (2H)? 64.6 -
7 CH,-C0-0 - 174.1 -
8 CH,-CH»-CO 2.12, t (7.9 Hz, 2H) 33.8 -
9 CHz-CH,-CO 1.42-1.36, m (2H) 24.6 -
10-17 aliphatic CH, 1.11-1.01, m (16H) 29:6,24,29.3, 293, -
29.2,29.0, 28.9, 27.1
18 CH-CH>-CH, 0.95-0.90, m (2H) 38.8 -
19 (CHs),-CH-CH, 1.29, non (6.7 Hz, 1H) 27.7 -
20 (CH3);—CH 0.63, d (6.6 Hz, 6H) 22.2 -

aAssigned based on HSQC spectrum due to overlapping signals.

In general, lysophospholipids result from partial hydrolysis of phospholipids mediated by
phospholipase A (PLA). In contrast to their precursors, they are only minor components of cell
membranes.['®] Their biological role however exceeds membrane-associated functions and mediation
of extracellular signaling.['] Specifically for LPE, induction of neuronal differentiation, stimulation
of MAPK cascade as well as antifungal and antibacterial activities have been reported.!'38] With
FE005 (72), a new member of the LPE class was identified. Evaluation of its antimicrobial potential

and TLR2-activating properties was intended to be compared to FE006 (73a).
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4.4.3 N-Acyl Amino Acids FE008, FE009 and FE010

Based on HRESIMS analysis, for FE008 (74) the molecular formula C1¢H23NO4 was assigned according
to the positive [M+H]* peak at m/z294.1700. MS/MS fragmentation indicated a neutral loss of
112.0886 Da corresponding to C;H120 which correlates to a saturated acyl group as implied by the
carbon to hydrogen ratio and double bond equivalents. The resulting fragment of m/z 182.0814
matched the protonated form of tyrosine ([M+H]*, CoH11NOs). This hypothesis was further supported
by neutral losses of NH3 and H2O commonly observed for the fragmentation of amino acids (Fig. 36,
Fig. 37A).

parent ion [M+H]*
m/z 294.1700

o)
HO ® HO HO
HO H®>‘Jj]\ﬂ/05H11 (NH3 ®
2R 4 —_— K _OH — A -OH2 ’ Z
OH Os ~ NH; % _H0 N
o) o) 0

g “CaCsHit

m/z 182.0812 m/z 165.0546 m/z 147.0441

Fig. 36: Postulated MS/MS fragmentation pathway of FE008 (74) starting from [M+H]* parent ion.

The structural hypothesis was confirmed by 1D and 2D NMR. As expected, the AA’BB’ pattern of the
aromatic protons of tyrosine was observed in the H spectrum. Furthermore, an isopropyl group was
detected at the end of the acyl moiety identified as iso-Cy.. This fatty acid side chain was attached to
tyrosine via peptide bond. Therefore, based on MS and NMR analysis, 74 was identified as
N-(5-methyl)hexanoyl tyrosine (Table 20).

FE009 (75) showed a HRESIMS [M+H]* ion peak at m/z 322.2013, indicating a molecular formula of
CisH27NO4. The MS/MS fragmentation was similar to 74 only the neutral loss of the acyl group
differing by 28.0327 Da equivalent to two additional methylene groups (Fig. 37B).

wters, MBO1106_A2p_3_01_52637.8 22941704, 28.0-35.02V, 6 &min 72342
x1

o
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1 1820818
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o ) 1 +
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fnteﬂi_i MBO1086_AZp_P1-D-9_01_52373.d: #M52(322.2013), 26.0-35.08V, 8.8min, ;3072
x
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Tntens, MBO1095_AZp_10_01 52486 d: #M52(306.2066), 28.0-35.02V, 10.9min, 73771
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Fig. 37: MS/MS spectra of A: FE008 (74), B: FE009 (75) and C: FE010 (76); neutral losses are annotated.

NMR analysis confirmed the MS fragmentation-based hypothesis and identified 75 as
N-(7-methyl)octanoyl tyrosine (Table 20).
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Table 20: 'H and 3C-NMR data of the FE008 (74) and FE009 (75) (*H: 400 MHz, 13C: 101 MHz, MeOD-d,)
including COSY and selected HMBC correlations.

N 15
Ho A Ok HO iSSP
TRy G
N \f/o N A
FE008 (74) FE009 (75)
— cosy _’<s'2|“§3§d)
FE008 (74) FE009 (75)

position b1 (Fin Hz) dc, type b (Fin Hz) dc, type
1 - 157.3 - 157.2
2 6.69, dd (6.6, 1.9) 116.1, CH 6.68, dd (6.5, 2.1) 116.1, CH
3 7.04, dd (6.6, 1.9) 131.2, CH 7.03, dd (6.6, 1.5) 131.3, CH
4 - 129.2 - 129.4

3.11, dd (14.0, 4.8), 3.11, dd (14.0, 4.9),
5 37.7, CH; 37.9, CHy
2.83, dd (14.0, 9.3) 2.84,dd (13.9, 8.9)

6 4.59, dd (9.3, 4.6) 55.3, CH 4.57,dd (8.9, 4.9) 55.7, CH
7 - 175.3 - 175.9
8 - 176.1 - 175.9
9 2.13, t (7.5) 37.1, CH, 2.15, t (7.4) 37.0, CH,
10 1.55-1.47, m 24.8, CH, 1.56-1.48, m 27.0, CHy
11 1.14-1.05, m 39.4, CH; 1.32-1.24, m 28.2, CHy
12 1.52-1.46, m 29.0, CH 1.24-1.18, m 30.4, CHy
13 0.86, d (6.6) 22.8/22.9, CHs 1.20-1.12, m 40.0, CHy
14 - - 1.57-1.49, m 29.1, CH
15 - - 0.88, d (6.6) 23.0, CHs

For the third compound FE010 (76), HRESIMS analysis suggested the molecular formula CisH2;NO3
according to the [M+H]* ion peak at m/z 306.2063 (Appm 0.33). A single neutral loss of 140.1206 Da
corresponding to CsH140 was observed for the MS/MS fragmentation of the parent ion similar to 75.
The resulting fragment with m/z 166.0864 [CoH11NO,*] showed one oxygen atom less and was thereby
assumed to be phenylalanine instead of tyrosine. However, no further fragmentation was observed

(Fig. 37).

1D and 2D NMR data confirmed 76 to consist of the identical terminal single branched acyl chain
lacking the aromatic hydroxyl group in para-position (Table 21). FE010 (76) was identified as

N-(7-methyl)octanoyl phenylalanine. Moreover, a second set of signals was observed especially for
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the aliphatic protons (< 2 ppm) indicating the occurrence of a second isomer at a ratio of 1:3

(Fig. S116). Cis-trans isomerization is frequently reported for secondary amides.!*®"]

Table 21: 'H and '3C-NMR data of the FE010 (76) (*H: 400 MHz, 13C: 101 MHz, MeOD-d,) including COSY and

selected HMBC correlations.

15

0}
AR oW
' HN s
43 A OH NS
FE010 (76)
—_— —_» HMBC
cosyY (selected)
FE010 (76)
position b (Jin Hz) dc, type

1 7.23-7.17, m 127.8, CH
2 7.30-7.22, m 129.4, CH
3 7.26-7.21, m 130.3, CH
4 - 138.7

3.22,dd (13.9, 4.8),
5 38.5, CH;

2.93,dd (13.9, 9.5)
6 4.66, dd (9.4, 4.8) 55.1, CH
7 - 175.2
8 - 176.1
9 2.14,t (7.4) 36.9, CHy
10 1.55-1.46, m 26.9, CH;
11 1.32-1.23, m 28.2, CH,
12 1.23-1.14, m 30.4, CH,
13 1.22-1.10, m 40.0, CH;
14 1.55-1.49, m 29.1, CH
15 0.87,d (6.6) 23.1/23.0, CH3

To the best of knowledge, 74-76 have not been described as NPs so far. Yet, BRADY et al. reported the

isolation of long chain N-acyl tyrosines by heterologous expression of environmental DNA (eDNA)

from soil samples in E. coli. They identified various saturated and mono-unsaturated, however

unbranched N-acyl substituted L-tyrosines with acyl groups ranging from Cs to Cis. The side chain

length clearly affected the antibacterial activity against B. subtilis.l'°!][162] Based on the same approach,

they furthermore reported the characterization of analogous tryptophans and arginines also

exhibiting antibacterial properties.!3]
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Gymnastatin N (88) represents another natural product belonging to the class of aliphatic N-acyl
substituted tyrosines. It was isolated as mixture of two diastereomers from the fungus
Arachniotus punctatus with reported activity against the anti-cancer target POLO-like kinase 1 (Plk1).
Within the frame of the same work, FE010-related N-dodecanoyl-L-phenylalanine (89) was
synthesized (Fig. 38).114) However, to the best of knowledge, no aliphatic N-acyl substituted

phenylalanine has been described as natural products so far.

O O
HO )WW
HN)K/\’/Y\/\/\ HN
OH \\\-H(OH
O o
Gymnastatin N (88) N-Dodecanoyl-L-phenylalanine (89)

Fig. 38: Chemical structures of gymnastatin N (88) and N-dodecanoyl-L-phenylalanine (89).

4.4.4. Aminolipids Lipid 430 and FE002

Having isolated aminolipid FE003 (70) and FE004 (71), their structural similarity to TLR2-stimulating
lipid 430 (87) strongly suggested to include this aspect in the bioactivity profiling. In order to allow
conclusive comparison with reported data, the use of 87 as additional positive control in the
immunoassays was intended. Since 87 was not produced by FHG000416, the initially cultivated
Bacteroidetes set was searched for a producer strain. Chitinophaga eiseniae DSM 22224 was identified
to sufficiently produce lipid 430 (87). This strain was simultaneously exploited in a separate isolation
project with regard to other metabolites with antimicrobial potential.® Lipid 430 (87) was therefore
isolated from provided fractions in a straight-forward manner (see 7.2.3.2). HRMS and NMR data were

in agreement with reported data.[15¢]

Based on MS/MS analysis, an additional compound produced by DSM 22224 shared the characteristic
fragment ion of m/z326.2693 (corresponding to Ci9H3¢NOs3*) that had also been observed for
FE003 (70) and lipid 430 (87) (Fig. S126). This compound with a molecular formula of Cz7Hs5:N4O
according to the positive HRMS peak at m/z545.3908 was named FE002 (90). The MS/MS
fragmentation of 90, revealed neutral losses of H2O, ornithine and serine resulting in the commonly
shared fragment ion. Therefore, FE002 (90) was postulated to be the corresponding tripeptidic analog
(Fig. 39). It was isolated (see 7.2.3.2) and subjected to NMR analysis. Although sample concentration
did not allow recording of an appropriate '3C spectrum, the structure hypothesis could be confirmed

based on 'H and 2D data in comparison to lipid 430 (87).

> This isolation campaign was performed by STEPHAN BRINKMANN.
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Fig. 39: A: Chemical structure of FE002 (90) including observed COSY correlations; B: MS/MS spectrum of 90,
neutral losses leading to fragment of m/z 326.2693 (C19H3¢NO3*) are annotated.

4.5 Assignment of Absolute Configuration

The stereochemistry of chiral amino acids incorporated in lipid 430 (87) and FE002 (90) as well as
FE008-FE010 (74-76) was determined by Advanced Marfey’s Analysis using L-FDVA as Marfey’s
reagent.['®l D- and L-enantiomers of serine, ornithine and tyrosine as well as L- and DL-phenylalanine

served as retention time references.

In agreement with published data, the serine residue of lipid 430 (87) was identified as L-serine
(Fig. S127).115] This was also true for FE002 (90) furthermore containing L-ornithine (Fig. S127,
Fig. S128). Regarding the C-3 stereochemistry of the acyl group it was considered reasonable to
assume that FE003 (70), 87 and 90 share (R)-configuration based on: i) the 3R-configuration of
WB-3559 D (Fig. 35) elucidated by total synthesis[!®®l and stereospecific hydrolysis of only
(R)-lipid 654 (82a) by PLA2 vyielding lipid 430 (87)['¢], ii) the fact that all serine residues share
L-configuration further emphasizing a biosynthetic relation of the compounds and iii) the consistently

positive optical rotation values (Fig. 40).

OH O

M R
® N/}(
H
(o}
FE003 (70): R = OH NH,
H Q H o
NS S
Lipid 430 (87): R = ES \;)kOH FE002 (90): R = %N%H (S) OH
“oH ~on ©

Fig. 40: Absolute configuration of FE003 (70), lipid 430 (87) and FE002 (90) isolated from Bacteroidetes spp.
FHG000416 and DSM 22224.

65



4. Amino- and Phospholipids from Olivibacter sp. FHG000416

A common approach for determination of the absolute configuration of 3-hydroxy fatty acids
incorporated via amide or ester bond is acidic hydrolysis followed by the derivatization using
Mosher’s reagent to obtain the corresponding (S)-MTPA and (R)-MTPA esters that can be analyzed
by chiral GC-MS[®”] or NMR!'%], The demand for larger amounts of compound being sacrificed to
hydrolysis, either preparative purification steps or chiral columns as well as preparation of not easily
accessible authentic standards represent the disadvantages of this analytical method. An elegant
procedure to evade these major drawbacks was developed by MooN et al. using Marfey’s reagent as
CDA instead. The absolute configuration of the resulting O-Marfey derivatives can be determined by
LC-MS based on their elution order. This adapted method however has only been applied to
o-hydroxy fatty acids.['”] The absolute configuration of FE004 (71) will be discussed separately (see
chapter 4.7) and was not further investigated for FE005 (72) and FE006 (73a).

Standard Marfey’s Analysis of FE008—-FE010 (74-76) revealed that all three compound had been
isolated as enantiomeric mixtures (Fig. S129-Fig. S131). The D/L-ratio was determined by UV signal
integration as 1:16 for 74, 1:1.7 for 75 (Fig. S130) and 1.6:1 for 76 (Fig. S131). In the case 74 and 75,
the double L-FDVA adducts of tyrosine were considered. Twofold hydrogen-deuterium exchange in

benzylic position of tyrosine was observed after hydrolysis in DCl/D0.

4.6 Bioactivity Profiling

4.6.1 Antimicrobial Activity

The antimicrobial activity of all nine compounds (70-76, 87, 90) isolated either from FHG000416 or
DSM 22224 was determined by micro broth dilution assay against a total of 13 pathogenic
microorganisms up to a test concentration of 64 pg/mL (Table 22, Table S28). Overall, the tested
aminolipids 70, 71, 87 and 90 as well as the lysophospholipids 72 and 73 showed rather low or no
antimicrobial activity. The latter case was true for FE004 (71) indicating an adverse effect of additional
hydroxylation. FE003 (70), FE005 (72), FE006 (73a) and lipid 430 (87) inhibited growth of
Gram-negative M. catarrhalis and Gram-positive M. luteus at test concentrations up to 4 pg/mlL,
however lacked activity against more resilient and clinical relevant test strains. FE002 (90) was
identified as the most potent compound additionally inhibiting growth of E. coli MHC, M. smegmatis
and B. subtilis as well as C. albicans with MICs of 64 pg/mL and 8 pg/mL, respectively.

For Lipid 430 (87), the reported growth inhibition (38% at 50 ug/mL[5%]) of S. aureus could not be
reproduced. However, the described lack of activity against E. coliand P. aeruginosa was in accordance
with the present findings. For 2-LPE, selective susceptibility of Gram-positive bacteria including

Staphylococcus spp. and B. cereus was presented by VAN RENSBURG et all7%l Yet, these results were
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not confirmed by MEYLAERSs et al. as the used micro broth assay was assumed to be less sensitive.[1>”]

In accordance with that, for the isolated FE006 (73a) growth inhibition of Gram-positive bacteria was
only detected for M. luteus with a MIC of 16 ug/mL. The same was true for FE005 (72). Both

compounds moreover exhibited growth inhibition towards Gram-negative M. catarrhalis.

Table 22: MICs [pg/mL] of compound 70-73a, 87 and 90.

Lipid 430 FE002 FE003 FE004 FE005 FE006
(87) (90) (70) (71) (72) (73a)
Escherichia coli ATCC 35218 (MH-II) > 64 > 64 > 64 > 64 > 64 > 64
Escherichia coli ATCC 35218 (MHC) > 64 64 > 64 > 64 > 64 > 64
Escheria coli ATCC 25922 (ATolC) > 64 > 64 > 64 > 64 > 64 > 64
Acinetobacter baumannii ATCC 19606 n.d. n.d. > 64 > 64 n.d. n.d.
Klebsiella pneumoniae ATCC 13883 > 64 > 64 > 64 > 64 > 64 > 64
Moraxella catarrhalis ATCC 25238 16-32 4-8 8 > 64 4-8 16
Pseudomonas aeruginosa ATCC 27853 > 64 > 64 > 64 > 64 > 64 > 64
Mycobacterium smegmatis ATCC 607 > 64 64 > 64 > 64 > 64 > 64
Bacillus subtilis DSM 10 > 64 8 > 64 > 64 > 64 > 64
Staphylococcus aureus ATCC 25923 > 64 > 64 > 64 > 64 > 64 > 64
Micrococcus luteus DSM 20030 32-64 64 > 64 > 64 16 16
Listeria monocytogenes DSM 20600 n.d. n.d. > 64 > 64 > 64 n.d.
Candida albicans FH 2173 > 64 64 > 64 > 64 > 64 > 64

n.d.: Not determined.

Considering the metabolites 70-73a isolated from Olivibacter sp. FHG000416, the originally observed
activity against E. coli MHC could not be reproduced. A reduced cell density used for MIC
determination in comparison to the screening of UPLC fractions represents one potential explanation.
Furthermore, synergistic activity of two or more components disappearing upon separation has been
reported as known complication.['’!] This could be particularly relevant since the amphiphilic
character of all compounds suggested an effect on the cell membrane integrity. However, not leading
to direct cell lysis, it could instead affect more fragile states of cellular intactness e.g., during cell

division as pointed out by SCHNEIDER et al.['>]

The three isolated N-acyl amino acids 74-76 did not show antimicrobial activity against the screening
panel in a relevant range (Table S28). Growth inhibition towards M. catarrhalis and M. luteus was only
observed for FE008 (74) at the highest concentration of 64 pg/mL. For the N-acylated tyrosines
reported in literature, a length of acyl chain between Ci3 and Cis was described most active against

B. subtilis. The activity was significantly lower for Cq; or Ci2 N-acyl derivatives and disappeared for
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even shorter analogs.[11] Consequently, a lack of activity observed for the enantiomeric mixture of
iso-C7.0 and iso-Co.o N-acyl tyrosines 74 and 75 isolated from FHG000416 was in alignment with these
findings.

4.6.2 TLR2/TLR4 Activity

Based on structural similarity to well-studied diacyl and triacyl lipopeptide TLR2 ligands!'’?) as well
as correlating activities described in literature, the isolated compounds 70-76, 87 and 90 were
furthermore evaluated regarding their TLR2- and TLR4-stimulating potential in a HEK-Blue™
Detection assay at 10 M, 1 pM, 0.1 pM and 0.01 uM test concentrations (data only shown for 10 pM
and 1 pM). The assays were validated by the selective positive controls PAM2 and LPS for TLR2 and
TLR4 cells, respectively. A response was considered valid if reproduced in both individual

experiments (Fig. 41, Fig. S132; Fig. 42, Fig. 5133).
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Fig. 41: HEK-Blue™ TLR2 cell activation, experiment 1 (experiment 2: Fig. S132). Cell activation levels are
expressed as optical density (OD) at 620 nm. Assays were validated by the specific positive controls (dark grey)
PAM?2 (TLR2) and LPS (TLR4) as well as untreated (NT) and DMSO-treated (DMSO) negative controls (light
grey). Taking standard deviations into account, response levels of compounds (white) elevated over the DMSO
negative control in both experiments are marked (*).

Overall, the tested compounds showed rather very low or no effect on TLR2- and TLR4-expressing
cells in vitro. Conclusive activity was in most cases only observed at the highest test concentration of
10 pM. In the present study, the isolated lipid 430 (87) showed an effect on HEK-TLR4 (10 uM and
1 uM) and HEK-TLR2 cells (10 pM). This however did not support the selective TLR2-mediated cell
stimulation reported by CLARK et al['®] Furthermore, the described TLR2 response ratio at 0.69 pg/mL
(1.62 pM) was not confirmed even at 6.2-fold increased test concentration (10 uM = 4.31 ug/mL). Not
specifying the purity of their tested 87, minor contaminations with a strong but rather unspecific
effect on TLR2 present a potential explanation for the described effect which was not confirmed by

the present experiments. The reduced but incompletely blocked response shown after preincubation
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of the cells with anti-human TLR2 antibody further supported this hypothesis. Unspecific TLR2 and
TLR4 cell activation was also observed for FE002 (90) to a lower extent. The even smaller
monopeptide FE003 (70) was lacking activity overall. Besides the two aminolipids 87 and 90, TLR2
cell activation was furthermore detected for FE009 (75), however in selective manner as no effect on

TLR4 was observed. Apparently, the shorter acyl chain of FE008 (74) results in a lack of activity
(Fig. 41, Fig. 42).

In contrast to 75, FE010 (76) lacking the phenolic hydroxyl group selectively activated HEK-Blue™

hTLR4 cells. Moreover, FE004 (71) and FE006 (73a) showed a weak effect on TLR4-expressing cells at
10 puM test concentration (Fig. 42).
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Fig. 42: HEK-Blue™ TLR4 cell activation, experiment 1 (experiment 2: Fig. S133). Cell activation levels are
expressed as optical density (OD) at 620 nm. Assays were validated by the specific positive controls (dark grey)
LPS (TLR4) and PAM2 (TLR2) as well as untreated (NT) and DMSO-treated (DMSO) negative controls (light
grey). Taking standard deviations into account, response levels of compounds (white) elevated over the DMSO
negative control in both experiments are marked (*).

Considering both, the presented antibacterial and antifungal activities as well as immune-modulating
properties towards TLR2 and TLR4, further efforts regarding hit expansion in either direction were

terminated for all metabolites isolated from Bacteroidetes spp.

4.7 Stereoselective Total Synthesis of FE004

Since the absolute configuration of the isolated aminolipids had been determined, stereochemical
investigation of FE004 (71) was also intended and performed in parallel to bioactivity profiling.

However, free rotation and flexibility of the molecule 71 did not allow solid prediction of the relative
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configuration by NMR analysis based on coupling constants. In general, for 1,2- and 1,3-diols
necessary rigidity can be introduced by conversion into more hindered derivatives such as the
corresponding acetonides.!'”?] This method requires a certain amount of isolated natural product and
a defined acetonide to be favored since various regioisomers of five- and six-membered ring
acetonides could potentially be formed and NMR analysis is mandatory. Due to the limited quantity
of FE004 (71) available however, total synthesis was intended.® Considering the three stereocenters

of 71, eight isomers (four pairs of enantiomers) are theoretically possible in total (Fig. 43).
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Fig. 43: Overview of the eight configurational isomers of FE004 (71).

For assignment of the relative configuration based on matching NMR spectra, one enantiomer in each
case is sufficient. The signs of specific rotation values then allow determination of the absolute
stereochemistry. However, for such small amounts as isolated FE004 (71), the values of specific
rotation can be unreliable especially as they are typically lower for open-chain molecules. Therefore,
synthesis of both enantiomers subsequently analyzed by chiral HPLC in comparison to FE004 (71)
represents an alternative and more reliable approach. As 71 is lacking a chromophore however,
derivatization of the synthetic references as well as the natural product using e.g., benzoyl chloride is
required to allow UV detection.['7*] The sequence of total syntheses was dictated by the synthetic
accessibility from chiral building blocks and began with 71a and 71b both starting from D-ribose (91).

6 This project was supported by YoLaNDA KLEINER.
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4.7.1 Retrosynthetic Analysis: From D-Ribose towards 71a/ent-71a and 71b/ent-71b

The strategy towards total synthesis of 71a and 71b as well as ent-71a and ent-71b was built on
commercially available D-ribose (91) as template for the configuration of the three adjacent hydroxyl
groups (Scheme 6). In the case of 71a and 71b, reaction of glycine tert-butyl ester (92) and 93a resp.
93b as well as removal of the protecting groups were planned as final conversion steps. Intermediates
93a and 93b were considered accessible via glycol cleavage and oxidation of 94a and 94b, both
obtained by alkylation of 95 using Grignard reagent followed by NaBH4 reduction and TBS
deprotection. As reported by SHING et al, performing the Grignard reaction with 96 provides
diastereoselective access to 94a.l'7]

described, 17611710178

The synthesis of 95 and 96 has been previously
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Scheme 6: Retrosynthetic analysis of 71a, 71b, ent-71a and ent-71b starting from D-ribose (91).

Starting from 95, a reversed order of the key conversion steps furthermore provides access to the
enantiomers ent-71a and ent-71b in affordable manner compared to the price of L-ribose (en#-91).
In this case, introduction of the alkyl chain to 97 by Grignard reaction followed by removal of the
protecting groups was intended to represent the final reaction steps. In turn, 97 should be accessible
by TBS deprotection and subsequent glycol cleavage of 98 obtained from direct amidation of 95 using
glycine tert-butyl ester (92).
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4.7.2 Route Scouting using Ethyl and Butyl Model Systems

The Grignard reagent RMgBr with R = (CH3)10CH(CH3); needed to introduce the authentic alkyl
moiety had to be synthesized from the corresponding bromide, which in turn required synthesis over
three steps starting from commercially available isobutyl bromide and 9-bromo-1-nonanol according
to SmrtH et al['7l However, lacking experiences regarding reactivity of the employed systems, this
was essential to be evaluated first using commercially available metal-organic reagents present in the
lab. Therefore, EtMgBr and n-BuLi were chosen. Since the length of the alkyl chain and the terminal
isopropyl moiety far off were expected to have very little effect on the coupling constants, the
resulting model systems most likely allow solid prediction whether or not they share the same relative

configuration as the isolated FE004 (71).

The synthesis of 95 was performed over three steps starting from D-ribose (91) according to the
reaction sequences reported from BATRA et all'7 and JavakaNTHAN et all'77]) respectively
(Scheme 7). Subsequent, 98 was obtained in excellent yield by direct, catalyst-free amidation of 95
with glycine tert-butyl ester (92). TBS deprotection of 98 followed by glycol cleavage resulted in
complete conversion of the starting material. However, NMR analysis showed not aldehyde 97 but
its tautomeric cyclic N,O-hemiacetals 100a and 100b were obtained. Formation of the butyrolactam
can be explained by: i) the intramolecular distance due to the rigid cis-hydroxyl groups and ii) the
stability of the resulting five-membered ring. Diastereomers 100a and 100b present at a ratio of
approx. 6:1 based on NMR and LC-MS analysis were not separated. The attempt to introduce an alkyl
group to 100 via Grignard reaction was made using commercially available EtMgBr. However, even
with an excess of organomagnesium reagent and extended reaction time at temperatures up to 0 °C,

the formation of 101 was not observed by TLC and LC-MS monitoring,.

1. (i) Ho0, NaHCOs3,

) oB
o RT, 30 min O -0 DMs0,92, Tgso ©OH O p— !
HO/\<__7MOH (ii) Brp, <5 °Cto RT, 1 h RoA(_/V/ 80°C,21h \/UNH o
A - _

2. acetone, H,SO,, o ¢ 93% I
HO  OH " refux, 4 h/RT, 19h Pas Oxo
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TBSCI, RT, 4 h
95: R = TBS 1 ;':F’1 ThBAF’
(94%) 98% ’
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Scheme 7: Synthesis towards 101a and 101b starting from 91.
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Therefore, route scouting was performed to investigate more efficient ways to gain synthetic access
to the configurational isomers of FE004 (71) with a focus on the alkylation as key step. Starting from
ribonolactone 95, ethyl or butyl groups were introduced in non-stereoselective manner using either
EtMgBr or n-BuLi (Scheme 8, Table 23). Due to interconversion of the resulting diastereomeric
hemiacetals, separation of the diastereomers was performed after reduction using NaBH4 giving 102a
and 102b as well as 103a and 103b. The moderate yields over two steps indicated only a minor
preference of the (R)-isomers 102a and 103a (Table 23). For 102b, TBS deprotection was performed
exemplary yielding 104b which was also obtained by stereoselective Grignard reaction starting from
commercially available 96. The good yield however required a significant excess (12 eq.) of EtMgBr
strongly limiting the efficiency of this route. Yet, comparison of NMR data and specific rotation values
allowed assignment of the absolute configuration of the analogous butyl derivatives 103a and 103b.

Overall, all tested conditions were proven to lead to the desired alkylated products.

.
tBso  PM RR® - rir teAR, MO PHMQ THF, EtMgBr, O ~OH
see Table 8 \/k_)‘R RT, 1h \”K_)\\ —78°CtoRT, 5h HO/\QM
5 — . —/ —_— — DL AL AL —
dxb for 102b o\xb 47 % c5><
102a: R' = H, R? = OH, R® = Et 104b 96

102b: R' = OH, R? = H, R® = Et
103a: R' = H, R2= OH, R® = n-Bu
103b: R' = OH, R = H, R® = n-Bu

Scheme 8: Route scouting alkylation experiments starting from 95 and 96.

Table 23: Overview of conditions and yields for the synthesis of 102a, 102b, 103a, and 103b starting from 95.

Yields (over two steps)
Entry Conditions 102a: (R) 102b: (S) 103a: (R) 103b: (5)

1. THF, EtMgBr, -78 °C toRT, 5 h
1 23% 14%
2. MeOH, NaBH4, 0°C toRT, 1 h

1. THF, n-BulLi, —-78 °C to RT, 5 min

2 35% 22%
2. MeOH, NaBH4, 0 °CtoRT, 1 h

Starting from 103a and 103b, the butyl model system was subsequently used to evaluate the reaction
sequence leading to the shortened analogs of 71a and 71b, namely 107a and 107b (Scheme 9).
Therefore, TBS deprotection and glycol cleavage were performed followed by oxidation using
Dess-Martin periodinane (DMP). The resulting lactones 105a and 105b were obtained in moderate to
good vyields over three steps. The direct amide formation with glycine tert-butyl ester (92) also
repeatedly demonstrated its efficiency leading to 106a und 106b. Final removal of the acetonide and
tert-butyl protecting groups was achieved by acidic hydrolysis using HCI in 1,4-dioxane. While
removal of the tert-butyl protecting group was rapidly completed according to LC-MS analysis,
hydrolysis of the acetonide required the addition of water. Although 107 was intermediately formed,

elimination of glycine resulted in 108. However, since the reaction mixture had been evaporated to
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dryness at high vacuum pressure leading to the presence of cleaved glycine in equimolar
concentration, the identification of the lactones 108a and 108b by NMR analysis was complicated

and their formation only suspected later on. Thus, the synthesis towards 71a and 71b had been

started.

1. THF, TBAF,
RT, 1h

1
2. THF/H,0 3:1, NalOy, 00 R DMSO, 92, 0 Rl R?
103a, RT, 70 min \V\_Y"'Rz 80 °C, overnight o HN :
s a —_—

103b 3 pom, DMP, S :

RT, overnight >< BuO OXO

105a: (R), R'=H, R?=Bu 106a: (R), R" = H, R2 = OH (68%)
(35% over three steps) 106b: (S), R' = OH, R? = H (67%)
105b: (S), R" =Bu, R®=H
(63% over three steps)

(i) 1,4-dioxane, HCI (4 M

R’ 0 R R2 in 1,4-dioxane), RT, 6 h
Oﬁ,,RZ o HN - (i) H,0, RT, overnight
F

- glycine Sz
HG OH Ho ~ HO OH
108a: (R), R' =H, R? = Bu 107a: (R), R' = H, R = OH
108b: (S), R'=Bu, R?=H 107b: (S), R'=0OH,R?=H

Scheme 9: Synthesis towards 108a and 108b starting from 103a and 103b.

4.7.3 Synthesis towards 71a and 71b from D-Ribose

Stereoselective alkylation of 96 by Grignard reaction had been proven appropriate and was therefore
applied to the synthesis of FE004 diastereomers 71a and 71b. However, due to large excess of
Grignard reagent required, the alkyne 109 was employed instead easily accessible via benzyl

protection of the commercially available 5-hexyne-1-ol (Scheme 10).[13]

(i) THF, 109, EtMgBr, OBn

OH OH
0 °C, 30 min QH OH o EtOAc, Ho, OH
\\\/\/\ (i) 96, =78 °Cto RT  HQO = Pd/C, 4 bar HO /
OBn 60% d b 4>93% d b
. P P
110 111

1. THF/H,0, NalOy,
RT, 1h
\\ 2 2. DCM, DMP,

N Y w RT, overnight
0= R THF, H,, o)

o__0 (quant) 6 ) THF, 113, KHMDS, O._ O
>< x -55 °C, 70 min ><
115: R = (CH,)1oCH(CHa), 114 (36%) (”TSHSF;é“?h 112

(50% over two steps)

Scheme 10: Synthesis of 115 over six steps starting from 109.

As Grignard reagents of terminal alkynes are formed by deprotonation, recovery of the starting by

simple hydrolysis of the remaining organomagnesium species represented a major advantage of this
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approach. After alkynylation of 96, the triple bond as well as the benzyl protecting group of
intermediate 110 were removed by hydrogenation over Pd/C catalyst. The resulting alcohol 111 was
converted into aldehyde 112 by the established reaction sequence of glycol cleavage and DMP
oxidation (Scheme 9). Afterwards, compound 112 allowed the synthesis of the full length alkyl chain
via Julia-Kocienski olefination. Therefore, sulfone 113 was prepared over two steps starting from
commercially available 1-phenyl-1H-tetrazole-5-thiol and 5-methyl-1-hexanol as likewise reported by
BLANKEMORE et al.l'] With precursor 112 and 113 in hand, the alkene 114 was obtained as mixture
of (E)- and (Z)-isomer (approx. 5:1 based on LC-MS analysis) which was subsequently hydrogenated
to yield the alkylated lactone 115 by quantitative conversion.

Identical to 105 (Scheme 9), 115 was glycinated to give 116a (Scheme 11). By non-stereoselective
oxidation and reduction, diastereomer 116b was partially obtained. For both, deprotection was
achieved as previously performed.

115

DMSO, 92,
85% | 80 °C, overnight

(i) 1,4-dioxane, HCI (4 M

O HO o in 1,4-dioxane), RT, 6 h - 0O HO 0 O«_R
o HN (i) H,0, RT, overnight R/ W
}// N - O}// —_—
0 S _ glvci N
BuO oxo (36%) hd HO OH glyeine 5 bH

R = 118a: R = (CH,)1oCH(CH
116a: R = (CH,)1oCH(CHa), 71a: R = (CHy)1oCH(CHs), (CH2)10CH(CH3),

O o DCM, DMP,
o. HN R RT, 27 h
BUG dxb EtOH, NaBH,,
RT, 40 min
17: R = (CH2)10CH(CH3), (i) 1,4-dioxane, HCI (4 M
O HO, in 1,4-dioxane), RT, 5 h O HO
HN —R i '/_\ ~ (o) O/,, R
O?‘J (ii) H0, RT, 3 h o HNJQ_//-\R U
R - E——
8uG GXO (quant.) » Hé  BH — glycine Hé o

‘R= 118b: R = (CH,);,CH(CH
116b: R = (CH,)1oCH(CH3), 71b: R = (CHz)10CH(CH3) (CH2}oCH(CH:),

(16% over two steps)
+116a

Scheme 11: Synthesis towards 118a and 118b starting from 115.

To a very low extent, 71a and 71b were detected as [M+H]* parent ion peaks (m/z 376.2689,
C1oH3sNOs*, [M+H]*, tr = 12.1 min) in LC-MS monitoring after a reaction time of 30 min strongly
suggesting in situ formation (71a: Fig. 44). At the same time, the positive ESIMS peak at m/z 323.2689
(C17H3204Na*, [M+Na]*, tr = 14.1 min) was observed at higher intensity. Correlating to the sodium
adduct of lactone 118a, it suggested the favored elimination of glycine and cyclization. As remaining
starting material 116a and incompletely deprotected 119a were also detected, the reaction was
continued. This however led to complete conversion into 118a. The same was assumed to be true for

107 and 108 respectively, as indicated beforehand. This time, aqueous work up was performed to get
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rid of the eliminated glycine. NMR analysis finally confirmed the structure of 118a (and 118b) as

obtained product.
"
) 0O HO,
o A ) iy
1| ®ug HO OH |L
119a: R = (CH,);oCH(CHy), ” 68 Cottono,

1182 CyHy0,
m/z 3232180, [M+Na]*

5 m/z 494.3455, [M+Na]*

71a: CygHy;NO;
m/z 376.2689, [M+H]* ! ‘,L ’l‘
o ~ [ E— e e
10 12 14 16 18 20 Time rrl1

Fig. 44: LC-MS monitoring of the 116a deprotection reaction.

The chemical behavior of spontaneous lactone formation observed for 71a and 71b strongly
suggested that these two isomers do not feature the correct configuration of FE004 (71) since the
natural product had appeared to be stable under acidic conditions during isolation. The specific
configuration of the three adjacent hydroxyl groups most likely favors or disfavors the compound’s
ability to undergo lactone formation as previously postulated for 100 (Scheme 7). Excluding these two
stereoisomers as well as their enantiomers ent-71a and ent-71b was furthermore supported by
comparison of in situ formed 71a and 71b with the natural product regarding their retention times
using non-chiral UPLC-MS (Fig. 45). For this approach, identical ionization was assumed and sample
concentrations were adjusted to similar peak intensities of the [M+H]* ion. The obvious retention
time shifts led to the assumption that either 71c/ent-71c or 71d/ent-71d feature the absolute
configuration of the FE004 natural product.

ntens,
106

10 NP
) 71a

0.8 VAR

0
/
/
/
0.2 /

0.0 — -

1.7 11.8 11.9 12.0 12.1 12.2 123 13.4 Tine [min]

Fig. 45: EICs of m/z 376.2694£0.005 (C1oH37NOs, [M+H]*) for the isolated natural product (black) as well as 71a
(dark blue) and 71b (light blue) formed in situ.

4.7.4 Retrosynthetic Analysis: From D-Glucose and D-Galactose towards ent-71c and 71d

Retrosynthetic analysis revealed commercially available D-glucose (120) and D-galactose (121) as

suitable chiral pool compounds towards ent-71c and 71d, respectively. Compared to D-ribose (91),
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these hexoses provide an additional carbon atom therefore requiring an equally shorter alkyl chain
to be introduced. In accordance with former synthetic routes, direct amidation of lactone 122 and
removal of the tert-butyl protecting group were envisaged as final reaction steps towards ent-71c.
Intermediate 122 was considered accessible by: i) hydrogenation removing the double bond as well
as the benzyl protecting group, ii) acetonide deprotection and iii) selective lactol to lactone
oxidation['¥21183] of 123 which was planned to be obtained by Julia-Kocienski or Wittig olefination of
aldehyde 124 using either phenyl-tetrazole sulfone 125 or triphenyl phosphonium ylide 126. As
building block for the key step of the synthesis intermediate 124 was intended to be received from
glycol cleavage of 127 which can be synthesized from D-glucose (120) over three steps as reported by

MiTRrA et al.'8¥] (Scheme 12).

OH O _ OH O
R~~~ OH
. N R . /\H/OH
Pt Pt H Pt H
HoN - O OH OH o} OH OH e}
ent-7T1c >\
OBu 71d BuO
92 ide formati NN | ide formati 92
amide formation, ! R=(CHy)sCH(CH3), amide formation,
final deprotection I 3 final deprotection
R
\\&O oTIPS
HO OH
122 128
hydrogenation incl. Bn-deprotection, TIPS-protection,
acetonide deprotection, hydrogenation incl. Tr-deprotection,
selective oxidation oxidation

TrjOE\L
129
U

o Julia-Kocienski olefination Wittig olefination
\ 0 o N /N\\N B o}
... | r ® p
+ ,
/ )< ~s N or R/\ P: ><
’/O R o8 \ | (0]

BnO (0] (0] Ph Ph
124 125 126
130
glycol cleavage
HO
HO O
o] — >< ﬁ
HO™ ™""0H o
OH
D-glucose (120) D-galactose (121) 131

Scheme 12: Retrosynthetic analysis of ent-71c and 71d starting from D-glucose (120) and D-galactose (121).

Similar to ent-71c, amide formation and deprotection were intended to be the final steps towards
71d. As glycine tert-butyl ester (92) should be introduced to carboxylic acid 128, utilizing coupling

reagents such as EDC-HCl/Oxyma under mild alkaline conditions.['®] The subsequent removal of the
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TIPS and tert-butyl protecting groups was envisaged to be done using TBAF and HCI in dioxane,
respectively. 128 was considered accessible from alcohol 129 over three steps including: i) TIPS
protection of the hydroxyl group using TIPSOTf and 2,6-lutidine!'#¢), ii) hydrogenation removing the
double bond and the trityl protecting group and iii) TEMPO-catalyzed oxidation of the primary
alcohol to the carboxylic acid.['®”] Also similar to the route providing ent-71c, 129 was envisaged to
be synthesized by Julia-Kocienski or Wittig olefination of the aldehyde 130 which can obtained from
D-galactose (121) as described by CHENG et al'®] (Scheme 12).

4.7.5 Synthesis of the Julia-Kocienski Olefination Reagent

Instead of elongating the alkyl moiety, this time Julia-Kocienski olefination was intended to introduce
the full length alkyl chain to the aldehyde building blocks 124 resp. 130 and represented the key step
of the total synthesis towards ent-71c and 71d. Therefore, the according sulfone reagent 125 was
synthesized over eight steps starting from 10-hydroxydecanoic acid (132). All given yields were not
optimized. As the quantity of obtained products was sufficient for small-scale test reactions,

re-synthesis was not requiring (Scheme 13).

o}

OR?
R10)W

1. MeOH, SOCI,, RT, overnight 132:R'"=H,R2=H
2. DCM, imidazole, TBSCI, ;I_-FIF, MeMgfr,
i , overnight
RT, overnight L 433 R1 = Me, R? = TBS ———o 0 MOTBS N MOH
HO - HO ;
134 135
(26% over three steps) (62% over three steps)
739 DCM, NEt;, DMAP,
°|MsCI,0°CtoRT, 3h

)L/\M/OR + M/OR
7 7

1. THF, 139, PPhg, DIAD,

0°Cto RT, 1h 136a + 136b: R = TBS
0, //o 2. DCM, 138, m-CPBA, THF, H,, 89% g'jgtll?:?rﬁz sh
MS N RT, overnight Pd/C, 4 bar , 2.
7 F N OH <—2 """ 137a+137b: R = H
N=N NN 7 43%
4 I SH
Ph N~N>_ 138
125 \Ph
(87% over two steps)
139

Scheme 13: Synthesis of phenyl-tetrazole sulfone 125 starting from 10-hydroxydecanoic acid (132).

The TBS-protected methyl ester 133 was converted into the tertiary alcohol 134 using MeMgBr. The
yield (26% over three steps) was most likely restricted due to the formation of thionyl chloride adducts
during esterification. In the presence of MeMgBr, these sulfite esters led to the formation of
by-product 135 and DMSO being reduced to dimethyl sulfide which was clearly identified based on
its characteristic smell. Selective TBS protection favoring less sterically hindered primary alcohols
over secondary and tertiary alcohols allows conversion of 135 into 134.[®°] The tertiary hydroxyl

group of 134 was eliminated as mesylate under basic conditions in the next step and yielded the
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inseparable mixture of 136a and 136b harboring either a terminal vinylidene or 2-methyl-1-propenyl
group. After removal of the TBS protecting group, alcohol 138 was obtained from 137a and 137b by
hydrogenation of the double bond. According to reported procedures, the sulfone 125 was obtained

by Mitsunobu reaction and oxidation in good yield over two steps.!!"]

4.7.6 Synthesis towards ent-71c from D-Glucose

With sulfone 125 in hand, the synthesis of ent-71c started with diol 127 which was synthesized from
D-glucose (120) over three literature known steps (Scheme 4).1'%¢ Afterwards, aldehyde 124 was
obtained by glycol cleavage as previously performed and directly used without purification in the key
step of the route. Julia-Kocienski olefination was performed using the previously synthesized sulfone
reagent 125. Formation of the resulting olefin 123 was confirmed by LC-MS analysis. However, flash
chromatography failed to separate 123 from remaining sulfone 125 which had been used in excess.
Moreover, the compound was too lipophilic for purification by RP-HPLC. Therefore, the acetonide
protecting group was removed by acidic hydrolysis using acetic acid. However, the formation of
various acetates was observed and assumed to have occurred during concentration of the reaction
mixture under reduced pressure. Aqueous work-up or dilution of the reaction mixture followed by

freeze-drying may present appropriate alternatives.

(i) THF, 125, LIHMDS,
—78 °C, 30 min

HO THF/H,0 3:1, NalO,, O (ii) THF, 124, \
o RT, 70 min Lo ~78°Ct0—55 °C, 2 h O .o
- "Q e}
" A N ey
end O B0 ©

127 124 123
1. (i) AcOH/H,0,
60 °C, overnight

(ii) MeOH, NaOMe,
RT
2. MeOH, H,, Pd(OH),/C,
t-BuOH, K,COs3, 60 °C, 20 bar
I, 100 °C
%
oo O__-OH
)\/\/\/\/\/F}/j)H SRV M,OH
122 1,4-dioxane/H,0, 140

NaHCOg, Bra, RT (<10% over four steps)

Scheme 14: Synthesis towards 122 starting from 127.

Separated from 125, pre-purified fractions were treated with NaOMe in MeOH to remove acetate
groups. After aqueous-acidic work-up, the obtained crude product was hydrogenated over Pd(OH),/C
as Pd/C had proven to be insufficient to remove the benzyl protecting group simultaneously to yield
140. Even though detected by LC-MS analysis, the strongly limited quantity of 140 moreover lacking
purity could explain why neither using I.l'*2] nor Br,['83] led to the desired lactone 122 by selective

oxidation. Confirmation of the reaction’s ineffectiveness however requires up-scaled repetition with
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pure 140 accessed by optimized re-synthesis based on deficiencies identified in this first attempt.
Furthermore, oxidation using DMP represents an alternative approach. Starting from 123, this
requires acetonide deprotection followed by benzyl protection of the two resulting hydroxyl groups
and selective debenzylation by mild acidic hydrolysis of the alcohol group at the anomeric center after
hydrogenation.[']] However, experiments in this direction were not attempted due to lack of activity

observed for FE004 (71) in the screenings.

4.7.7 Synthesis towards 71d from D-Galactose

In parallel to the synthesis of ent-71c, the preparation of 71d was started with the conversion of
D-galactose (121) into 130 over three steps similar to CHENG et all'®® (Scheme 15). Solvent and
reactants lacking anhyrousity in the acetonide protecting step most likely caused the low yield.
Subsequent glycol cleavage of 131 was quantitative. However, hydrolysis of formate 130 resulted in
hydroxyl aldehyde 141 after work-up. The significantly favored hemiacetal 142 prevented the
formation of 129 under the used conditions as at least 2 eq. of base would have been required. Instead,

dimerization of 125 was observed in LC-MS monitoring.

OH OTr OoTr
1. pyridine, TrCl, THF/H,0, NalOy,
HO o 50 °C,18h >< RT, 8 h ><O O&O ><o oH
2. acetone, CuSOQy, (quant. )
HO . OH e} 0
: RT, 2d \ \
OH O O
D-galactose (121) 131 L 130 | 141
(26% over two steps)
/WR (i) THF, 125, LIHMDS (1.2 eq.), r
7 —78 °C, 45 min
ot (i) THF, 142 oTr
138: R =OH y ’
: -78°Ct0-35°C,3.5h o)
CBrd, PPhy o) oH ”
143:R = Br ¢ P A ><o 0o
PPhs [ 0
126: R = PPh3*Br OH
129 142

Scheme 15: Synthesis towards 129 based Julia-Kocienski olefination plus envisaged synthetic access of Wittig
reagent 126 starting from alcohol 138.

While avoiding reductive work-up of the glycol cleavage reaction could improve the stability of 130
according to CHENG et al., they instead used Wittig olefination to introduce an alkyl moiety in the
next step which presented a promising alternative to the Julia-Kocienski reaction for obtaining 129.
Hereby, the formate ester was considered a crucial temporary protecting group preventing the
formation of 142 which significantly lowered the yield. Since the formate moiety is also susceptive
to Wittig reaction, at least 2 eq. of reagent were needed. Using a 2.5-fold excess of ylide over 130 gave
the resulting alkene in good yield.['¥] The ylide 126 required for Wittig reaction is be accessible via
Appel reaction by treating the alcohol 138 with CBrs and PPhs (Scheme 15).'%2] However, as the
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project was terminated due to lack of bioactivity, neither the Wittig reagent was synthesized nor the

synthetic strategy leading to 71d continued (Scheme 12).

4.7.8 Summary and Outlook

In order to assign the absolute configuration of the isolated natural product FE004 (71), total synthesis
of different isomers of 71 as reference compounds is required since it was not possible to determine
the stereochemistry of the hydroxyl groups by NMR spectroscopy. However, stereoselective
syntheses of polyhydroxylated compounds are in many cases sophisticated and tedious. A
well-established strategy is the use of chiral pool materials such as sugars and other readily available
natural products. For structure elucidation of 71, assignment of the relative configuration was
intended first. Therefore, synthetic proposals towards at least one enantiomer for each of the four
potential enantiomeric pairs were developed starting from commercially available D-ribose (91),
D-glucose (120) and D-galactose (121). In this content, introduction of the alkyl side chain was
identified as key step and envisaged to be performed by Grignard reaction. This was comprehensively
investigated by route scouting using analogous ethyl and butyl models systems. Total synthesis of
71a and 71b was chosen to begin with since all four stereoisomers were accessible starting from
D-ribose (91). Despite their in situ detection, spontaneous lactone formation resulted in glycine
elimination. This observed chemical behavior strongly suggested that these two isomers differ from
the natural product regarding configuration which was further supported by the comparison of
retention times. Therefore, FE004 (71) was assumed to match with the enantiomeric pair of either 71c
or 71d. The total synthesis towards ent-71c and 71d started from D-glucose (120) and
D-galactose (121), respectively. Introduction of the alkyl chain to the corresponding aldehydes
represented the key step and was approached either by Julia-Kocienski or Wittig olefination. The
required sulfone reagent 125 was successfully synthesized over eight steps. Apart from that however,
several difficulties along both routes occurred. Optimization of reaction conditions and protecting
group strategies as well as evaluation of alternative approaches as discussed represent potential next
steps. Completing the synthesis of ent-71c and 71d then allows determination of the relative
configuration by NMR and LC-MS analysis. Solid assignment of the absolute configuration
furthermore requires synthesis of the correlating enantiomer (71c or ent-71d) and their chromophore
derivatization prior to chiral HPLC analysis in comparison to the equally modified natural product

FE004 (71).
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4.8 Summary and Outlook

Investigation of rare phyla regarding the production of novel antibiotics was one key aspect of the
PPP between Fraunhofer IME and Sanofi resp. Evotec. Therefore, the underexplored chemical space
and biosynthetic potential of the phylum Bacteroidetes was evaluated based on metabolites causing
the initially observed activity against E. coli MHC produced by Olivibacter sp. FHG000416. Seven
metabolites were successfully isolated including aminolipid FE003 (70) and the hydroxylated
derivative FE004 (71), lysophospholipid FE005 (72) and the known analog FE006 (73a) as well as
N-acyl amino acids FE008 (74), FE009 (75) and FE010 (76). In order to compare the bioactivity of the
identified aminolipids to the structurally related lipid 430 (87) described in literatue, 87 was
additionally isolated from another in-house Bacteroidetes strain, namely Chitinophaga eiseniae
DSM 22224. Thereby, tripeptidic derivative FE002 (90) was furthermore identified extending the class
of isolated aminolipids. Except for 73a and 87, all compounds have been reported as natural products
for the first time. The absolute configuration of monohydroxylated aminolipid 70, 87 and 90 as well
as N-acyl amino acid 74-76 was determined by Marfey’s Analysis or postulated in accordance with
literature. In order to elucidate polyhydroxylated aminolipid FE004 (71), enantioselective total
synthesis was performed. Thus, four potential stereoisomers were precluded. Synthetic routes
towards the remaining two enantiomeric pairs were presented in detail. Antimicrobial activities as
well as TLR2- and TLR4-stimulating effects were comprehensively evaluated for all nine isolated
compounds. However, considering the presented MIC values as well as immune-modulating
properties, further efforts regarding drug discovery/hit expansion will not be followed up by the
industrial partner. Yet, the project represents a starting point for further investigation of compounds
influencing the host site during an infection. Overall, proof of concept was provided for the strategic
approach that rare phyla will deliver new compounds and starting points for innovative treatment of

infectious diseases.
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5. Antimycobacterial activity of Streptomyces sp. HAG010336

5.1 Introduction

Tuberculosis (TB) represents the world’s leading cause of death from an infectious agent with
1.4 million fatalities in 2019. According to the World Health Organization (WHO) about one-quarter
of the world’s population is estimated to be infected by Mycobacterium tuberculosis and 10 million

new cases occur every year.!!]

The recommended treatment for drug-susceptible TB was established over 40 years ago. Standard TB
chemotherapy involves a combination of the first-line agents rifampicin (RIF) and isoniazid (INH) for
six months, completed with pyrazinamide (PZA) and etambutol (EMB) during the first two

months.[194

However, antimicrobial resistance is a major contributor to the global TB epidemic.['®>] Worldwide,
estimated 465 000 new cases of rifampicin-resistant TB (RR-TB) emerged in 2019, 78% of which were
multidrug-resistant TB (MDR-TB). MDR-TB is defined as resistant to at least the two most powerful
first-line anti-TB drugs RIF and INH. Therefore, treatment of MDR-TB is much more complex with a
significant lower success rate of only 57% (compared to 85% for drug-susceptible TB).l'3] It requires
treatment with at least five different drugs furthermore including second-line antibiotics such as
aminoglycosides, fluoroquinolones and cycloserine over up to two years. Besides compliance issues,
second-line drugs also tend to be more expensive and toxic.'®l Additional resistance to
fluoroquinolones (such as levofloxacin and moxifloxacin) and the second-line injectables (such as
amikacin, kanamycin and capreomycin) is called extensively drug-resistant TB (XDR-TB).!!"”]
Estimated 8.5% of all MDR-TB cases in 2017 were XDR-TB. With currently available drugs the

treatment success is only 39% for XDR-TB patients.!!*]

These numbers clearly demonstrate the urgent need for new, more effective, affordable, nontoxic
anti-TB drugs with new mechanisms of action significantly shortening the duration of treatment to
overcome drug-resistant TB and lower its incidence rate. The urgency becomes even clearer looking
at the timeline of anti-TB drug approvals (Fig. 46). Bedaquiline (BDQ), a bactericidal diarylquinoline
approved in 2012, was the first new anti-TB drug after 14 years since the approval of rifapentine (RPT)
in 1998.[19911200] T addition to that, BDQ targeting the mycobacterial ATP synthase was the first
approved drug with a new MoA in nearly 50 years since the discovery of RIF in 1963.[1% Other
recently approved anti-TB compounds for the treatment of MDR-TB are delamanid and pretomanid

belonging to the class of nitroimidazoles inhibiting the mycolic acid synthesis.[20!]
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Isoniazid® Bedaquiline'

Streptomycin? Pyrazinamide® Etarmbutolc Delamanid®

Hmir:;is:t:icyc"c Cycloserint Rifampicin® Rifapentine® Pretomanit
1940 1950 1960 1970 1980 1990 2000 2010

Fig. 46: Approved anti-TB drugs since 1940 sorted by the decade of introduction. Molecular target:
a30S ribosome, Pfolic acid metabolism, cell wall synthesis, dplasma membrane/energy metabolism, ‘RNA
synthesis, ATP synthase.

Besides various regimens, repurposed drugs and those who have already received regulatory
approval, 13 new compounds are currently in clinical development (status August 2020). Five belong
to the known classes of oxazolidinones (TBI-223 (phase I), delpazolid and sutezolid (phase II)),
diarylquinolones (TBAJ-876 (phase I)) and riminophenazines like clofazimine (TBI-166 (phase I)).[!3]
Derivatization is a well-known strategy in antibiotic development to optimize drugs regarding
pharmacodynamic and pharmacokinetic properties.[?2] However, as analogues normally share the

same MoA their advantages regarding current resistances are limited.

The other eight compounds (10 and 143-149) are NCEs. Compounds 143-146 target the cell wall
synthesis by inhibiting DprE1, a novel molecular target (Fig. 47).1)] In combination with increased
activity against Mtb and lower toxicity, these candidates could make potential members of new
generation anti-TB regimens perhaps shortening the treatment time. However, considering the latent
phases of the pathogen, cell wall synthesis inhibitors will most unlikely shorten the treatment period

significantly in a monotherapy.

S W e

D, o R Y

BTZ-043 (143) Macozinone (144) TBA-7371 (145) OPC-167832 (146)

Fig. 47: DprE1 inhibitors as anti-TB drugs in clinical development.

EMB-related SQ109 (147), another mycobacterial cell wall synthesis affecting compound currently in
phase II, disrupts cell wall assembly by targeting MmpL3 (Fig. 48).12%%] Further new phase II
compounds are imidazopyridine amide telacebec (148) and oxaborole GSK-3036656 (149) depleting
ATP synthesis by cytochrome bc1 complex inhibition[?4] and inhibiting protein synthesis by targeting
leucyl-tRNA synthetase, respectively.[?’] Similar to fluoroquinolones but with no cross-resistance

observed, the benzimidazole SPR720 (10), phosphate prodrug of SPR719 (9), is a gyrase inhibitor.
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Therefore this phasel candidate could be a convenient replacement in second-line regimens

especially considering safety concerns.2%]

UYL O
H N
NAs

N
SQ109 (147) Telacebec (148)
Cl NH,
o)
B/
\
1) OH
IOH
GSK-3036656 (149) SPR719 (9): R =H, active drug

SPR720 (10): R = PO(OH),, prodrug

Fig. 48: Further NCEs as anti-TB drugs in clinical development.

The percentage of candidates in clinical development belonging to new antibiotic classes addressing
novel targets within the pathways of cell wall synthesis, DNA synthesis, protein synthesis and energy
metabolism might raise hope especially for the treatment of drug-resistant TB in the near future. Any
improvement regarding shorter treatment, less complex regimens and better tolerability would be
advantageous. However, clinical trials have to show if candidates meet the requirement of being
sufficiently active in combination and will get approval for the market before facing the even more
important question of how long those might be effective towards current resistances. But the ‘magic
bullet’ that will ensure reducing the absolute number of TB deaths by 95% (compared to 2015) until
2035 as defined target of the WHO’s End TB Strategy(!**! is most unlikely to be found in clinical

development at the present moment.

To end the global TB epidemic, it is of urgent importance to keep finding new anti-TB active
compounds. For this reason, TB was added as potential indication for antimicrobial active natural
products discovered within the collaboration between Fraunhofer and Sanofi resp. Evotec. However,
challenges arise from screening against M. tuberculosis due to its slow-growing character and the
requirement of biosafety level 3 laboratories. Instead, M. smegmatis (ATCC 607) was included in the

2071 The industrial partner

primary screening panel since its suitability as surrogate has been reported.|
provided access to activity assays against the clinical relevant M. tuberculosis H37Rv strain which

represents a major benefit of the PPP.
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5.2 Antibacterial Activity against M. smegmatis

Within the standard screening process of the Sanofi-Fraunhofer strain collection, the crude extract
originating from Streptomyces sp. HAG010336 exhibited antibacterial activity against M. smegmatis
(ATCC 607). Based on MS/MS-guided fractionation and screening of the extract, the activity was
assigned to a compound of m/z323.1032 ([M+H]*, C1sHi5N204*, Appm 1.86). Henceforth, this
compound will be referred to as SF009 (150). Additionally, the in-house MS/MS database comprising
Sanofi legacy database compounds was used as dereplication tool revealing that the compound gave
a very similar fragment spectrum as SAR1xxx (151). An additional mass of 42.0100 Da which
corresponds to a C;H;0 group suggested a putatively acylated derivative. When screening 151 for
antibacterial activity against M. smegmatis however, it was found inactive. Furthermore, another
active compound was dereplicated as the macrotetralide nonactin (152), a known polyketide

antibiotic first isolated in 1955 (Fig. 49).[2081120%]
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Fig. 49: Crude extract of HAG010336. A: BPC (grey), EICs (black) of I: m/z 323.1026+0.005, C1sH14N204 [M+H]*
and II: m/z 549.4784£0.005, C42HesO12 [M+H]*; B: Relative growth inhibition [%] of fractions 1-159 against
M. smegmatis ATCC 607; F-60 and F-128: > 90%; C: Chemical structures of SAR1xxx (151) and nonactin (152).

To verify if the antimycobacterial potential of HAG010336 also includes the target pathogen
M. tuberculosis, the crude extract was furthermore screened against the H37Rv strain and found active.
For identification and characterization of the putatively new antimycobacterial active metabolite

SF009 (150) from Streptomyces sp. HAG010336, an isolation campaign was performed.
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5.3 Media Variation

In the standard process, HAG010336 had been cultivated in liquid medium 5265 at 28 °C for 7 days.
The first up-scaled fermentation was performed using similar conditions. However, based on LC-MS
analysis the relative quantity of SF009 (150) produced by the Streptomyces sp. was rather limited
(Fig. 49A). Therefore, a media variation was performed in parallel. Sixteen different conditions were
investigated for their increasing effect on biosynthetic production: various media (5265, 5254, 5065,
5294, 5315, 5367, AMY, SM17, SM25, VPM19), different cultivation temperatures (25 °C and 37 °C), the
effect of enhanced oxygen feed using baffled flasks and supplementation of the aromatic amino acids
(1 mM tyrosine, 5 mM tryptophan, 5 mM phenylalanine). Samples taken at five different time points
(d3, d5, d7, d10, d14) were compared to a medium control. Only one parameter was changed at a time
to be able to directly link increased production to a certain condition. The standard process conditions
served as reference. Overall six conditions revealed at least one time point with a higher production
of 150 in comparison to the original conditions which showed the highest quantity on day 5. The
highest production was found for the cultivation of HAG010336 in SM25 medium on day 10 with a
5.6-fold increased yield (Fig. 50). Based on these results, the second 40 L fermentation was performed
in the optimized medium SM25.
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Fig. 50: Results of the media variation. Relative quantity of SF009 (150) produced under 16 different conditions
at five time points; red line marks highest amount of 150 produced under standard process conditions (d5,
reference); highest amount of 150 produced is labelled with time point and relative quantity (area under curve
(AUC) of EIC C13H14N204 [M+H, M+Na, M H,O+H, 2M+H, 2M+Na, 3M+H]").

87



5. Antimycobacterial activity of Streptomyces sp. HAG010336

5.4 Isolation

For the isolation of SF009 (150) individual purification strategies were developed depending on the
fermentation medium. Due to very limited amounts present, LC-HRMS analysis was performed at

each step to detect fractions containing the compound of interest and to determine purity.
5.4.1 Medium 5265

The first round of isolation was performed starting from 39 L liquid culture of HAG010336 in
medium 5265. Due to limited fermentation capacity, both batches (21 L and 18 L) were processed

successively and only combined for the final purification step (Scheme 16).

21L culture 18 L culture
(5265) (5265)
‘ Lyophilisation Lyophilisation ‘
MeOH extraction MeOH extraction
(51.59) 47.09)

SPE SPE
XAD-16N, MeOH/H,O XAD-16N, MeOH/H,O
41.19) (39.99)

LLE (EtOAc/H,0) LLE (EtOAc/H,0)
(2.749) (2.549)
Preparative HPLC, Preparative HPLC,
ACN/H;0 +0.1% FA ACN/H;0 +0.1% FA
(8.32mg) (2.33mg)
Semi-preparative HPLC, UPLC Semi-preparative HPLC,
MeOH/H,0 +0.1% FA MeOH/H,0 +0.1% FA
(0.250mg) MeOH/H,0 +0.1% FA (0.215mg)
SF009
(0.235mg)

Scheme 16: Isolation scheme of SF009 (150) from liquid culture of HAG010336 in medium 5265.

Following fermentation, the liquid culture was lyophilized and extracted with MeOH. SPE was
subsequently performed with the crude extract using Amberlite® XAD-16N as solid phase and
stepwise increasing percentage of methanol for elution. After evaporating MeOH, the aqueous
fractions containing 150 were extracted with ethyl acetate to eliminate highly polar impurities.
Further purification was achieved by preparative HPLC using a C18 column (Synergi™ Fusion-RP
80 A, 250 x 21.2 mm) and a gradient of 5-95% ACN in water followed by semi-preparative HPLC with
the same gradient using a NUCLEODUR® C18 Gravity-SB column (250 x 4.6 mm). Final purification of
the combined fractions from both batches was achieved by MS-guided UPLC fractionation (AcQuIiTy
UPLC® BEH C18 column, 100 x 2.1 mm) yielding 0.235 mg of pure compound. The amount of
SF009 (150) isolated over six steps was not sufficient to elucidate its structure by NMR analysis.

Therefore, another fermentation was performed based on the outcome of the media variation.
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5.4.2 Medium SM25

From cultivation of HAG010336 in medium SM25, different challenges regarding separation and

purification arose. Therefore, the isolation protocol had to be adapted (Scheme 17).

20 L culture
(SM25)

EtOAc extraction
(16.7 @)

Preparative HPLC,
ACN/H;0 +0.1% FA
(29.8 mg)

Semi-preparative HPLC,
ACN/H,0 +0.1% FA

:

i

20 L culture
(SM25)

EtOAc extraction

(14.59)

Preparative HPLC,
ACN/H,0 + 0.1% FA

(67.3 mg)

Semi-preparative HPLC,

’7 ACNH,0 + 0.1% FA

|

SF009 (1.79 mg) (2.79 mg) SF009
(1.25mg) UPLC, ACN/H,O +0.1% FA UPLC, ACN/H,O +0.1% FA (1.14 mg)
A . I A .
H NMR analysis: ! SF009 H uF + screening: ! H Screening: !
ll Structure elucidation 1 (0.100 mg) : Dereplication of impurities 1 : MIC determination 1
1 1

Scheme 17: Isolation scheme of SF009 (150) from liquid culture of HAG010336 in medium SM25.

The two batches of 20 L liquid culture each were directly extracted with ethyl acetate. The obtained

crude extract was fractionated by preparative RP-HPLC as described for the isolation from

medium 5265. For both batches, subsequent purification by semi-preparative HPLC (NucLEoDUR® C18

Gravity-SB column, 250 x 4.6 mm) using an adjusted gradient elution of 35-70% ACN in water gave

1.25 mg of SF009 (150) as red-purple solid. Impure fractions were united separately and purified by

UPLC fractionation. The LC-MS chromatograms illustrate the overall progress (Fig. 51).
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Fig. 51: Isolation of SF009 (150) from liquid culture of HAG010336 in medium SM25. BPC (grey) and EIC (black)
of 150 (m/z 323.1026+0.005, C1sH1sN204 [M+H]*) at different purification steps; A: EtOAc crude extract, B:
combined fractions after preparative HPLC, C: combined pure fractions after semi-preparative HPLC.

Both 20 L fermentation yielded sufficient amounts of SF009 (150) for structure elucidation by NMR

analysis and investigation of the antimicrobial activity.
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5.5 Structure Elucidation

Based on the molecular formula C1sH14N2O4 (m/z 323.1027, [M+H]*, Appm 0.31) suggested by positive
HRESIMS analysis, NMR data identified the isolated SF009 as flazin methyl ester (150) (Table 24).[21°]

Flazin methyl ester (150)

Table 24: 'H and '3C NMR data of flazin methyl ester (150) in comparison to SF009 (isol-150) isolated from
Streptomyces sp. HAG010336 (DMSO-dg).

Flazin methyl ester SF009

(literature)[211] (isolated from HAG010336)

1 (Jin Hz) 5c u (Fin Hz) Sc

position (400 MHz) (100 MHz) (500 MHz) (126 MHz)

1 11.63, s - 11.65, s -
2 - 141.5 - 141.3
3 7.82,d (8.2) 112.9 7.83,d (8.2) 112.9
4 7.66, dd (8.0, 7.9) 129.0 7.65, dd (8.2, 6.8) 128.9
5 7.35,dd (8.2, 8.0) 120.7 7.35,dd (7.9, 6.8) 120.6
6 8.44,d (7.9) 122.1 8.43,d (7.9) 122.0
7 - 121.1 - 120.9
8 - 129.7 - 129.5
9 8.87, s 116.4 8.86, s 116.3
10 - 133.0 - 132.92
11 - 136.7 - 136.52
12 - 132.1 - 132.0
13 - 151.2 - 151.0
14 7.29, d (3.4) 111.0 7.29,d (3.2) 110.9
15 6.63, d (3.4) 109.4 6.62, d (3.2) 109.2
16 - 157.4 - 157.3
17 4.68,d (6.1) 56.1 4.68, s 55.9

17-OH 5.50, t (6.1) - n.a. -
18 - 165.9 - 165.8

19 3.94, s 52.2 3.94, s 52.1

aMight be interchanged (signal at 136.5 ppm did not show any HMBC correlation; signal at 132.9 ppm only
showed very weak correlation to H-9); n.a.: Not assigned (due to extreme line broadening). Assignment of
signals reported in literature based on own analysis.

Flazin methyl ester (150) was first described 1986 semi-synthetically prepared from flazin (153),

which was isolated from Japanese soy sauce.l?'%] Later, methyl ester 150 itself was isolated from
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Streptomyces sp. K01-0031.212] In this context, a weak activity against brine shrimp Artemia salina
with a MIC value of 20 pg/mL was observed. In contrast, for flazin (153) quinone reductase induction
has been reported with a potential use in cancer chemoprevention.[?3] Furthermore, based on a weak
anti-HIV activity found for 153 isolated from fruiting bodies of Suillus granulatus, a comprehensive
SAR study was performed identifying flazin amide (154) as most potent analogue with reduced
cytotoxicity.l?1[215] However, to the best of knowledge no antimicrobial activity has been reported

for flazin (153) or any of its derivatives so far.

5.6 Tandem Mass Spectrometric Investigations

Based on its MS/MS fragmentation pattern, SF009 (150) was tentatively regarded as derivative of
SAR1xxx (151). A difference in the monoisotopic mass of 42.0100 Da corresponding to C;H:O
suggested an additional acetyl group. Having identified SF009 as flazin methyl ester (150), a closer
look was taken at the MS/MS fragmentation of both compounds in order to explain the high similarity
of observed fragments (Fig. 52).
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Fig. 52: Collision-induced MS/MS spectra of A: SAR1xxx (151) and B: SF009 / flazin methyl ester (150). Neutral
losses are annotated.

In general, the occurring fragmentation was rather unspecific. Common losses of CO, H,O and HCN
were observed. In both cases, the single, most intensive fragment was found at m/z263.0817
(C16H10N202%). While this occurred after the elimination of H20 from the [M+H]* parent ion of 151,
for 150 the loss of Co:H,O at the methyl ester group preceded. Resonance-stabilization explained the
high intensity of these fragments. From that, the same two fragmentation routes A and B were

observed for both compounds. Neutral losses of CO, H2O and HCN including various rearrangements
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led to the polycyclic, aromatic cations m/z 190.0651 (C14HsN*) and m/z 180.0809 (C13H10N") (Fig. 53,

Fig. 54).
route A
parent ion [M+H]* H.O  N=® ®
m/z 281.0921 p— ‘ N o -
- irele) N X, - HCN “ N /
m/z 217.0760 m/z 190.0651
route B H,
-CO N® \ =
oo /7 - HCN 7
-CO m N_ H®
m/z 207.0917 m/z 180.0808

m/z 263.0815

Fig. 53: Postulated fragmentation pathway of SAR1xxx (151) starting from [M+H]* parent ion.

Observed was furthermore the competitive loss of radical HCO and non-radical CO from the
m/z 235.0865 (CisHiiN:0") fragment of 150 leading either to the radical cation m/z 206.0838
(C1sH11N20°*) or to the even-electron cationic fragment m/z 207.0912 (C14H11N2") (Fig. 54).
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Fig. 54: Postulated fragmentation pathway of flazin methyl ester (150) starting from [M+H]* parent ion.

On one hand, analysis of the MS/MS fragmentation pathway confirmed identification of SF009 as
flazin methyl ester (150) by NMR structure elucidation. On the other hand, the identical
fragmentation pattern of SAR1xxx (151) and 150 were explained and therefore justified the original

92



5. Antimycobacterial activity of Streptomyces sp. HAG010336

hypothesis regarding the structure of SF009 as derivative of 151 based on the annotation from the

internal MS/MS database.

5.7 Total Synthesis of SF009 and Derivatives

For validation of the findings for the isolated SF009 (isol-150) and to get access to a larger amount of
pure compound for bioactivity profiling, flazin methyl ester (synth-150) was synthesized according
to Liu et al.?'¥]l Considering its potential antimycobacterial activity, a minor SAR study was intended.
Therefore, flazin (153) and the amide derivative 154 were synthesized due to simple accessibility.
Since small molecules that are most likely able to penetrate the outer membrane of Gram-negative

bacteria contain an aminel(?'¢], the derivatives 155 and 156 were additionally synthesized (Scheme 18).

COOH COOMe COOMe
MeOH |
NH; R?,oe HSOC ) NH; 3%“2’4?’ NH
N T%> A\ O_—’ A\
H H /i Q OH H @\/OH
157 158 7 160
159

DMF, NEt3, TCCA,
-10°Cto0°C,2h

DMF, Oxyma, EDC, COOMe
NaHCO;,NH,CI, MeOH, NaOHq, =\
RT, 1.5h reflux, 1 h N\ /
36% 90% N .
OH OH P
150 (R = OH)
(43% over two steps) | DCM, SOCl,,
RT, 2h
COOH COOMe 161 (R=Cl) T/
— MeOH, NaOH,q — THF/H,0 10:1, PPhg, DMF, NaN3,
N ' ’ N RT, 3 h 60°C, 1h
N\ / reflux, 1 h \ 162(R =Ny
50%
N (o] N 1)
Ho U A NH, Ho ) NH,
156 155 (20% over three steps)

Scheme 18: Total synthesis of flazin methyl ester (150), flazin (153), flazin amide (154), flazin methyl ester
amine (155) and flazin amine (156).

Starting from L-tryptophan (157), the methyl ester 158 was synthesized using thionyl chloride in dry
methanol. Without further purification, a Pictet-Spengler reaction was performed with
5-hydroxymethyl-2-furaldehyde (159) in the second step to give the diastereomeric mixture of
160.277] NMR analysis revealed a diastereomeric ratio of about 63:37. Without separation of the
diastereomeres, the mixture was oxidated using trichloroisocyanuric acid (TCCA) to yield flazin

methyl ester (synth-150).
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Flazin (153) was synthesized by saponification of the methyl ester synth-150 using aqueous NaOH
in methanol. From the carboxylic acid 153, flazin amide (154) was obtained using EDC as coupling

reagent and Oxyma as additive in the presence of ammonium chloride under mild basic conditions.?8]

In a second route starting from flazin methyl ester (synth-150), the corresponding amine 155 was
synthesized in three steps. After chlorination of the primary alcohol using thionyl chloride, the
resulting halogenide species 161 was converted into the azide 162 using sodium azide. A Staudinger
reaction with triphenylphosphine yielded flazin methyl ester amine (155).[2!°] However, even under
different aqueous acidic conditions tested, a complete hydrolysis of the intermediate formed
iminophosphorane into the desired amine 155 was not achieved causing significant decrease of the
reaction yield. In an additional step, flazin amine (156) was synthesized from 155 wvia basic

saponification as described previously.

All compounds were obtained in sufficient amounts for follow-up investigations and were therefore
tested regarding their antimicrobial activity for comparison with the natural product isol-150 isolated

from Streptomyces sp. HAG010336.

5.8 Bioactivity Profiling

5.8.1 Antimicrobial Activity

The antimicrobial activity of isolated SF009 (isol-150) and synthesized flazin methyl ester
(synth-150) as well as the four derivatives 153-156 was evaluated in a microbroth dilution assay.
The screening panel consisted of four Gram-negative and three Gram-positive bacteria as well as one

pathogenic fungal strain (Table 25).

Flazin methyl ester isolated from HAG010336 (SF009, isol-150) showed promising antibacterial
activity against the tested Gram-positive pathogens. The originally observed growth inhibition of the
crude extract towards M. smegmatis was replicated. No activity against Gram-negative bacteria
(except M. catarrhalis) and the opportunistic pathogenic yeast C. albicans was found, indicating a
certain specifity regarding its antimicrobial activity pattern. These findings however were not
supported in comparison to the synthesized flazin methyl ester (synth-150) which only showed

distinctly lower growth inhibition towards M. catarrhalis and S. aureus.

While the synthesized flazin amide (154) exhibited good antibacterial activity against M. catarrhalis,
the derivatives flazin (153) and flazin amine (156) showed insignificant or no effect on this test strain.
Furthermore, no activity towards any other screened pathogen was observed for these three
compounds (153, 154, 156). In contrast, flazin methyl ester amine (155) inhibited the growth of all

bacteria screened appearing to be the most potent derivative. Apparently, conversion of the primary
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alcohol group to an amine led to a strong increase of bioactivity. The same could not be observed for
flazin amine (156) in comparison to flazin (153). More consistent however was the finding that the
methyl esters synth-150 and 155 are more effective than their analogous carboxylic acids 153 and
156. Furthermore, in the series of methylene alcohol being attached to the furan moiety, the amide
154 appears to be even more active against M. catarrhalis at least. No antibacterial or antifungal
activity has been previously published for the known compounds 150, 153 and 154. The compounds
155 and 156 have not yet been described in literature.

Table 25: MICs [pg/mL] of flazin methyl ester (isol-150 and synth-150), flazin (153), flazin amide (154), flazin
methyl ester amine (155) and flazin amine (156).

isol-150 synth-150 153 154 155 156
Escherichia coli ATCC 35218 (MH-II) > 128 > 128 > 128 > 128 64 > 128
Escherichia coli ATCC 35218 (MHC) > 128 > 128 > 128 > 128 64 > 128
Klebsiella pneumoniae DSM 30107 > 128 > 128 > 128 > 128 32-64 > 128
Moraxella catarrhalis ATCC 25238 0.063-0.5 4 64-128 0.125-0.25 0.25-0.5 > 128
Pseudomonas aeruginosa ATCC 27853 > 128 > 128 > 128 > 128 64-128 > 128
Mycobacterium smegmatis ATCC 607 1-2 > 128 > 128 > 128 8 > 128
Bacillus subtilis DSM 10 0.063-0.5 > 128 > 128 > 128 8-16 > 128
Staphylococcus aureus ATCC 25923 0.063-1 64-128 > 128 > 128 64 > 128
Candida albicans FH 2173 > 128 > 128 > 128 > 128 n.d. > 128

n.d.: Not determined.

With a MIC value of 8 pg/mL towards M. smegmatis, flazin methyl ester amine (155) was also tested
against M. tuberculosis H37Rv. The microplate Alamar Blue assay revealed growth inhibition towards

the human pathogen with an ICg value of 22.1 pM (Table S29).

5.8.2 Dereplication of Antimycobacterial Active Secondary Metabolites

Due to the significant discrepancy between the antibacterial activity of the isolated (isol-150) and
synthesized flazin methyl ester (synth-150), another look was taken at isolated samples of SF009 as
it was assumed that traces of impurities were causing the observed activity. The presence of additional
compounds could also explain the difference in color visible in both samples. In general, detection by
MS and DAD strongly depends on structural features allowing ionization and UV absorption.
Therefore, impurities can only be relatively quantified. Even though considered fairly pure based on
MS analysis, the sample used for structure elucidation revealed a significant amount of impurities in

NMR analysis underlining the theory.
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For confirmation of this hypothesis and determination which metabolites produced by HAG010336
were in fact causing the observed activity, a pre-purified isolation sample of SF009 (isol-150) was
fractionated quantitatively via UPLC. MeOH instead of ACN was used as organic solvent. Changing
the mobile phase is a known approach to affect separation and had shown before to be beneficial in
terms of resolving co-eluting compounds. Guided by HRMS and bioactivity, three samples A-C were
generated separating SF009 (isol-150) from other metabolites as far as possible. These samples then
were fractionated via UPLC using standard conditions and screened against M. smegmatis as starting
point for dereplication. Based on HRMS/MS data, compounds were identified that could potentially

explain the observed activity exceeding mycobacteria.

The activity in sample A was assigned to a compound of m/z 511.0873 ([M+H]*, Cz5H19O12",
Appm 0.39) (Fig. S138). The molecular formula search gave two hits in the Dictionary of Natural
Products, namely griseorhodin B (structure unknown) and griseorhodin G (163).[220[221]
Griseorhodins belong to the rubromycin group, a large family of extensively modified aromatic
polyketides produced by Actinomyces.??2(223]  Structurally, they are characterized by a
naphthoquinone and isocumarin ring linked via spiroketal core (Fig. 55).[224] Antimicrobial(2?°1(22¢] and
cytotoxicl?21227] properties as well as inhibition of reverse transcriptases (HIV-1, M-MLV, human

telomerase)[?®] are described for the group of griseorhodins.

o)
Griseorhodin G (163)

Fig. 55: Chemical structure of griseorhodin G (163).

In sample B, the activity was assumed to be caused by a metabolite of m/z415.1385 ([M+H]",
C22H3305*, Appm 0.48) partially co-eluting with SF009 (isol-150), which was shown to be inactive
against M. smegmatis by screening of synth-150. The molecular formula search yielded 82 hits in the
Dictionary of Natural Products indicating a high chance of being a known NP. In this case, the four
hits in Antibase were a more straightforward starting point for dereplication. Only two of the four
compounds were knowingly produced by Streptomyces, namely dihydrofeudomycinone B (164) and
daidzein G3 (165) (Fig. 56). Moreover, in MS fragmentation one major peak (m/z 271.0603, C15sH1105")
was observed corresponding to a neutral loss of 144.0828 Da which corresponds to a C;H1203 moiety
(Fig. S139). The same fragment spectrum was recognized for RA037xxx (166) ((M+H]*, m/z 403.1024,
C20H1909%) as hit in the Sanofi legacy MS/MS database which has been published as frangulin B.[?*’]

The main fragment corresponded to the anthraquinone framework after loss of the glycosyl group.
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o OH CHa HaC-<

O OH O OH
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H3C
Dihydrofeudomycinone B (164) Daidzein G3 (165) RA037xxx (166),
Frangulin B

Fig. 56: Chemical structures of dihydrofeudomycinone B (164), daidzein G3 (165) and RA037xxx (166).

These findings strongly suggested that the antimicrobial active compound most likely belongs to the
group of either anthraquinones or isoflavones. Antibacterial activity is described for both

classes.[2301(231]

In the fractionation of sample C, the compounds of m/z 429.0970 ([M+H]*, C25sH1707*, Appm 0.23) and
m/z 408.1557 ([M+H]*, C22H22N305*, Appm 0.74) were co-eluting in the fraction showing growth
inhibition towards M. smegmatis. Using again the Dictionary of Natural Products and Antibase, there
were no hits for the molecular formula C25H1607 but two identical hits for C22H2:1N30s: the cytotoxic
7,9-dihydroxy-3-(1H-indol-3-ylmethyl)-8-methoxy-2,3,11,11a-tetrahydro-6 H-pyrazino[1,2-b]iso-qui-
noline-1,4-dione (167) isolated from terrestrial Aspergillus oryzael?*’) and preoxazinin-7 (168) isolated

from toxic mussels Mytilus galloprovincialist?*®! (Fig. 57).

it SN

167 Preoxazinin-7 (168)

Fig. 57: Chemical structures of 167 and preoxazinin-7 (168).

Even though both compounds might explain the bioactivity, their structures do not match the MS/MS
fragmentation including the observed loss of a valine residue (Fig. S140). Furthermore, their
occurrence in bacteria has not yet been reported making it even more unlikely to be actually produced

by HAG010336.

In conclusion, a variety of conceivable secondary metabolites were dereplicated that could have
caused the antimicrobial activity initially observed for the flazin methyl ester (150) containing
fraction as well as for the isolated sample of SF009 (isol-150) provided to MIC screening explaining
the discrepancy in comparison to synth-150. However, the identified compounds either lacked
chemical novelty or knowingly exhibited cytotoxic properties and therefore determined one end point
of the project without another isolation round being initiated. Overall, this example also demonstrated
the great importance, scope and limitations of dereplication as a challenging tool in the natural

product drug discovery pipeline.
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5.8.3 Cytotoxicity

Of all synthesized compounds, flazin methyl ester amine (155) was the most potent derivative
regarding antibacterial growth inhibition. Due to its broad but unspecific activity, 155 was
furthermore screened for potential cytotoxic properties. ICso values of 13.4 pM and 13.1 pM were
determined for the human acute monocytic leukemia cell line THP-1 and the human hepatoma cell

line HepG2, respectively (Fig. S141, Fig. S142).

Taking the MIC value against Mtb into account, the synthesized amine derivative 155 of SF009
(isol-150) did not show required selectivity regarding its bioactivity. Therefore, further and more

detailed investigation of 155 was stopped at this point.

5.9 Summary

The antimycobacterial activity of Streptomyces sp. HAG010336 has been investigated. Successfully
optimized cultivation conditions led to an increased production of sufficient amount of
SF009 (isol-150) allowing its isolation and structure elucidation. NMR analysis disproved the initial
hypothesis of an unknown SAR1xxx (151) derivative and identified SF009 as flazin methyl ester (150).
However, comparative analysis of postulated MS/MS fragmentation pathways for both compounds
explained the original theory. For comparison with the natural product, total synthesis of flazin
methyl ester (synth-150) was performed unable to confirm the postulated activity against
M. smegmatis. Instead, a variety of other potential metabolites were identified by dereplication that
could explain the originally observed antimycobacterial activity of HAG010336. Additionally, four
derivatives of 150 were synthesized allowing investigation of structure-activity relationships
regarding their bioactivity. Flazin methyl ester amine (155) was identified as the most potent
derivative. However, considering the observed cytotoxicity, the compound’s pharmaceutical potential
is strongly limited and will not be further evaluated by follow up investigations. Yet, it has been

demonstrated that Streptomyces remain a valuable source for novel TB compounds.

98



6. Summary and Conclusion

6. Summary and Conclusion

The scientific studies within the Public Private Partnership between Fraunhofer and Sanofi resp.
Evotec clearly illustrate the main purpose of this collaboration: the discovery of novel Gram-negative
and antimycobacterial active secondary metabolites from microorganisms based on a variety of
innovative approaches in terms of producer strains and screening methods. The present study was
the first to justify the implemented strategies by demonstrating proof of the following concepts:
i) New potential arises from innovative screening conditions even when applied to widely explored
Actinobacteria. However, the ability to deliver novel chemistry is left to be proven. ii) Investigating
the biosynthetic potential and chemical space of rare and underexplored phyla such as Bacteroidetes
provided first evidence towards the discovery of new or even novel compounds. This approach
represents by far the most promising to follow up in future projects with potential applications clearly
exceeding the use as antibacterial agents. iii) Considering antimycobacterial activity or fungal
producer strains, standard high-throughout screening of the diverse Sanofi-Fraunhofer strain
collections still allows the identification of new active metabolites. Moreover, the undeniable and
continuing relevance of isolation and structure elucidation as key aspects of NP-based drug discovery
towards hit identification has also been demonstrated. These efforts resulted in elucidation of 32
natural products within four different projects, out of which 18 compounds have been reported for
the first time. Coordinating extensive bioactivity profiling including evaluation of resulting data as
well as performing total synthesis of overall 15 NPs or related analogs including SAR studies represent

further significant aspects of early-stage discovery pipeline also covered in the present work.

In the first project (chapter 2), investigation of metabolites produced by Aspergillus terreus ST000934
displaying Gram-negative activity against E. coli led to the new fungal compound SF005-B (25)
combining a rare oxocane moiety with hemi- and acetal motifs in a unique trioxatricyclic ring system

(Fig. 58).

R20 (0] o
o} OR! ~
OR! OH
1 2 O 1 -
R'O o) OR 0
OR! OH

SF005-B (25): R'=H, R2=H 42
(29): R' = Me, R? = Me
(30): R'=Me, R?=H

Fig. 58: Chemical structures of new fungal metabolites either isolated from Aspergillus terreus ST000934 or
obtained by chemical derivatization.
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Occurring issues towards structure elucidation were overcome by methylation of the NP and
employing extensive NMR as well as ESI-QTOF-MS/MS analysis. As a result, the new related
derivatives 29 and 30 were also identified. Additionally, a total of eight fungal metabolites were
furthermore isolated with compound 42 being described for the first time. The antibacterial activity
of all isolated fungal compounds revealed broad growth inhibition towards Gram-positive and

Gram-negative bacteria including MIC values of up to 8-16 pg/mL against M. catarrhalis.

In a second project (chapter 3), the advanced combination of innovative screening, HRMS-based
dereplication and Molecular Networking led to isolation of 13 madurastatins from Actinomadura sp.
ST100801 which exhibited Gram-negative activity against E.coli MHC. Besides the known
madurastatin B1 ((R)-50) and C1 (48a), the new enantiomers of only recently reported
imidazolidinone-containing madurastatin D1 (53) and D2 (54) as well as nine unpublished
madurastatins (B4 (55), C2 (61), D3 (62) and D4 (63), E1 (56) and E2 (58), F1 (57), G1 (59) and G2 (60))
were elucidated including absolute stereochemistry based on chiral derivatization. Considering the
600 Da molecular weight cutoff in regards to Gram-negative activity, small madurastatin B1 (50) as
well as the three derivatives 64-66 were furthermore accessed by enantioselective total synthesis
(Fig. 59). These eight synthesized compounds completed the set of 20 madurastatin analogs
investigated in a SAR study revealing correlations between structural features, iron chelating
properties and antibacterial activity with MIC values of up to 4 pg/mL against Gram-negative
M. catarrhalis. Agricultural crop protection targeting e.g., Septoria tritici and Xylella fastidiosa

presents further potential applications worth exploring for this NP compound class.

@ﬂOH C@ﬂ - C%MOH @ﬂOH

(S)-50 Madurastatin B3: ( (S)-66
Madurastatin B1: (R)-50 (R) 64 (R) 65 (R)-66

OH \N/Rz:f}_“
St

Madurastatin D1 (ent-53a): R' = H, R?=Me
Madurastatin D2 (ent-54a): R' = Me, R? = Me
Madurastatin D3 (62): R'=H, R?=H
Madurastatin D4 (63): R'=H, R2?=(CH,),COOH

Fig. 59: Chemical structures of small madurastatin analogs 50 and 64-66 accessed by enantioselective total
synthesis as well as isolated compounds exemplified by derivatives (ent-53a, ent-54a and 62) of the
madurastatin D series.

The innovative approach of investigating less-studied phyla such as Bacteroidetes was evaluated
based on the initially observed Gram-negative activity of Olivibacter sp. FHG000416 against
E. coli MHC in another project (chapter 4). Seven metabolites belonging to the compound classes of

aminolipids (70 and 71), lysophospholipids (72 and 73a) and N-acyl amino acids (74-76) were
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isolated, six of which were reported for the first time (Fig. 60). Structure elucidation included
determination of the absolute configuration addressed by chiral derivatization and complex
enantioselective total synthesis of FE004 (71). Besides rather weak antimicrobial activities, structural
features strongly pointed towards a potential application in the field of immunotherapy. Therefore,
TLR2/TLR4-stimulating properties were investigated in comparison to the structurally related and as
active reported lipid 430 (87) additionally isolated from another in-house Bacteroidetes strain, namely
Chitinophaga eiseniae DSM 22224, also producing the tripeptidic derivative FE002 (90). Althought

requiring further optimization, the potential of this strategic approach has been clearly demonstrated.

OH O
2
/j\/\/\/\/\/\/\)kN/ﬁ(R o]
koW R J~
RO R 0 HN -
FE003 (70): R1 =H, R?=OH OH
FE004 (71): R" = OH, R = OH

0
L, o FE008 (74): R = OH, n = 1
Lipid 430 (87). FE002 (90): FE009 (75): R = OH,n =3
R1=H,R2=?€N\L)kOH R'=H R2= % \)k FEO10 (76 R=H, n=3

“OH

Fig. 60: Chemical structures of 70, 71 and 74-76 isolated from Olivibacter sp. FHG000416 as well as 87 and 90
isolated from Chitinophaga eiseniae DSM 22224.

In the final project (chapter 5), the antimycobacterial activity of metabolite SF009 (isol-150) produced
by Streptomyces sp. HAG010336 was investigated. Designing a large media variation led to
successfully optimized cultivation conditions which allowed identification of 150 as known flazin
methyl ester. Its actual lack of activity against M. smegmatis was confirmed by comparison to the
synthesized compound but effectively introduced by further synthesis of closely related derivatives
154-156 (Fig. 61). Flazin methyl ester amine (155) as most potent analog showed a MIC value of
8 ug/mL against M. smegmatis and an ICsy value of 22.1 uM against M. tuberculosis. However,
cytotoxicity assays against THP-1 (ICso = 13.4 uM) and HepG2 (ICso = 13.1 uM) cell lines suggested

the need of further optimization in order to achieve desired selectivity.

COOMe

[ N
L-Tryptophan (157) —— N\
N o
H /[ ) OH

Flazin methyl ester (150),

SF009
COONH, COOH COOMe COOH
B N - N
\ / —~— B — /)
N o] o]
H / . OH / P NH,
Flazin amide (154) Flazin (153) Flazin methyl ester amine (155) Flazin amine (156)

Fig. 61: Chemical structures of flazin methyl ester 150 and derivatives 153-156 accessed by total synthesis.
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Overall, various aspects of this work emphasize the following more general conclusion regarding the
presence and future of natural product-based antibiotic drug discovery: i) Microorganisms still
present a diverse and fertile source of new antimicrobial active compounds. However, in order to
avoid re-discovery of known metabolites, dereplication utilizing state-of-the-art analytical
technology and internal as well as commercial NP databases remains essential. Moreover, isolation
and structure elucidation also benefit from highly sophisticated techniques as they remain crucial but
challenging elements of the AE2H phase in NP drug discovery. ii) In order to overcome existing
antimicrobial resistances, novel compounds featuring a new mode of action or even addressing new
molecular targets are urgently needed. In this regard, exploiting underexplored, rare phyla, using
innovative cultivation techniques and augmenting traditional methods by genomic and metabolomics

234] The classes of malacidin

approaches are highly promising advances as also shown by other groups.!
and humimycin antibiotics as well as pre-clinical candidate teixobactin exemplify proof of
concept.[?3] jii) Semi-synthetic modifications and total synthesis have always been and will continue
to be of major importance, especially when it comes to structure elucidation and optimization of hit
structures towards lead compounds. iv) Recent advancements fuel mankind’s battle against
antimicrobial resistance. In order to provide promising candidates to the clinical development pipeline
which might at some stage fill the therapeutic gap and will ultimately contribute to tackling the
current resistance crisis however, focused research efforts and joint forces between academia and

industry are essential; most certainly we then will be able to hold frontline on the battlefield of

evolution.
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7.1 General Materials and Experimental Procedures

7.1.1 Solvents and Chemicals

For isolation procedures, technical or analytical grade solvents commercially obtained from Arra
Agsar and VWR were used. HPLC systems ran on HPLC grade solvents and deionized water purified
by a ultrapure water system (arium® pro, SARTORIUS) while LC-MS was performed with MS grade

solvents. In both cases they were purchased from VWR and FISHER SCIENTIFIC.

For synthesis, all starting materials, reagents and solvents were purchased from ABCR, Acros
OrcGANIcs, FISHER SCIENTIFIC, MERCK, SIGMA ALDRICH and VWR. They were used without further

purification.

7.1.2 Synthesis

All reactions were stirred magnetically. Reaction temperatures refer to externally monitored
temperatures. Temperatures were adjusted by using heating plates with metal heat-on blocks or
ice/water and dry ice/acetone cooling baths. As stated, reactions sensitive to air and/or moisture were
carried out under inert gas atmosphere (argon, Schlenk technique). Prior to use, the glassware was
dried by storing in a drying oven (Heratherm™, THERMO FISHER SCIENTIFIC) at 80 °C and using a heat
gun (630 °C) under high vacuum (E2M28 vacuum pump, EDWARDs) three times (for approx. 5 min
each time, flushed with argon in between). All reactions were monitored by TLC or LC-MS analysis

(see below). Unless noted otherwise, yields refer to isolated yields.

7.1.3 Chromatography

Thin layer chromatography (TLC). Analytical TLC was performed on silica gel 60 glass plates
(10 x 20 cm) coated with flourescent indicator F254 (MERCK) to monitor reactions, analyze column
chromatography fractions and determine R¢ values. Used solvent systems are reported. Detection was
done by exposure to UV light (A = 254 nm; A. KRUSS OpTrRONIC) and/or immersing the plates into
staining solutions (KMnOjy solution: 4.5 g KMnOy, 30 g K2COs, 4 mL 10% NaOH (w/v), 450 mL H2O;
Cer solution: 10 g Ce(SO4)2, 25 g HsM012040P, 10 mL conc. H2SO4, 940 mL H-0) followed by heating

with a heat gun.
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SPE column chromatography. Large scale SPE was performed using a MCI system consisting of
two piston pumps (MCP-CPF Process with pump head, Ismatec®, CoLE-PARMER) for sample
application (420 rpm, approx. 9 L/h) and elution (80 rpm, approx. 4 L/h), a gradient mixing valve
operated by a LKB-LCC 2252 controller (PHARMACIA) and a Labocol FS-3000 fraction collector module
(LaBomATIC INSTRUMENTS). The columns (6 x 50 cm / 10 x 35 cm; B1oCAT) were packed with the
adsorber resin Amberlite® XAD-16N (SIcMA ALDRICH). Prior to use, the solvents (deionized H2O and

technical grade MeOH) were degased in an ultrasonic bath (10 min).

Silica gel flash chromatography. Isolated extracts or synthetic products were purified by NP flash
chromatography using different sized glass columns packed with silica gel 60 M (particle size: 0.063—
0.200 mm; MACHEREY-NAGEL) or employing an automated flash column system (SP4™, BIOTAGE)
equipped with ISOLUTE® Flash SI II (B1oTAGE) or puriFlash® PF-15SIHC (INTERCHIM) columns of
different sizes. In both cases, samples were dissolved in a minimal amount of appropriate solvents
(e.g., DCM) and applied onto the pre-conditioned column. Unsoluble samples were dried onto silica
gel (using e.g., MeOH) and either directly placed inside the column and sealed with a frit or attached

after placing and sealing in a separate cartridge. Eluent compositions are reported.

Reversed-phase High Performance Liquid Chromatography (RP-HPLC). Preparative
RP-HPLC was performed on a system consisting of two PrepStar SD-1 pumps (VARIAN), an
AGILENT 1100 diode array detector (DAD), a manual injection valve with a 5500 pL sample loop and
a fraction collector (215 Liquid Handler, GiLsoN) equipped with a Phenomenex® Synergi™ 4u Fusion-
RP 80A (250 x 21.2 mm) column. The system was run by Chromeleon™ software (THERMO FISHER

SCIENTIFIC).

Semi-preparative and analytical HPLC was performed on either AGILENT 1100 systems (G1312A
binary pump, G1379A degasser, G1313A autosampler, G1315A DAD) with external column
department (at room temperature) and fraction collector (215 Liquid Handler, GiLsoN) computer-
controlled by Chromeleon software (THERMO FISHER SCIENTIFIC) or AGILENT 1200 systems (G1312A
binary pump, G1379B degasser, G1330B autosampler, G1316B thermostatted column compartment
(TCC, at 40 °C), G1315C DAD, G1364C fraction collector) computer-controlled by ChemStation

software (AGILENT).

Used solvents, methods (sample concentration, injection volume, flow rate, gradient) and columns are

reported in EXPERIMENTAL PROCEDURES (see 7.2).

Reversed-phase Ultra High Performance Liquid Chromatography (RP-UPLC). UPLC was
performed on an AGILENT 1290 Infinity system (G4220A binary or G4024A quaternary pump, G4226A
autosampler, G1316C TCC, G4212A DAD, G4261B evaporating light scattering detection (ELSD)) or
an AGILENT 1290 Infinity II system (G7104A flexible pump, G7167B multisampler, G7116B
multicolumn thermostat (MCT), G7117B DAD, G7102A ELSD) computer-controlled by HyStar
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software (BRUKER). Both UPLC systems were equipped with an ACQUITY UPLC® BEH C18 1.7 um
(100 x 2.1 mm) column (WATERs) plus ACQUITY UPLC® BEH C18 1.7 pm VanGuard™ (5 x 2.1 mm)
pre-column (WATERs) and an external fraction collector (ZINSSER ANALYTIC) run by Zinnser Method
Runner software. UPLC systems were combined with high resolution mass spectrometers (micrOTOF
or maXis II, BRUKER; see below). Unless noted otherwise, the following parameters were used as
standard method on the UPLC system combined with maXis II: mobile phase A: H,O (0.1% FA), mobile
phase B: ACN (0.1% FA), gravimetrically prepared; flow rate: 0.6 mL/min; gradient: 5.00% B (0.00—
0.30 min), 5.00-95.25% B (0.30-18.00 min), 95.25-100.00% B (18.00-18.10 min), 100.00% B (18.10—
22.50 min), 100.00-5.00% B (22.50-22.60 min), 5.00% B (22.60-25.00 min); column oven temperature:
45 °C; injection volume: up to 5 pL; UV detection range: 205-640 nm.

7.1.4 Mass Spectrometry (HR-ESI-QTOF-MS)

Ultra high resolution (UHR) electrospray ionization (ESI) quadrupole time-of-flight (QTOF) mass
spectrometry was performed using a maXis II (BRUKER). For MS analysis, the following parameters
were applied: positive polarity, 50-2000 m/z mass range, 1.00 Hz spectra rate, EST at 4500 V (capillary;
end plate offset: 500 V), 1.6 bar N2 nebulizer gas and 7.5 L/min N heated dry gas (T = 250 °C). During
MS/MS experiments, spectra were recorded at a rate of 6.00 Hz using collision induced fragmentation

(6.0 eV collision energy).

High resolution (HR) electrospray ionization (ESI) time-of-flight (TOF) mass spectra were recorded
on a micrOTOF (BRUKER). The following MS method was used: positive polarity, 50-2500 m/z mass
range, 1.00 Hz spectra rate, ESI at 4500 V (capillary; end plate offset: 500 V), 1.3 bar N2 nebulizer gas
and 7.5 L/min N heated dry gas (T = 250 °C).

10 mM sodium formate (SiGMA ALDRICH) solution in 1:1 isopropanol/H,O was used for calibration
(flow rate: 0.18 mL/min) and as internal calibration standard during analysis (flow rate: 0.05 mL/min)
in positive mode (maXis II: 25% (v/v) in 1:1 isopropanol/H20; micrOTOF: 100% (v/v)). NMR spectra

analysis was performed using DataAnalysis (BRUKER).

7.1.5 NMR Spectroscopy

NMR spectra were recorded either on a BRUKER AVANCE II WB spectrometer (400 MHz), an
AVANCE IIT HD spectrometer (400 MHz) and an AVANCE III HD spectrometer (600 MHz) at
T =298 K (JLU Giefen, Germany) or a BRUKER AVANCE III HD (500 MHz) equipped with a 10 mm
MNP cryoprobe (at T =303 K) resp. 5 mm TCI cryoprobe (at T= 300 K) (Sanofi, Germany; Evotec,
France). Chemical shifts () are given in parts per million (ppm) and referenced to the undeuterated

solvent signals (6 'H / 1*C [ppm]: CDCl3 7.26 / 77.2, MeOD-d, 3.31 / 49.0, DMSO-ds 2.50 / 39.5). In case
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a solvent mixture was used, the ratio is stated with the reference solvent underlined. Spectral data is
provided from downfield to upfield in the following order: chemical shift in ppm (multiplicity,
coupling constant Jin Hz, signal integration, assignment in molecule). The following abbreviations
for multiplicity and combination thereof are used: (s) singlet, (d) doublet, (t) triplet, (q) quartet, (quin)
quintet, (sept) septet, (non) nonet, (br) broad signal. NMR spectra analysis was performed using

TopSpin (BRUKER).

7.1.6 Optical Rotation

Optical rotation values were measured on a P3000 polarimeter (A. KRUSS OpTRONIC) using light of
the standard wavelength A = 589 nm (sodium D line, D). The specific rotation values [a]g are given

in units of *-pL-mg!-dm!. Furthermore, the temperature T, the concentration c in g-100 mL™ and the

used solvent are reported.

7.1.7 Advanced Marfey’s Analysis

Advanced Marfey’s Analysis was performed adopted from BHUSHAN et al[''"] For the reference amino
acids (L-/D-serine, L-/D-ornithine monohydrochloride, No-methyl-L-ornithine monohydrochloride;
SicMA ALDRICH), a 5 mM stock solution in H,O was prepared. To 50 pL stock solution, 20 pL
1 M NaHCO3 and 50 pL 7 mM L-FDVA (SiMA ALDRICH) in acetone was added. The solution was
stirred at 40 °C for 3 h and then quenched by adding 20 pL. 1 M HCL. After evaporation to dryness, the
residue was dissolved in 40 uL. DMSO and analyzed by UPLC-HRMS (maXis II). Of all peptidic samples
to be analyzed, 0.1 umol was dissolved in 200 pL. 6 M DCI in DO and stirred at 160 °C for 7 h. After
concentrating the solution under reduced pressure, the residue was dissolved in 200 pL H20O. 100 pL
1 M NaHCOj; and 200 pL 7 mM L-FDVA in acetone was added. After stirring for 3 h at 40 °C, the
solution was quenched by adding 100 pL. 1 M HCI. After evaporation to dryness, the residue was
dissolved in 50 pL. DMSO and analyzed by UPLC-HRMS (maXis II).

7.1.8 Microbiological Materials and Procedures
All microbiological procedures were performed under sterile conditions.

Growth media. All growth media components used were purchased from the companies CARL RoTH,
SicmA ALpricH and Oxomp. The growth media were prepared with purified water, the pH was
adjusted as specified using 1 M HCl and 1 M NaOH and subsequently sterilized in an autoclave for
20 min at 121 °C.

106



7. Experimental

5065: 15 g/L soluble starch, 10 g/L glucose, 10 g/L soy flour, 3 g/L NaCl, 1 g/L yeast extract, 1 g/L
K2HPOy; pH 7.4

5189: 20 g/L malt extract, 10 g/L glucose, 2 g/L yeast extract, 0.5 g/L (NH4).HPO4; pH 6.00
5254: 15 g/L glucose, 15 g/L soy flour, 5 g/L corn steep, 5 g/L NaCl, 2 g/L CaCOs; pH 7.00
5265: 10 g/L malt extract, 4 g/L yeast extract, 4 g/L glucose; pH 7.00

5294: 10 g/L soluble starch, 10 g/L glucose, 10 g/L glycerol, 5 g/L peptone, 3 g/L CaCOs3, 2.5 g/L liquid
corn steep, 2 g/L yeast extract, 1 g/L NaCl; pH 7.20

5315: 20 g/L oatmeal, 2.5 mL/L trace element solution 5314 (3 g/L CaCl; - 2 H20, 1 g/L Fe(Ill) citrate,
0.2 g/L MnSOy4, 0.2 g/L NazB4O7, 0.1 g/L ZnCly, 0.02 g/L CuSOs - 5 H20, 0.01 g/L Na2MoO,); pH 7.20

5367: 24 g/L potato dextrose broth
AMY: 20 g/L glucose, 20 g/L galactose, 10 g/L soytone, 2 g/L (NH4)2SO4, 2 g/L CaCOs; pH 7.40

R2A: 0.5 g/L yeast extract, 0.5 g/L proteose peptone, 0.5 g/L casamino acids, 0.5 g/L glucose, 0.5 g/L
soluble starch, 0.5 g/L sodium pyruvate, 0.3 g/L K;HPOy, 0.05 g/L MgSO4 - 7 H20; pH 6.5

SM17: 40 g/L glycerol, 5 g/L soy flour, 5 g/L peptone, 5 g/L yeast extract, 5 g/L NaCl, 2 g/L glucose,
2 g/L soluble starch, 2 g/L. CaCO3

SM25: 40 g/L glycerol, 21 g/L malt extract, 10 g/L peptone

VPM10: 30 g/L mannose, 5 g/L yeast extract, 1.5 g/L asparagine, 0.5 g/L MgSOs - 7 H20, 0.1 g/L NaCl,
0.1g/L CaCl; - 2 H,0; pH 7.00

7.1.9 Antimicrobial Activity Screening

The growth inhibitory activity of crude extracts, UPLC-fractionated extracts or pre-purified samples
as well as isolated and synthesized compounds was determined in-house by microbroth dilution
assays in different setups. The pathogenic test strains included Escherichia coli ATCC 35218 and
ATCC 25922 (ATolC), Acinetobacter baumannii ATCC 19606, Klebsiella pneumoniae ATCC 13883,
Moraxella catarrhalis ATCC 25238, Pseudomonas aeruginosa ATCC 27853, Mycobacterium smegmatis
ATCC 607, Bacillus subtilis DSM 10, Staphylococcus aureus ATCC 25923 (MSSA), Candida albicans
FH 2173, Micrococcus luteus DSM 20030 and Listeria monocytogenes DSM 20600.

For most bacteria, cultures were grown in cation-adjusted Mueller-Hinton II broth (BecTon
DickiNsoN) overnight at 37 °C. Pre-cultures of C. albicans were incubated for 48 h at 28 °C.
M. smegmatis pre-cultures were also grown for 48 h but in Brain Heat Infusion broth (Becton

DickiNsoN) supplemented with 1% Tween 80 (SiGMA ALDRICH) and at 37 °C (Table 26).
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Following incubation, the density of all pre-cultures was adjusted to McFarland 1 and further diluted
using Mueller-Hinton II broth. Supplementation of 3.7 g/L sodium bicarbonate resulted in Mueller-
Hinton bicarobonate (MHC) screening medium partially used for E. coli ATCC 35218. The final cell

density was adjusted depending on assay type and test strain (see below).

Table 26: Cultivation conditions for individual test strains.

Test strain Liquid medium Incubation Temperature
General procedure Mueller-Hinton II overnight 37°C 180 rpm
C. albicans Mueller-Hinton II 48 h 28°C 180 rpm

. Brain Heart Infusion 3
M. smegmatis (+ 1% Tween 80) 48 h 37 °C 180 rpm

After incubation (37 °C, 180 rpm, 85% rH) for 18 h or 48 h (C. albicans and M. smegmatis), cell viability
was evaluated by turbidity measurement at 590 nm (LUMIstar® Optima, BMG LABTECH) or
BacTiter-Glo™ assay (PROMEGA) according to manufacturer instructions and luminescence read-out
(LUMIstar® Optima, BMG LaBTECH). The latter case was primarily used for C. albicans and

M. smegmatis.

For validation of the assay, gentamycin served as control antibiotic except for C. albicans (nystatin)
and M. smegmatis (isoniazid). Untreated cell suspension served as negative control (high count) while
pure medium was used as positive control (low count). Both were taking into account to calculate the

percent growth inhibition from absorption (AU) or luminescence units (LU):

AUsample - AUlow
AUhigh - AUlow

Growth inhibition [%] = 100 - 1 —

Varying parameters of the different assay setups are described in the following,.

Extract screening. Primary screening of the 100-fold concentrated methanolic crude extract was
carried out by placing 0.5 pL, 0.25 pL and 0.125 pL (in duplicate) aliquots in a 384 well microtiter assay
plate. The final cell suspension density was diluted to 2 x 10 cells/mL except for C. albicans and

M. smegmatis (1 x 10° cells/mL). 50 pL of seeding cell suspension was added to each well.

UPLC fractionation screening. For the purpose of bioassay-guided dereplication, active crude
extracts (or other samples) were fractionated using the maXis II'™ UPLC-MS/MS system at standard
conditions (see 7.1.3 and 7.1.4). Over a period of 22 min, 159 fractions (~ 8 sec, approx. 90 uL) were
collected in a 384-well plate using the attached fraction collector. In most cases, extracts were
screened at two different concentrations (injection volumes: 2 L and 5 pL./ 5 pL and 10 pL (2x 5 pL)).
An equal volume of the extract was pipetted into F-160 (H-05 / P-05) as positive control. After
evaporation of the solvent, the screening was conducted similar to the above-mentioned extract

screening using 20 pL of seeding cell suspension per well.
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MIC determination. For determination of the minimum inhibitory concentration (MIC), isolated
and synthesized test compounds were provided as stock solutions of 6.4 mg/mL, 12.8 mg/mL or
25.6 mg/mL in DMSO. In 96-well assay plates equipped with 100 pL cell suspension (5 x 10° cells/mL
and 1 x 10° cells/mL (C. albicans and M. smegmatis), respectively), dilution series were prepared using
2 pL stock solution. The assays were validated using a DMSO negative control as well as three
different antibiotic positive controls (64—0.03 pg/mL). This included rifamycin and tetracycline or
tebuconazole and amphotericin B (C. albicans) besides the ones previously mentioned. The assays

were performed in either duplicates or triplicates (n = 2, 3).

7.1.10 Other Equipment

During isolation and synthesis, large volumes of solvent were removed under reduced pressure using
BticH1 rotary evaporators at 40 °C waterbath temperature equipped with recirculating coolers

(Unichiller, HuBer) and employing diaphragm pumps (MD 4C, VACUUBRAND).

An evaporator system (HT-12, GENEVAC) with condenser (VC3000D) and dry scroll pump (nXDSéi,

EDWARDS) was used to remove smaller volumes of solvent from plates, vials and tubes.

Frozen cultures and samples were lyophilized using a Beta 2-8 LSCplus or a Delta 2-24 LSCplus

(CHr1sT) were employed.
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7.2 Experimental Procedures

7.2.1 Gram-negative active metabolites from Aspergillus terreus ST000934

7.2.1.1 Cultivation and Extraction

The strain Aspergillus terreus ST000934 was stored grown on a piece of agar (approx. 0.5 x 0.5 cm) in
1.5 mL 50% glycerine at -196 °C. After defrosting, the content of the cryogenic vial was transferred
into a 100 mL Erlenmeyer flask containing 30 mL medium 5189 and incubated on a rotary shaker at
180 rpm and 25 °C for 7 days. The pre-culture was turraxed and homogenized before using 5 mL
(1% inoculum) for inoculation of each of the ten 2 L Erlenmeyer flasks with 500 mL medium 5189.
After 7 days of incubation on a rotary shaker at 180 rpm and 25 °C the cultivation was stopped by
freezing the flasks at —50 °C and subsequent lyophilization.

The freeze-dried main culture was extracted twice using 80vol% MeOH. Combined MeOH extracts

were evaporated to dryness under reduced pressure to give 13.9 g crude extract.

7.2.1.2 Isolation and Purification

Compound 25, 35-37, 39, 41 and 42: The crude extract was dissolved in 300 mL H,O and 1 M NaOH
(20 mL) was added to adjust to pH 9. The aqueous phase was then extracted with ethyl acetate
(3 x 300 mL) and combined organic phases were dried under reduced pressure to yield 2.97 g extract.
The same extraction after acidifying the aqueous phase (pH 2-3) using 2 M HCI (18 mL) resulted in
3.65 g extract.

The ethyl acetate extract obtained under alkaline conditions was dissolved in MeOH (c » 120 mg/mL)
and fractionated by preparative RP-HPLC (Synergi™ Fusion-RP 80 A, 4 ym, 250 x 21.2 mm) using
linear gradient elution of 5-55% ACN/H20 + 0.1% FA (15 mL/min) over 19 min. Various fractions were
separately combined to give the following four samples that were further purified: F-07-F-23
(sample 1, 98.1 mg), F-61-F-64 (sample 2, 34.0 mg), F-76+F-77 (sample 3, 28.3 mg) and F-80-F-84
(sample 4, 44.1 mg).

Final purification was achieved via semi-preparative HPLC using a C18 column (NUCLEODUR®
Gravity-SB, 3 pm, 250 x 4.6 mm) as stationary phase. Samples were dissolved in MeOH at approx.

50 mg/mL (injection volume: 50 pL). The following gradients were used:

« MEtTHOD A: 5-30% ACN/H20 + 0.1% FA over 14 min, 2 mL/min
« MEeTHOD B: 35-65% ACN/H20 + 0.1% FA over 15 min, 2 mL/min
« MeTtHOD C: 35-60% ACN/H20 + 0.1% FA over 15 min, 2 mL/min

If necessary, an additional step of UPLC fractionation (Acqurry UPLC® BEH C18, 1.7 ym,
100 x 2.1 mm) was performed with samples dissolved in MeOH or DMSO at approx. 25 mg/mL

(injection volume: 5 pL) using one of the following elution methods:
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« MEeTtHOD D: 5-95.25% ACN/H20 + 0.1% FA over 17.45 min, 0.6 mL/min
« MEeTHOD E: 40-95% ACN/H:0 + 0.1% FA over 17.3 min, 0.6 mL/min
« MetHOD F: 43-70% ACN/H>0 + 0.1% FA over 17 min, 0.6 mL/min

While sample 1 was fractionated using METHOD A and METHOD D to yield 25 (0.895 mg), sample 2
was fractionated using Method B to afford 39 (2.46 mg) and 37 (8.34 mg). 41 (10.8 mg) was obtained
from sample 3 using Method C and sample 4 was further processed using METHOD B to yield 35

(8.85 mg) followed by METHOD E and METHOD F to yield 36 (1.94 mg) and 42 (1.76 mg), respectively.

Compound 38 and 40: Another 2 L culture of ST000934 was fermented identically as described
above. The fungal fruit bodies were separated from the rest of the liquid culture by filtration. Both
portions were then separately lyophilized and extracted with MeOH as previously described. Dried
crude extracts of 1.63 g and 5.21 g were obtained from cells and culture filtrate, respectively. Only

latter was further processed.

One aliquot of the methanolic extract (approx. 700 mg) was fractionated by silica column
chromatography twice using step elution with 10:1, 5:1, 2:1, 1:1, 1:2, 1:5, 1:10 DCM/MeOH
+0.1% AcOH. After the second round, the combined fractions were dried (25.8 mg) and dissolved in
210 pL. MeOH. Precipitation occured. The supernatant was removed, the precipitate washed with

ice-cold MeOH and dried under reduced pressure. Compound 40 (2.57 mg) was obtained.

A second aliquot of approx. 1.40 g crude extract was dissolved in MeOH and fractionated via
preparative RP-HPLC (Synergi™ Fusion-RP 80 A, 4 um, 250 x 21.2 mm) using linear gradient elution
of 5-95% ACN/H;0 + 0.1% FA (15 mL/min) over 25 min. Combined fractions were subsequently
purified by silica column chromatography as described before. Final purification was achieved using

MEeTHOD D to yield 38 (0.905 mg).

SF005-B (25): yellow solid; LC-UV (ACN/H20) Amax 208, 273 nm; 'H and *C-NMR data: n.d.”; ESI-MS
(positive ions): m/z359.0761 [M-HO+H]*, m/z377.0867 [M+H]*, m/z2399.0791 [M+Na]*; HRMS
(ESI-TOF, +): m/z calcd. for C1sH1709 [M+H]* 377.0867, found 377.0864.

Butyrolactone I (35): colorless solid; LC-UV (ACN/H20) Amax 229, 306 nm; 'H-NMR (400 MHz, CDCls):
5=17.62 (d, J=8.8 Hz, 2H), 6.91 (d, J = 8.9 Hz, 2H), 6.60 (dd, J = 8.2, 2.1 Hz, 1H), 6.54 (d, J = 8.2 Hz,
1H), 6.52 (d, 7 = 2.0 Hz, 1H), 5.1 (t, J = 7.2 Hz, 1H), 3.78 (s, 3H), 3.55 (d, = 14.5 Hz, 1H), 3.49 (d,
J=14.5 Hz, 1H), 3.15 (d, J= 7.2 Hz, 2H), 1.71 (s, 3H), 1.67 (s, 3H); *C-NMR (101 MHz, CDCls): & = 169.8,
169.1, 156.5, 153.3, 137.2, 134.6, 131.9, 129.6, 129.3, 127.7, 126.4, 124.7, 122.3, 121.5, 116.0, 115.2, 86.0,
53.6, 38.6, 29.3, 25.7, 17.8; ESI-MS (positive ions): m/z 425.1593 [M+H]*, m/z447.1413 [M+Na]*,
m/z 849.3111 [2M+H]*, m/z 871.2928 [2M+Na]*; HRMS (ESI-TOF, +): m/z calcd. for C24H2507 [M+H]*
425.1595, found 425.1593.

7 Not determined due to inhomogeneity of the NMR sample (as described above).
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Butyrolactone VII (36): colorless solid; [(7(]%3'9 +37.8 (c0.11, MeOH); LC-UV (ACN/H20) Amax 223,
308 nm; 'H-NMR (400 MHz, DMSO-ds): & = 10.49 (s, 1H), 9.92 (s, 1H), 9.13 (s, 1H), 7.51 (d, = 9.1 Hz,
2H), 6.87 (d, J= 8.8 Hz, 2H), 6.53 (d, J = 8.2 Hz, 1H), 6.47 (dd, 7= 8.2, 2.1 Hz, 1H), 6.38 (d, 7= 1.8 Hz,
1H), 5.01 (tt, 7= 7.3, 1.3 Hz, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.38 (d, 7= 15.4 Hz, 2H), 2.99 (d, br, J= 7.2 Hz,
2H), 1.62 (s, 3H), 1.53 (s, 3H), 1.14 (t, 7= 7.1 Hz, 3H); 3C-NMR (101 MHz, DMSO-d,): & = 169.2, 167.9,
157.8, 153.7,138.0, 131.1, 130.0, 128.8, 128.4, 127.5, 126.4, 123.2,122.3, 121.0, 115.6, 114.1, 84.8, 62.3, 38.1,
27.5, 25.5, 17.5, 13.8; ESI-MS (positive ions): m/z439.1751 [M+H]*, m/z461.1571 [M+Na]*,
m/z 877.3430 [2M+H]*, m/z 899.3250 [2M+Na]*; HRMS (ESI-TOF, +): m/z calcd. for CzsHz;07 [M+H]*
439.1751, found 439.1751.

Butyrolactone IT (37): colorless solid; [0(]33'8 +73.2 (¢ 0.12, MeOH); LC-UV (ACN/H20) Amax 223,

309 nm; 'H-NMR (400 MHz, DMSO-dq): § = 10.58 (s, 1H), 9.95 (s, 1H), 9.23 (s, 1H), 7.52 (d, = 8.8 Hz,
2H), 6.88 (d, J= 8.8 Hz, 2H), 6.59 (d, J = 8.6 Hz, 2H), 6.50 (d, 7= 8.6 Hz, 2H), 3.74 (s, 3H), 3.40 (dd,
= 18.8, 14.7 Hz, 2H); 3C-NMR (101 MHz, DMSO-d;): 6 = 169.7, 167.9, 157.9, 156.3, 138.1, 131.1, 128.8,
127.4, 123.1, 121.0, 115.8, 114.6, 84.7, 53.6, 38.0; ESI-MS (positive ions): m/z 357.0970 [M+H]",
m/z 379.0790 [M+Na]*, m/z713.1871 [2M+H]*, m/z 735.1685 [2M+Na]*; HRMS (ESI-TOF, +): m/z
caled. for C1sH;1707 [M+H]* 357.0969, found 357.0970.

Flavipin (38): yellow solid; LC-UV (ACN/H30) Amax 227, 263, 334 nm; 'H-NMR (400 MHz, DMSO-ds):
§=10.36 (s, 1H), 10.25 (s, 1H), 2.30 (s, 3H); 3C-NMR (101 MHz, DMSO-dp): & = 194.6, 193.3, 150.3, 150.2,
136.1, 128.1, 122.2, 113.0, 10.5; ESI-MS (positive ions): m/z197.0445 [M+H]*, m/z179.0339
[M-H,O+H]*; HRMS (ESI-TOF, +): m/z caled. for CoHoOs [M+H]* 197.0445, found 197.0445.

Epicoccolide B (39): yellow solid; LC-UV (ACN/H20) Amax 243, 308, 364 nm; 'H-NMR (400 MHz,
DMSO-ds): 8 = 10.49 (s, 1H), 9.47 (s, 1H), 7.47 (s, 1H), 2.57 (s, 3H), 2.01 (s, 3H); 3C-NMR (101 MHz,
DMSO-ds): 6 = 194.8,190.2, 151.7, 151.6, 150.2, 142.4, 141.0, 136.7, 132.7, 127.5, 124.9, 122.9, 118.8, 117.1,
112.6, 109.0, 12.7, 11.1; ESI-MS (positive ions): m/z 359.0763 [M+H]*, m/z381.0583 [M+Nal*,
m/z 341.6580 [M-H,O+H]*; HRMS (ESI-TOF, +): m/z caled. for C1sH150s [M+H]* 359.0761, found
359.0763.

Dibefurin (40): colorless solid; LC-UV (ACN/H20) Amax 217, 273 nm; 'H-NMR (500 MHz, DMSO-ds):
§=17.20 (s, 2H), 4.63 (d, J= 15.6 Hz, 2H), 4.57 (d, J = 15.6 Hz, 2H), 4.35 (d, J= 9.4 Hz, 2H), 4.23 (d,
7= 9.4 Hz, 2H), 1.62 (s, 6H); *C-NMR (126 MHz, DMSO-ds): & = 195.9, 192.3, 158.0, 128.0, 88.7, 69.9,
65.9, 64.3, 12.3; ESI-MS (positive ions): m/z 361.0919 [M+H]*, m/z382.0740 [M+Na]*, m/z 743.1588
[2M+Na]*; HRMS (ESI-TOF, +): m/z calcd. for C1sH170s [M+H]* 361.0918, found 361.0919.

Ethyl 2,4-dihydroxy-5,6-dimethyl benzoate (41): colorless solid; LC-UV (ACN/H20) Amax 231, 262,
304 nm; 'H-NMR (600 MHz, DMSO-ds): § = 9.64 (s, 1H), 9.56 (s, 1H), 6.26 (s, 1H), 4.22 (q, J= 7.1 Hz,
2H), 2.10 (s, 3H), 1.94 (s, 3H), 1.26 (t, 7= 7.1 Hz, 3H); 3C-NMR (151 MHz, DMSO-ds): & = 169.1, 157.2,
154.4, 135.9, 113.8, 112.2, 99.9, 60.2, 17.1, 14.1, 11.0; ESI-MS (positive ions): m/z 211.0964 [M+H]*,

112



7. Experimental

m/z 183.0650 [M-C.H4+H]*, m/z 165.0544 [M-C,;Hs—H20+H]*; HRMS (ESI-TOF, +): m/z calcd. for
C11H1504 [M+H]* 211.0965, found 211.0964.

Ethyl 2,4-dihydroxy-3-methoxy-5,6-dimethyl benzoate (42): colorless solid; LC-UV (ACN/H:0)
Amax 217, 268, 306 nm; 'H and *C-NMR data: Table 5; ESI-MS (positive ions): m/z 241.1072 [M+H]",
m/z 263.0892 [M+Na]*, m/z503.1893 [2M+Na]*, m/z195.0653 [M-C.Hs—H:0+H]*; HRMS
(ESI-TOF, +): m/z calcd. for C12H1705 [M+H]* 241.1071, found 241.1072.

7.2.1.3 Methylation of SF005-B

Preparative HPLC was performed as previously reported. Combined fractions were then used for
methylation. Therefore, the pre-purified sample of 25 (0.991 g) was dissolved in anhydrous DMF
(20 mL). An excess amount of K2COs3 (2.99 g) and CHsl (5.50 mL) was added. After stirring at room
temperature for 24 h, saturated aqueous NH4Cl (15 mL) was added. The mixture was extracted with
ethyl acetate (3 x 100 mL) and the combined organic layers were washed with saturated aqueous NaCl
(40 mL), dried over MgSOs, filtered and concentrated under reduced pressure to give 1.02 g crude
product. Pre-purification was performed by silica flash column chromatography using a 25 g column
(puriFlash® 15 um, INTERCHIM) pre-conditioned with n-heptane + 1% TEA. The crude product was
dissolved in 6 mL DCM and split into two portions that were successively fractionated using gradient
elution of 0-100% ethyl acetate in n-heptane over 40 min. Fractions were dried under reduced pressure
and further purified by analytical HPLC (AGILENT 1200 system) over a C18 column (Synergi™
Fusion-RP 80 A, 4 pm, 250 x 21.2 mm) with a linear gradient of 40-80% ACN/H,0 + 5% NH4HCOs3
buffer (pH 8) over 24 min and a flow rate of 1 mL/min to yield 29a (0.405 mg) and 29b (0.555 mg).

2,4,5,9,10,11-hexamethoxy-3,8-dimethyl-2,7,12,12a-tetrahydro-7,12-epoxybenzo[6,7]oxocino[4,3,2-cd]iso-
benzofuran (29b): yellow solid; LC-UV (ACN/H20) Amax 218, 277 nm;
'TH-NMR (500 MHz, DMSO-ds): é = 6.81 (s, 1H, H-16), 6.61 (d, = 1.5 Hz,
1H, H-7), 5.77 (d, 7= 4.0 Hz, 1H, H-9), 5.32 (dd, J= 4.0, 1.5 Hz, 1H, H-8),

- 3.90 (s, 3H, 11-OCHs), 3.73 (s, 3H, 2-OCH), 3.65 (s, 3H, 3-OCH), 3.63 (s,
3H, 13-OCHs), 3.62 (s, 3H, 12-OCHs), 3.10 (s, 3H, 7-OCHz), 2.11 (s, 3H, 14-CH), 1.95 (s, 3H, 4-CHs);
13C-NMRS (126 MHz, DMSO-d): § = 151.7 (C-13), 151.4 (C-3), 146.2 (C-11), 145.1 (C-12), 143.9 (C-2),
139.8 (C-1), 131.5 (C-15), 130.7 (C-5), 125.6 (C-10), 124.4 (C-6), 120.4 (C-4), 120.1 (C-14), 107.3 (C-7),
102.8 (C-16), 85.3 (C-8), 78.8 (C-9), 60.8 (2-OCHs), 60.2 (3-OCHs), 60.2 (12-OCHs), 60.2 (13-OCHs), 59.2
(11-OCHs), 52.2 (7-OCH3), 11.2 (14-CHs3), 10.4 (4-CH3); ESI-MS (positive ions): m/z 461.1809 [M+H]*,
m/z 483.1628 [M+Na]*, m/z 429.1547 [M-CH4O+H]*; HRMS (ESI-TOF, +): m/z calcd. for C24H2009
[M+H]* 461.1806, found 461.1809.

8 The 13C chemical shifts were determined based on HSQC and HMBC spectra.
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7.2.1.4 MIC Determination
The determination of MIC values was performed in duplicates (n =2) according to GENERAL
MATERIALS AND EXPERIMENTAL PROCEDURES (see 7.1.9). All compounds were provided as stock

solutions of 25.6 mg/mL in DMSO.
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7.2.2 Oxazoline-containing Madurastatins from Actinomadura sp. ST100801

7.2.2.1 Cultivation and Extraction

For fermentation, the strain Actinomadura sp. ST100801 was re-activated from a piece of agar stored
in 1.5 mL 50% glycerine at -196 °C in a 100 mL Erlenmeyer flask with 30 mL liquid medium 5254.
After incubation for 9 days on a rotary shaker at 180 rpm and 28 °C, the pre-culture was used to
inoculate two 300 mL Erlenmeyer flasks containing 100 mL medium 5254 (5% inoculum). Incubation
took place at 180 rpm and 28 °C for 5 days. The pre-culture was then further multiplied by inoculation
and incubation of 13 x 300 mL Erlenmeyer flasks with 100 mL medium in the same manner and then
used to inoculate (5% inoculum) 40 x 2 L Erlenmeyer flasks containing 500 mL medium 5265. After
5 days at 28 °C and 180 rpm, the cultivation was stopped by cooling to -50 °C and subsequent
lyophilization. The second 20 L batch was fermented equally.

The freeze-dried culture was extracted with 80vol% MeOH. The combined methanolic extracts were

concentrated under reduced pressure to yield 196 g crude extract.

7.2.2.2 Isolation and Purification

The crude extract was dissolved in 10 L 10% MeOH to perform SPE a 3 L column (10 x 35 cm) of
Amberlite® XAD-16N (MCI system) and step gradient elution of 10%, 20%, 40%, 60%, 80% and 100%
MeOH in H;0. Based on LC-MS analysis, various fractions were combined and evaporated to dryness

to give 1.55 g, 1.22 g and 0.623 g.

In the next step, these samples were fractionated successively by SEC using a Sephadex™ LH-20
(S16mMA ALpRICH) column (3 x 80 cm) and methanol as eluent at a flow rate of approx. 0.5 mL/min.
Fractions (15 min/fraction) were collected by a SuperFrac fraction collector (PHARMACIA BIOTECH).

Compound 6 (1.18 g) was obtained.

Further separately combined Sephadex fractions were purified by semi-preparative HPLC
(AGILENT 1100 system) using a C18 column (NUCLEODUR® Gravity-SB, 3 pm, 250 x 10 mm). Samples
were dissolved in MeOH at approx. 45 mg/mL (injection volume: 20 uL). A gradient of 5-50%
ACN/H,0 + 5% NH4HCOs buffer (pH 8) over 43 min was used at a flow rate of 2 mL/min to yield
compound 50 (14.4 mg), 53 (2.15 mg), 54 (1.39 mg), 58 (0.840 mg), 59 (3.91 mg), 60 (8.49 mg),
61 (5.66 mg), 62 (5.19 mg) and 63 (2.27 mg).

An additional purification step was performed using analytical HPLC (AGILENT 1100 system) over a
bifunctional RP column (NUCLEODUR® Sphinx RP, 3 um, 250 x 4.6 mm) with a gradient of 5-25%
ACN/H:0 + 5% NH4HCO3 buffer (pH 8) over 19 min and a flow rate of 1 mL/min to yield compound
56 (3.65 mg) and 57 (2.76 mg). Alternatively, a C18 column (NUCLEODUR® Gravity-SB, 3 pm,

250 x 4.6 mm) was used under the same conditions to give compound 55 (1.31 mg).
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(+)-Madurastatin C1 (48a): light yellow oil; [o]2"” +7.0 (c 1.73, MeOH); LC-UV (ACN/H0) Amax 206,
248, 305 nm; 'H and *C-NMR: Table 11; ESI-MS (positive ions): m/z 296.6406 [M+2H]?*, m/z 592.2729
[M+H]*; HRMS (ESI-TOF, +): m/z calcd. for Ca6H3sN709 [M+H]* 592.2726, found 592.2729.

Madurastatin B1 (50): light yellow oil; [a]2"? ~19.5 (c 0.15, DMSO); LC-UV (ACN/H20) Amax 210, 255,

323 nm; 'H and *C-NMR: Table 7; ESI-MS (positive ions): m/z 208.0604 [M+H]*; HRMS (ESI-TOF, +):
m/z calcd. for C10H10NO4 [M+H]* 208.0604, found 208.0604.

20.9
D

249, 305 nm; "H-NMR (500 MHz, DMSO-dq) § = 8.50 (dd, 7= 6.2, 5.7, 1H), 7.93 (t, J= 5.3, 1H), 7.64 (dd,
F=7.9, 1.6, 1H), 7.47 (ddd, J = 8.3, 7.3, 1.6, 1H), 7.01 (br d, J = 8.3, 1H), 6.95 (ddd, J = 7.9, 7.3, 0.7, 1H),
5.02 (dd, = 10.4, 7.7, 1H), 4.65 (dd, J= 10.4, 8.5, 1H), 4.52 (dd, J = 8.5, 7.7, 1H), 4.29-4.25 (m, 1H), 4.01
(q, 7= 5.6, 1H), 3.75 (dd, J = 16.5, 6.2, 1H), 3.66 (dd, 7= 16.5, 5.7, 1H), 3.57-3.51 (m, 1H), 3.48-3.44 (m,
2H), 3.47-3.41 (m, 1H), 3.27-3.23 (m, 2H), 2.89-2.86 (m, 1H), 2.55-2.49 (m, 2H), 2.30 (s, 3H), 2.00-1.95
(m, 2H), 1.91-1.85 (m, 2H), 1.72-1.67 (m, 1H), 1.54-1.47 (m, 2H), 1.46—1.41 (m, 1H), 1.21 (d, J = 5.6, 3H);
3C-NMR (126 MHz, DMSO-ds) 6 = 171.6, 170.7, 170.1, 168.3, 165.8, 162.4, 159.0, 134.0, 128.0, 119.1,
116.6,109.9, 74.6, 69.4, 67.4, 64.8, 51.7, 51.0, 47.3, 42.1, 37.8, 34.6, 31.9, 26.6, 26.6, 21.6, 20.8, 19.6; ESI-MS
(positive ions): m/z 309.6482 [M+2H]?*, m/z 618.2884 [M+H]*; HRMS (ESI-TOF, +): m/z calcd. for
Ca2sH10N;00 [M+H]* 618.2882, found 618.2884.

Madurastatin D1 (ent-53a): light yellow oil; [«] -5.8 (¢ 0.17, DMSO); LC-UV (ACN/H20) Amax 208,

20.9
D

249, 305 nm; "H-NMR (600 MHz, DMSO-ds) § = 8.49 (t, J = 5.7, 1H), 7.91 (t, J = 5.4, 1H), 7.65 (dd, = 7.7,
1.7, 1H), 7.47 (ddd, J= 8.2, 7.4, 1.8, 1H), 7.00 (dd, J = 8.5, 0.9, 1H), 6.95 (ddd, T = 7.9, 7.3, 1.0, 1H), 5.01
(dd, 7= 104, 7.7, 1H), 4.65 (dd, J=10.4, 8.4, 1H), 4.52 (t, 7= 8.1, 1H), 3.90 (q, J = 5.8, 1H), 3.75 (dd,
7=16.5,6.1, 1H), 3.67 (dd, J = 16.5, 5.7, 1H), 3.54-3.41 (m, 4H), 3.26 (dd, T = 12.9, 6.8, 2H), 2.96 (t, J = 2.8,
1H), 2.55-2.51 (m, 2H), 2.43-2.35 (m, 1H), 2.24 (s, 3H), 2.00-1.87 (m, 3H), 1.75-1.67 (m, 2H), 1.47-1.36
(m, 2H), 1.29 (s, 3H), 1.12 (s, 3 H); 3C-NMR (151 MHz, DMSO-ds) § = 170.1, 169.9, 168.3, 165.8, 163.2,
159.0, 134.0, 128.0, 119.0, 116.6, 109.9, 77.8, 69.4, 67.4, 61.9, 51.8, 51.0, 47.5, 42.1, 34.6, 32.4, 31.9, 25.7,
25.5,25.0,21.3, 20.9, 19.8; ESI-MS (positive ions): m/z 316.6558 [M+2H]?*, m/z 632.3037 [M+H]*; HRMS
(ESI-TOF, +): m/z calcd. for C20H4N7O9 [M+H]* 632.3039, found 632.3037.

Madurastatin D2 (ent-54a):light yellow oil; [a]r, "~ =39.7 (¢ 0.15, DMSO); LC-UV (ACN/H20) Amax 209,

Madurastatin B4 (55): colorless solid; LC-UV (ACN/H20) Amax 210, 261, 307 nm; 'H and 3C-NMR:
Table 7; ESI-MS (positive ions): m/z 206.0448 [M+H]*; HRMS (ESI-TOF, +): m/z calcd. for C10HsNO4
[M+H]* 206.0448, found 206.0443.

23.6
D

306 nm; 'Hand 3C-NMR, see Table 8; ESI-MS (positive ions): m/z 265.0818 [M+H]*; HRMS
(ESI-TOF, +): m/z calcd. for C12H13N2Os [M+H]* 265.0819, found 265.0818.

Madurastatin E1 (56): light yellow oil; [a] -20.7 (¢ 0.19, MeOH); LC-UV (ACN/H20) Amax 207, 250,
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Madurastatin F1 (57): light yellow oil; []2*® ~82.1 (¢ 0.12, MeOH); LC-UV (ACN/H;0) Amax 206, 250,
306 nm; 'Hand *C-NMR: Table 9; ESI-MS (positive ions): m/z336.1190 [M+H]*, m/z 671.2304
[2M+H]*, m/z 693.2123 [2M+Na]*; HRMS (ESI-TOF, +): m/z caled. for C15sH1sN3Os [M+H]* 336.1190,

found 336.1190.

Madurastatin E2 (58): light yellow oil; [«] %3'8 -129.0 (¢ 0.02, MeOH); LC-UV (ACN/H20) Amax 209, 250,

307 nm; 'Hand 3C-NMR: Table 9; ESI-MS (positive ions): m/z304.2884 [M+H]*, m/z 629.2329
[2M+Na]*; HRMS (ESI-TOF, +): m/z calcd. for C15H1sN3O4 [M+H]* 304.1292, found 304.1292.

23.5
D

306 nm; 'H and '3C-NMR: Table 10; ESI-MS (positive ions): m/z 233.6005 [M+2H]%**, m/z 466.1932
[M+H]*; HRMS (ESI-TOF, +): m/z calcd. for C20H2sN50s [M+H]* 466.1932, found 466.1932.

Madurastatin G1 (59): light yellow oil; [«] -8.7 (¢ 0.23, MeOH); LC-UV (ACN/H20) Amax 206, 250,

Madurastatin G2 (60): light yellow oil; [«]2>” ~18.7 (¢ 0.11, MeOH); LC-UV (ACN/Hz0) Amax 206, 250,

307 nm; 'H and '3C-NMR: Table 10; ESI-MS (positive ions): m/z 240.6083 [M+2H]?**, m/z 480.2089
[M+H]*; HRMS (ESI-TOF, +): m/z calcd. for C,1H3oN5O0g [M+H]* 480.2089, found 480.2089.

Madurastatin C2 (61): light yellow oil; [o]2*® ~27.4 (¢ 0.29, MeOH); LC-UV (ACN/Hz0) Amax 205, 249,

306 nm; 'H and '3C-NMR: Table 11; ESI-MS (positive ions): m/z310.6373 [M+2H]**, m/z 620.2667
[M+H]*; HRMS (ESI-TOF, +): m/z caled. for C27H3sN7010 [M+H]* 620.2675, found 620.2667.

26.5
D

305 nm; 'H and *C-NMR: Table 12; ESI-MS (positive ions): m/z 302.6402 [M+2H]**, m/z 604.2724
[M+H]*; HRMS (ESI-TOF, +): m/z calcd. for Ca7H3sN709 [M+H]* 604.2726, found 604.2724.

Madurastatin D3 (62): light yellow oil; [«] +21.5 (¢ 0.47, MeOH); LC-UV (ACN/H20) Amax 206, 249,

Madurastatin D4 (63): light yellow oil; []2>® ~47.1 (¢ 0.11, MeOH); LC-UV (ACN/Hz0) Amax 206, 247,
306 nm; 'H and *C-NMR: Table 12; ESI-MS (positive ions): m/z 338.6509 [M+2H]%**, m/z 676.2937

[M+H]*; HRMS (ESI-TOF, +): m/z caled. for C30H4N7O11 [M+H]* 676.2937, found 676.2937.

7.2.2.3 Advanced Marfey’s Analysis

Advanced Marfey’s Analysis was performed according to GENERAL MATERIALS AND EXPERIMENTAL
PROCEDUREs (see 7.1.7). Commercially purchased enantiopure L- and D-serine, L- and D-ornithine
monohydrochloride as well as Na-methyl-L-ornithine monohydrochloride (SiGmMA ALDRICH) served

as references.
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7.2.2.4 Stereoselective Synthesis of Madurastatin B1 and Derivatives

Methyl (25)-2-[(2-benzyloxybenzoyl)amino]-3-hydroxy-propanoate ((S)-69)

0Bn The synthesis of (5)-69 was performed according to a literature known

H\)ko/ procedure.l''”] 1-Serine methyl ester hydrochloride ((5)-68) (0.505 g, 3.24 mmol,
0 i\OH 1.00 eq.) was suspended in anhydrous DCM (5 mL). NEt3 (1.10 ml, 8.11 mmol,
(S)-69 2.50 eq.) was added and the mixture was allowed to stir at room temperature for
5 min. The resulting mixture was added to a stirring solution of 2-(benzyloxy) benzoyl chloride (67)
(0.923 g, 3.73 mmol, 1.15 eq.) in anhydrous DCM (5 mL) at —78 °C. The reaction solution was stirred
for 3 h without cooling and then quenched with aqueous 1 M HCI (30 mL). The mixture was extracted
with ethyl acetate (100 mL) and the organic layer was washed with saturated aqueous NaHCO3
(30 mL) and saturated aqueous NaCl (30 mL), dried over MgSQs, filtered and concentrated under
reduced pressure to yield (5)-69 (1.07 g, 3.24 mmol, quant.) as slightly yellow solid which was used in

the next stage without further purification.

Rr (n-heptane/ethyl acetate 4:1): 0.20; TH-NMR (400 MHz, CDCls): § = 8.76 (d, 7= 7.1 Hz, 1H), 8.20
(dd, 7=7.8, 1.8 Hz, 1H), 7.53-7.34 (m, 6H), 7.14-7.04 (m, 2H), 5.26 (d, 7= 11.1 Hz, 1H), 5.22 (d,
7=11.1 Hz, 1H), 4.85 (dt, J = 7.2, 3.9 Hz, 2H), 3.95-3.85 (m, 2H), 3.70 (s, 3H), 1.76 (s, br, 1H); 3*C-NMR
(101 MHz, CDCls,): 6 = 171.0, 165.7, 157.2, 135.7, 133.4, 132.6, 129.0, 128.8, 128.3, 121.7, 121.4, 113.0,
71.6, 63.9, 55.4, 52.7; HRMS (ESI-TOF, +) m/z calcd. for C1sH2oNOs [M+H]* 330.1336, found 330.1336.

Methyl (2R)-2-[(2-benzyloxybenzoyl)amino]-3-hydroxy-propanoate ((R)-69)

oBn (R)-69 (2.03 g, 6.15 mmol, 95%) was synthesized in analogous manner starting

H
Q%(Nﬁo/ from D-serine methyl ester hydrochloride ((R)-68) (1.00 g, 6.44 mmol). The NMR
o

OH data are identical to the ones reported for (S)-69.
(R)-69

Rf (n-heptane/ethyl acetate 1:1): 0.20; HRMS (ESI-TOF, +) m/z calcd. for C1sH20NOs [M+H]* 330.1336,
found 330.1338.

Methyl (45)-2-(2-benzyloxyphenyl)-4,5-dihydrooxazole-4-carboxylate ((S)-70)

OBn The synthesis of (S5)-70 was performed according to a literature known
©1(N \_/[2 procedure.!''% The reaction was carried out under argon atmosphere. To a solution
of alcohol (5)-69 (0.577 g, 1.75 mmol, 1.00 eq.) in anhydrous DCM (14 mL), DAST

(e (0.301 mL, 2.28 mmol, 1.30 eq.) was added at -78 °C. After stirring for 2.5 h at
-78 °C, KoCOs (0.605 g, 4.38 mmol, 2.50 eq.) was added and the reaction mixture was allowed to stir
for 1 h without cooling. Saturated aqueous NaHCO3 (30 mL) was added. The mixture was extracted
with ethyl acetate (2 x 100 mL) and the combined organic layers were washed with saturated aqueous
NaCl (50 mL), dried over MgSOQy, filtered and concentrated under reduced pressure. The crude product
was purified by flash column chromatography (0-70% ethyl acetate in n-heptane) to give (S5)-70

(0.490 g, 1.57 mmol, 90%) as a colorless solid.
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R¢ (n-heptane/ethyl acetate 1:1): 0.35; [a ]248

+50.4 (c 0.81, CHCls); TH-NMR (400 MHz, CDCls):
§=17.81(dd, J=17.7, 1.8 Hz, 1H), 7.53-7.47 (m, 2H), 7.44-7.34 (m, 3H), 7.33-7.27 (m, 1H), 7.03-6.95 (m,
2H), 5.19 (s, 2H), 4.98 (dd, 7= 10.7, 8.1 Hz, 1H), 4.67 (t, = 8.4 Hz, 1H), 4.58 (dd, J= 10.7, 8.7 Hz, 1H),
3.81 (s, 3H); 3C-NMR (101 MHz, CDCls): § = 171.9, 165.8, 157.8, 137.0, 132.8, 131.8, 128.6, 127.8, 126.9,
120.9, 117.4, 113.9, 70.8, 69.4, 68.8, 52.8; HRMS (ESI-TOF, +) m/z calcd. for CisHisNO4 [M+H]*

312.1230, found 312.1230.

Methyl (4R)-2-(2-benzyloxyphenyl)-4,5-dihydrooxazole-4-carboxylate ((R)-70)

(R)-70 (1.78 g, 5.72 mmol, 77%) was synthesized in analogous manner starting
©/\( \7//( from (R)-69 (2.44 g, 7.41 mmol). The NMR data are identical to the ones reported

for (S)-70.

Rr (n-heptane/ethyl acetate 1:1): 0.35; [« ]248 -50.1 (¢ 0.73, CHCl3); HRMS (ESI-TOF, +) m/z calcd. for
C1sH1sNOy4 [M+H] 312.1230, found 312.1228.

Methyl (45)-2-(2-hydroxyphenyl)-4,5-dihydrooxazole-4-carboxylate ((5)-64)

Cleavage of the benzyl ether was carried out under argon atmosphere. To a
©/\(/N\_//Z) solution of (S)-70 (0.207 g, 0.665 mmol, 1.00 eq.) in MeOH (8 mL) was added Pd-C
(10%, 0.0410 mg, 0.04 mmol, 0.06 eq.) and formic acid (0.250 mL, 6.63 mmol,
10.00 eq.). The resulting mixture was stirred at 100 °C for 1.5 h® and the conversion
was monitored by TLC. After filtration over a frit with Celite® (4 x 6 cm), which was flushed with
ethanol (500 mL), the solvent was removed in vacuo. The crude product was purified by flash column
chromatography (0-70% ethyl acetate in n-heptane) to give alcohol (5)-64 (0.101 g, 0.467 mmol, 69%)

as colorless oil.

Rr (n-heptane/ethyl acetate 1:1): 0.57; [« ]248 +27.9 (¢ 0.44, CHCl3); 'H-NMR (400 MHz, CDCls):
§=11.67 (s, br, 1H), 7.66 (dd, J= 7.9, 1.7 Hz, 1H), 7.40 (ddd, J= 8.4, 7.3, 1.7 Hz, 1H), 7.02 (dd, J = 8.4,
0.8 Hz, 1H), 6.88 (ddd, J= 7.9, 7.3, 1.0 Hz, 1H), 4.99 (dd, J= 10.5, 7.5 Hz, 1H), 4.69 (dd, J= 8.8, 7.5 Hz,
1H), 4.59 (dd, J= 10.5, 8.8 Hz, 1H), 3.81 (s, 3H); *C-NMR (101 MHz, CDCls): § = 171.1, 167.7, 160.1,
134.2, 128.5, 119.0, 117.1, 110.2, 69.1, 67.4, 53.0; HRMS (ESI-TOF, +) m/z calcd. for C1;H12NO4 [M+H]*
222.0761, found 222.0760; chiral HPLC (Chiralpak IA; hexane:isopropyl alcohol 96:4): (5)-64
(tr = 7.8 min) : (R)-64 (tr = 7.0 min) 98.9 : 1.1 (98% ee).

Methyl (4R)-2-(2-hydroxyphenyl)-4,5-dihydrooxazole-4-carboxylate ((R)-64)

)-64 (0.916 g, 4.14 mmol, 73%) was synthesized in analogous manner starting
©/\( \7//( from (R )-70 (1.76 g, 5.64 mmol). The NMR data are identical to the ones reported

for (S

9 Longer reaction time at lower temperature (e.g. 60 °C for 10 h) lead to ring opening of the oxazoline.
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[ ]24-8

Rr (n-heptane/ethyl acetate 1:1): 0.57; -38.8 (¢ 0.46, CHCls); HRMS (ESI-TOF, +) m/z calcd. for

C11H12NO4 [M+H]*, 222.0761, found: 222.0760 (M+H)*; chiral HPLC (Chiralpak IA; hexane:isopropyl
alcohol 96:4): (R)-64 (tr = 7.0 min) : (5)-64 (ir = 7.8 min) 97.7 : 2.3 (95% ee).

2-[(4R)-4-(hydroxymethyl)-4,5-dihydrooxazol-2-yl]phenol ((R)-65)

The synthesis of (R)-65 was performed according to a literature known procedure

OH
QZ(N in a slightly modified manner.[*) Under inert atmosphere, DIBAL-H in toluene
= \/\
o—  OH (1.20 M, 1.70 mL, 2.02 mmol, 3.00 eq.) was added slowly to ester (5)-64 (0.149 g,
(R)-65

0.674 mmol, 1.00 eq.) in anhydrous THF (5 mL) at 0 °C, and the resulting mixture
was allowed to warm to room temperature. After 1 h reaction time, the solution was cooled to 0 °C
and ethyl acetate (10 mL) followed by saturated aqueous Rochelle’s salt solution (15 mL) were added
carefully. The resulting suspension was left to warm to room temperature and stirred vigorously
overnight. The organic layer was separated and the aqueous layer was extracted with ethyl acetate
(3 x 50 mL). The combined organic layers were washed with saturated aqueous NaCl (50 mL), dried
over MgSQy, filtered and concentrated under reduced pressure. The crude product was purified by
flash column chromatography (0-100% ethyl acetate in n-heptane) to give alcohol (R)-65 (0.104 g,

0.538 mmol, 80%) as colorless solid.

Rr (n-heptane/ethyl acetate 1:3): 0.52; [« ]248 +24.3 (¢ 0.53, CHCls); 'TH-NMR (400 MHz, CDCls):
5=11.88 (s, br, 1H), 7.66 (dd, = 7.8, 1.7 Hz, 1H), 7.39 (ddd, J = 8.4, 7.3, 1.7 Hz, 1H), 7.01 (dd, J= 8.4,
0.8 Hz, 1H), 6.88 (ddd, = 7.8, 7.3, 1.0 Hz, 1H), 4.57-4.45 (m, 2H), 4.42-4.30 (m, 1H), 3.90 (m, 1H), 3.71
(m, 1H), 1.74 (s, br, 1H); 3C-NMR (101 MHz, CDCL): § = 167.1, 160.0, 133.8, 128.4, 118.9, 116.9, 110.5,
68.7, 67.0, 64.1; HRMS (ESI-TOF, +) m/z caled. for C10H12NO3s [M+H]* 194.0812, found 194.0812; chiral
HPLC (Chiralpak IA; hexane:isopropyl alcohol 90:10): (R)-65 (fr = 13.4 min) : (5)-65 (tr = 10.1 min)
99.1: 0.9 (98% ee).

2-[(4S)-4-(hydroxymethyl)-4,5-dihydrooxazol-2-yl]phenol ((S)-65)

from (R)-64 (0.151 g, 0.683 mmol). The NMR data are identical to the ones reported
for (R)-65.

@[( (5)-65 (0.117 g, 0.606 mmol, 88%) was synthesized in analogous manner starting

24.8

R¢ (n-heptane/ethyl acetate 1:3): 0.52; [a] ;™ -23.7 (¢ 0.45, CHCls); HRMS (ESI-TOF, +) m/z calcd. for

C10H12NOs [M+H]* 194.0812, found 194.0812; chiral HPLC (Chiralpak IA; hexane:isopropyl alcohol
90:10): (S)-65 (tr = 10.0 min) : (R)-65 (tr = 14.5 min) 98.6 : 1.4 (97% ee).
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(45)-2-(2-hydroxyphenyl)-4,5-dihydrooxazole-4-carboxylic acid ((S)-50)

on To a solution of (5)-64 (0.401 g, 1.81 mmol, 1.00 eq.) in THF/H:O (3:1, 21 mL/7 mL)
©1{N 0 was added LiOH - H,O (0.381 g, 9.07 mmol, 5.00 eq.). After stirring at room

z

0—< OH temperature for 3.5 h, TLC and LC-MS showed a full conversion of the starting
(S)-50 material. The reaction mixture was acidified with aqueous 1 M HCI (pH 3, 10 mL)
and extracted with ethyl acetate (3 x 50 mL). The combined organic layers were washed with
saturated aqueous NaCl/saturated aqueous NaHCOs3 (40 mL/5 mL), dried over MgSOy, filtered and
concentrated under reduced pressure to yield (S)-50 (0.346 g, 1.67 mmol, 92%) as colorless solid which

was sufficiently pure to be used in the next step without further purification. For analytical purposes,

a small amount was purified by flash column chromatography (0-100% ethyl acetate in n-heptane).!°

[a]23° +72.8 (c 0.09, DMSO); 'H-NMR (400 MHz, DMSO-de): § = 13.12 (s, br, 1H), 11.98 (s, br, 1H),
7.64 (dd, 7= 7.8, 1.7 Hz, 1H), 7.47 (ddd, J= 8.4, 7.3, 1.7 Hz, 1H), 7.01 (dd, J = 8.4, 0.7 Hz, 1H), 6.95 (td,
F=17.7,0.9 Hz, 1H), 5.03 (dd, 7= 10.2, 7.5 Hz, 1H), 4.71-4.58 (m, 2H); 3C-NMR (101 MHz, DMSO-dj):
6=171.7, 166.2, 159.1, 134.2, 128.0, 119.1, 116.6, 109.7, 69.3, 66.7; HRMS (ESI-TOF, +) m/z calcd. for

C10H10NO4 [M+H]* 208.0604, found 208.0606; chiral HPLC ee >95%!!.
(4R)-2-(2-hydroxyphenyl)-4,5-dihydrooxazole-4-carboxylic acid ((R)-50)

oH (R)-50 (0.265 g, 1.28 mmol, quant.) was synthesized in analogous manner starting
@l(w from (R)-64 (0.283 g, 1.28 mmol). For analytical purposes, a small amount was
0 OH  purified by flash column chromatography (0-100% ethyl acetate in n-heptane)."

R)-50
® The NMR data are identical to the ones reported for (S)-50.

[o] 2D4'8 -48.0 (¢ 0.40, DMSO); HRMS (ESI-TOF, +) m/z caled. for C10H10NO4 [M+H]* 208.0604, found

208.0605; chiral HPLC ee =92%!1.
(45)-2-(2-hydroxyphenyl)-4,5-dihydrooxazole-4-carboxamide ((S)-66)

oH To a solution of acid (5)-50 (0.122 g, 0.589 mmol, 1.00 eq.) in DMF (2.2 mL), Oxyma
©1(N\//Z) (0.126 g, 0.887 mmol, 1.50 eq.), EDC - HCI (0.170 g, 0.887 mmol, 1.50 eq.), NaHCOs

-

o— N2 (0496 g, 5.90 mmol, 10.00 eq.) and NH4Cl (0.315 g, 5.90 mmol, 10.00 eq.) were
(568 added at 0 °C. The reaction mixture was allowed to warm to room temperature
and stirred for 2.5 h. The conversion was monitored by LC-MS. Saturated aqueous NaHCO3 (30 mL)
and ethyl acetate (100 mL) were added as well as water (40 mL). After separation of the layers, the
aqueous layer was extracted with a second portion of ethyl acetate (50 mL). The combined organic

layers were washed with aqueous citric acid (10%, 50 mL) and saturated aqueous NaCl (50 mL), dried

10 Pyrification by flash column chromatography was associated with high loss of material and is therefore not recommended to be
applied to preparative scale; instead conditions used for isolation are suggested.

11 The ee-determination of acid (S)-50 and (R)-50 was not possible due to broad signals during analytical chiral chromatography.
The ee was determined for the corresponding amides (S)-66 and (R)-66 and led to an ee estimation of their educts (S)-50 and (R)-50.

121



7. Experimental

over MgSQy, filtered and concentrated under reduced pressure. The crude product was purified by
flash column chromatography (0-100% ethyl acetate in n-heptane) to give amide (5)-66 (70.5 mg,
0.342 mmol, 58%) as colorless solid.

[a]2*® ~73.7 (¢ 0.95, CHCLy), [a] 2*®

§=11.40 (s, br, 1H, 7.69 (dd, J= 7.9, 1.6 Hz, 1H), 7.43 (ddd, J = 8.4, 7.3, 1.7 Hz, 1H), 7.02 (dd, J = 8.4, 0.7
Hz, 1H), 6.91 (td, J = 7.6, 0.9 Hz, 1H), 6.38 (s, br, 1H), 5.80 (s, br, 1H), 4.94 (dd, J = 10.0, 8.9 Hz, 1H), 4.69
(s, 1H), 4.67 (d, J= 0,8 Hz, 2H); 3C-NMR (101 MHz, CDCls): § = 173.3, 168.1, 159.8, 134.5, 128.7, 119.4,
117.1, 110.1, 69.7, 67.9; HRMS (ESI-TOF, +) m/z calcd. for C;0H11N20s [M+H]* 207.0764, found
207.0764; chiral HPLC (Chiralpak IA; hexane:isopropyl alcohol 85:15): (S)-66 (tr = 13.0 min) : (R)-66

+34.4 (¢ 1.08, MeOH/DMSO 85:15); TH-NMR (400 MHz, CDCls):

(tr = 8.7 min) 97.3 : 2.7 (95% ee).

(4R)-2-(2-hydroxyphenyl)-4,5-dihydrooxazole-4-carboxamide ((R)-66)

)-66 (66.7m g, 0.324 ommol, 66%) was synthesized in analogous manner starting
©/\( \7//( from (R)-50 (0.101 g, 0.488 mmol). The NMR data are identical to the ones reported
fi -66.
(R)-66 or (9-

[a]2*® +60.7 (c 1.10, CHCLy), [a]2*®

caled. for CioHiiN203 [M+H]* 207.0764, found 207.0763; chiral HPLC (Chiralpak IA;
hexane:isopropyl alcohol 85:15): (R)-66 (tr = 8.7 min) : (5)-66 (fr = 13.3 min) 96.0 : 4.0 (92% ee).

~28.5 (c 1.09, MeOH/DMSO 85:15); HRMS (ESI-TOF, +) m/z

7.2.2.5 MIC Determination
The determination of MIC values was performed in triplicates (n = 3) according to GENERAL
MATERIALS AND EXPERIMENTAL PROCEDURES (see 7.1.9). All compounds were provided as stock

solutions of 12.8 mg/mL in DMSO.

122



7. Experimental

7.2.3 Amino- and Phospholipids from Olivibacter sp. FHG000416

7.2.3.1 Cultivation and Extraction

All fermentations of FHG000416 started by inoculation of 30 mL pre-culture medium R2A in a 100 mL
Erlenmeyer flask from an agar plate which was then in turn used for scaling up the pre-culture volume
by inoculation of 100 mL pre-culture medium in 300 mL Erlenmeyer flasks using 5% inoculum. In both
cases incubation was done on a rotary shaker at 180 rpm and 28 °C for 5 days. All main cultures were
fermented in 2 L Erlenmeyer flask filled with 500 mL medium (5065 or 5294) inoculated with 5%
pre-culture and incubated at 180 rpm and 28 °C for 7 days. Cultivation was stopped by freezing to
-50 °C followed by lyophilization.

The freeze-dried cultures were extracted using either 80 vol% MeOH or MTBE/H,O/MeOH 5.5:2.5:1.
The crude extracts were obtained by concentrating the combined organic layers under reduced

pressure.

7.2.3.2 Isolation and Purification

Compound 70: The 7 L fermentation of FHG000416 in medium 5065 yielded 14.4 g methanolic crude
extract which was dissolved in 1 L 10% MeOH to be fractionated by SPE using a glass column filled
with 500 mL (4 x 40 cm) Amberlite® XAD-16N and step gradient elution of 10%, 30%, 50%, 80% and
100% MeOH in H»0. Based on HRMS analysis, fractions which eluted at 10% and 30% MeOH as well
as 80% and 100% MeOH were combined and evaporated to dryness to give 4.75 g and 0.343 g,

respectively.

In the first case, fractionation by preparative HPLC (Synergi™ Fusion-RP 80 A, 4 um, 250 x 21.2 mm)
was performed using linear gradient elution of 60-95% ACN/H,0 + 0.1% FA (15 mL/min) over 20 min
to yield 25.71 mg. Further purification was achieved by semi-preparative HPLC (AGILENT 1100
system) using a C18 column (NUCLEODUR® Gravity-SB, 3 um, 250 x 10 mm) and a linear gradient of
50-95% ACN/H20 + 0.1% FA over 22 min at a flow rate of 2 mL/min to yield 0.880 mg. This was

equally performed for the other combined XAD fractions and gave 2.54 mg.

Final purification included fractionation via analytical HPLC (AGILENT 1200 system, method A)
and/or UPLC (micrOTOF, method B) under the following conditions and yielded 1.58 mg FE003 (70)

overall.

«  METHOD A: ¢ » 10 mg/mL in MeOH, 10 pL injection volume; Synergi™ Fusion-RP 80 A, 4 um,
250 x 21.2 mm; 60-95% ACN/H20 + 0.1% FA over 25 min, 1 mL/min

«  METHOD B: ¢ » 10 mg/mL in MeOH, 5 pL injection volume; AcQurry UPLC® BEH C18, 1.7 pm,
100 x 2.1 mm; 60% ACN/H,0 + 0.1% FA over 18.30 min, 0.6 mL/min

Compound 71: The 20 L fermentation of FHG000416 in medium 5294 gave 189 g methanolic crude
extract. Dissolved in 4 L H>O it was in portions extracted with ethyl acetate (2 x 100 vol%). Both
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phases were fractionated using Amberlite® XAD-16N as absorbent resin. Therefore, the combined
aqueous layers were diluted to 5L 10% MeOH and applied onto a 1.5 L column (6 x 50 cm, MCI
system) and eluted using a step gradient (10%, 50%, 100%) of MeOH in H;O. Fractions obtained at 50%
and 100% MeOH were combined separately and gave 172 mg and 240 mg, respectively. The combined
organic layers (5.32 g) were instead dissolved in 1 L 10% MeOH and fractionated manually using a

500 mL column (4 x 40 cm). Combined fractions were concentrated under vacuum to give 1.22 g.

All three samples obtained from SPE were further purified by semi-preparative HPLC (AGILENT 1100
system). Dissolved in MeOH at approx. 100 mg/mL (injection volume: 50 pL), a C18 column
(NucLEoDUR® Gravity-SB, 3 um, 250 x 10 mm) and gradient elution of 55-95% ACN/H20 + 0.1% FA
(2 mL/min) over 30 min were used to yield 0.960 mg FE004 (71).

Compound 72 and 73a: The 40 L fermentation of FHG000416 in medium 5294 yielded 19.2 g crude
extract representing the combined organic layers of MTBE/MeOH extraction. It was dissolved in
MeOH (c ~ 200 mg/mL, injection volume: 2 mL) and fractionated via preparative HPLC (Synergi™
Fusion-RP 80 A, 4 um, 250 x 21.2 mm) using linear gradient elution of 40-95% ACN/H,0 + 0.1% FA
(15 mL/min) over 20 min. Various combined fractions (V1: 34.9 mg, V2: 47.7 mg, V3: 55.6 mg, V4:
154 mg, V5: 140 mg, V6: 171 mg) were further processed by semi-preparative HPLC (AGILENT 1100
system) using C18 column (NUCLEODUR® Gravity-SB, 3 pm, 250 x 10 mm) and linear gradients of
35-95%, 45-95% or 60-95% ACN/H;0 + 0.1% FA (2 mL/min) over 30 min (c » 50 mg/mL in MeOH,
injection volume: 50 pL). Separation of both compounds and final purification was achieved by UPLC
fractionation (micrOTOF). Therefore, the samples (¢ ~ 35 mg/mL in MeOH, injection volume: 5 uL)
were injected onto a C18 column (AcQurty UPLC® BEH C18, 1.7 pm, 100 x 2.1 mm) and eluted with
an isocratic gradient of 48% ACN/H20O + 0.1% FA (0.6 mL/min) over 16.50 min. 4.06 mg FE005 (72) and
3.05 mg FE006 (73a) were obtained.

Compound 74-76: The remaining aqueous phase of the MTBE/MeOH extraction was freeze-dried
and extracted with MeOH. This extract was dissolved in 1 L 10% MeOH and fractionated manually by
SPE using a 500 mL column (4 x 40 cm) of Amberlite® XAD-16N and a step gradient (10%, 50%, 100%)
of MeOH in H20. Based on HRMS analysis, relevant fractions were combined and concentrated under
reduced pressure to yield 97.4 g. Subsequently, it was dissolved in 40 mL 75% MeOH and fractionated
by ion exchange chromatography using a 500 mL column of Lewatit® (5x 25 cm) previously
equilibrated with 5% FeCls. For elution, aqueous imidazole (200 mM) was used. Obtained fractions
were further purified by semi-preparative HPLC (AGILENT 1100 system) using a C18 column
(NucLEoDUR® Gravity-SB, 3 pm, 250 x 10 mm) and a linear gradient of 30-85% ACN/H,0 + 0.1% FA
over 18.50 min at a flow rate of 2 mL/min. Combined with pure substance obtained during processing
the organic MTBE/MeOH extraction phase, 1.57 mg FE008 (74), 12.2 mg FE009 (75) and 3.16 mg
FE010 (76) were obtained.
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Compound 87 and 90: Isolation of lipid430 (87) and FE002 (90) started from samples that were
generated within the frame of another isolation project by MeOH extraction of 40 L lyophilized
culture of DSM 22224 in medium 3018 followed by SPE using Amberlite® XAD-16N (1.5 L, 6 x 50 cm,
MCI system) and stepwise increasing percentage of MeOH in H;0. The provided fraction (6.10 g) was
dissolved in MeOH (c » 200 mg/mL, injection volume: 2 mL) and fractionated via preparative HPLC
(Synergi™ Fusion-RP 80 A, 4 ym, 250 x 21.2 mm) using linear gradient elution of 5-95% ACN/H,0 +
0.1% FA (15 mL/min) over 32 min. Combined fractions were subsequently purified by semi-
preparative HPLC (AGILENT 1100 system). Dissolved in MeOH at approx. 100 mg/mL (injection
volume: 50 pL), a C18 column (NUCLEODUR® Gravity-SB, 3 pm, 250 x 10 mm) and gradient elution of
50-100% ACN/H20 + 0.1% FA (3 mL/min) over 22 min were used to yield 3.69 mg lipid 430 (87) and
1.90 mg FE002 (90).

21.7
D

BC-NMR: Table 15; ESI-MS (positive ions): m/z344.2805 [M+H]*, m/z366.2624 [M+Na]*,
m/z 709.5350 [2M+Na]*; HRMS (ESI-TOF, +): m/z calcd. for Ci1oH3sNO4s [M+H]* 344.2795, found
344.2804.

FE003 (70): colorless solid; [a] +66.7 (¢ 0.02, MeOH); LC-UV (ACN/H20) Amax 224 nm; 'H and

21.7
D

I3C-NMR: Table 16; ESI-MS (positive ions): m/z376.2697 [M+H]*, m/z358.2591 [M-H,O+H]",
m/z398.2516 [M+Na]*, m/z773.5135 [2M+Na]*; HRMS (ESI-TOF, +): m/z caled. for Ci9H3sNOg
[M+H]* 376.2694, found 376.2697.

FE004 (71): colorless solid; [a] -76.9 (c0.03, MeOH); LC-UV (ACN/H20) Amax 224 nm; 'H and

FE005 (72): colorless solid; LC-UV (ACN/H20) Amax 224 nm; 'H and *C-NMR: Table 19; ESI-MS
(positive ions): m/z 440.2781 [M+H]*, m/z 879.5480 [2M+H]*; HRMS (ESI-TOF, +): m/z calcd. for
C0H4sNOsP [M+H]+ 440.2772, found 440.2775.

FE006 (73a): colorless solid; LC-UV (ACN/H20) Amax 223 nm; 'H and 3C-NMR: Table 18; ESI-MS
(positive ions): m/z452.2767 [M+H]*, m/z903.5456 [2M+H]*, m/z1354.8139 [3M+H]*; HRMS
(ESI-TOF, +): m/z calcd. for C2:H4sNO7P [M+H]* 452.2850, found 452.2777.

FE008 (74): yellowish solid; LC-UV (ACN/H320) Amax 224, 277 nm; 'H and ¥C-NMR: Table 20; ESI-MS
(positive ions): m/z294.1700 [M+H]*, m/z316.1518 [M+Na]*, m/z587.3324 [2M+H]*; HRMS
(ESI-TOF, +): m/z calcd. for C16H24NO4 [M+H]* 294.1700, found 294.1700.

FE009 (75): yellowish solid; LC-UV (ACN/H320) Amax 225, 277 nm; 'H and ¥C-NMR: Table 20; ESI-MS
(positive ions): m/z322.2016 [M+H]*, m/z 643.3952 [2M+H]*; HRMS (ESI-TOF, +): m/z calcd. for
Ci1sH2sNO4 [M+H]* 322.2013, found 322.2013.

FE010 (76): off-white solid; LC-UV (ACN/H20) Amax 217 nm; 'Hand *C-NMR: Table 21; ESI-MS
(positive ions): m/z306.2063 [M+H]*, m/z328.1882 [M+Na]*, m/z611.4053 [2M+H]*; HRMS
(ESI-TOF, +): m/z calcd. for C1sH2sNO3 [M+H]* 306.2064, found 306.2064.
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259
D

(400 MHz, MeOD-dy): § = 4.50 (t, J = 4.3 Hz, 1H), 4.02-3.94 (m, 2H), 3.91 (dd, 7 = 11.5, 4.5 Hz, 1H), 3.90
(d, J=16.7 Hz, 1H), 3.83 (dd, 7= 11.3, 3.8 Hz, 1H), 2.41 (dd, J= 14.0, 4.3 Hz, 1H), 2.34 (dd, J = 14.0,
8.6 Hz, 1H), 1.56-1.48 (m, 1H), 1.53-1.46 (m, 2H), 1.50-1.43 (m, 1H), 1.36-1.25 (m, 17H), 1.17 (q,
7= 6.7 Hz, 2H), 0.88 (d, J = 6.7 Hz, 6H); 3C-NMR (101 MHz, MeOD-ds): § = 175.0, 173.4, 171.6, 70.0,
63.0, 56.2, 44.8, 43.5, 40.2, 38.4, 31.0, 30.8, 30.7, 29.2, 28.5, 26.7, 23.0; ESI-MS (positive ions): m/z 431.3113
[M+H]*, m/z413.3008 [M-H;O0+H]*, m/z453.2933 [M+Na]*, m/z883.5955 [2M+Na]*; HRMS
(ESI-TOF, +): m/z calcd. for C2,H43sN,Os [M+H]* 431.3116, found 431.3116.

Lipid430 (87): colorless solid; [a] +16.3 (¢ 0.37, MeOH); LC-UV (ACN/H320) Amax 220 nm; 'H-NMR

20.6
D

(500 MHz, DMSO-ds): & = 8.10-8.04 (m, 1H, NH-14), 7.91-7.81 (m, 1H, NH-11), 7.66-7.59 (m, 1H,
NH-7), 4.25 (dd, J = 12.6, 6.2 Hz, 1H, H-9), 3.82-3.75 (m, 2H, H-2, H-17), 3.73 (d, J = 4.6 Hz, 2H, H-13),
3.55(dd, = 9.1, 5.3 Hz, 1H, H-10), 3.50 (dd, J = 9.5, 4.3 Hz, 1H, H-10), 2.80-2.73 (m, 2H, H-5), 2.20 (dd,
7= 16.4, 10.5 Hz, 2H, H-16), 1.80-1.68 (m, 2H, H-3), 1.66-1.56 (m, 2H, H-4), 1.50 (sept, 7 = 6.6 Hz, 1H,
H-29), 1.39-1.31 (m, 2H, H-18), 1.26-1.21 (m, 18H, H-19-H-27), 1.16-1.11 (m, 2H, H-28), 0.85 (d,
F=6.6 Hz, 6H, H-30); ESI-MS (positive ions): m/z 545.3909 [M+H]*; HRMS (ESI-TOF, +): m/z calcd.
for C27H53N4O7 [M+H]* 545.3909, found 545.3909.

FE002 (90): colorless solid; [a] +21.1 (¢ 0.19, MeOH); LC-UV (ACN/H20) Amax 223 nm; 'H-NMR

7.2.3.3 Advanced Marfey’s Analysis

Advanced Marfey’s Analysis was performed according to GENERAL MATERIALS AND EXPERIMENTAL
PROCEDUREs (see 7.1.7). Commercially purchased D- and L-enantiomers of serine, ornithine
monohydrochloride and tyrosine as well as L- and DL-phenylalanine (SiGMA ALDRICH) served as

references.

7.2.3.4 MIC Determination
The determination of MIC values was performed in triplicates (n = 3) according to GENERAL
MATERIALS AND EXPERIMENTAL PROCEDURES (see 7.1.9). All compounds were provided as stock

solutions of 6.4 mg/mL in DMSO.

7.2.3.5 TLR2/TLR4 Assay

A HEK-Blue™ Detection assay was performed by an industrial partner (Evotec, Lyon, France) to
analyze TLR2 and TLR4 stimulation induced by 70-76, 87 and 90 provided as 10 mM stock solutions
in DMSO. Therefore, HEK-Blue™ hTLR2 and hTLR4 cells were resuspended in HEK-Blue™ Detection
cell culture medium and distributed into 96 well plates. The cells were treated with the provided
compounds at final doses of 0.01 pM, 0.1 pM, 1 uM and 10 uM followed by incubation for 24 h at 37 °C.
Afterwards, readout was done using a spectrophotometer at 620 nm. The assays were performed in

duplicates (n = 2) and in two independent experiments for TLR2 and TLR4, respectively. PAM2 and
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LPS (4 ng/mL, 2 ng/mL, 1 ng/mL and 0.5 ng/mL) were used as positive controls. Untreated (NT) and

DMSO-treated cells served as negative control.

7.2.3.6 Stereoselective Total Synthesis of FE004
(3aR,6R,6aR)-6-(hydroxymethyl)-2,2-dimethyldihydrofuro[3,4-d][ 1,3]dioxol-4(3aH)-one
(99)

o._o The synthesis of 99 was performed according to literature known procedures.2371(23¢]
D-Ribose (91) (9.40 g, 62.6 mmol, 1.00 eq.) and NaHCOs3 (10.5 g, 125 mmol, 2.00 eq.)
PaS were dissolved in water (60 mL) and stirred at room temperature for 30 min. The
suspension was then cooled to <5 °C using an ice-water bath. At this temperature and
during vigorous stirring, Brs (3.80 mL, 11.9 g, 74.2 mmol, 1.20 eq.) was added slowly using a pressure-
equalizing dropping funnel. After the addition was completed, the reaction mixture was stirred at
room temperature for 1 h before NaHSO3 (0.656 g, 6.34 mmol, 0.10 eq.) was added. The aqueous
solution was evaporated using a rotary evaporator at 50 °C bath temperature and water aspirator
pressure. The resulting slurry was taken up in a mixture of abs. EtOH (40 mL) and toluene (10 mL)
and evaporated again. The crude product was obtained as colourless solid and further used without

purification.

The solution of the crude product in acetone (190 mL) and conc. H2SO4 (0.340 mL, 6.26 mmol, 0.10 eq.)
was heated at reflux temperature (65 °C) for 4 h and then stirred at room temperature for additional
19 h. The reaction mixture was then filtered, the residue washed with acetone and the filtrate
concentrated in vacuo. The crude product was purified by silica gel column chromatography using
gradient elution from 10:1 to 1:2 PE/EE to afford 5.62 g (31.1 mmol, 50% over two steps) 99 as colorless
solid.

R¢ (n-heptane/ethyl acetate 1:1): 0.29; 'H-NMR (400 MHz, CDCls): 6 = 4.84 (d, = 5.6 Hz, 1H), 4.78 (d,
7=5.7Hz, 1H), 4.63 (t, J= 2.0 Hz, 1H), 4.00 (dd, J=12.2, 2.3 Hz, 1H), 3.82 (dd, J= 12.2, 1.6 Hz, 1H),
1.48 (s, 3H), 1.39 (s, 3H); 3C-NMR (101 MHz, CDCls): § = 174.9, 113.3, 82.7, 78.4, 75.8, 62.2, 26.9, 25.6;
HRMS (ESI-TOF, +): m/z calcd. for CsH;20sNa [M+Na]* 211.0577, found 211.0577.

(3aR,6R,6aR)-6-(((tert-butyldimethylsilyl)oxy)methyl)-2,2-dimethyldihydrofuro[ 3,4-d][ 1,3]
dioxol-4(3aH)-one (95)

/1.0 To a solution 0of 99 (5.86 g, 31.1 mmol, 1.00 eq.) in 80 mL anhydrous DCM (80 mL),
Ssi /\U\éo
3 ° s imidazole (2.55 g, 37.5 mmol, 1.20 eq.) and subsequent TBSCI (5.64 g, 37.4 mmol,
1 0.0
X 1.20 eq.) was added under argon atmosphere. After stirring for 4 h at room
95 temperature, MeOH (20 mL) was added. Extraction was performed using Et;O
(150 mL) and 1 M HCI (60 mL). The organic phase was washed with saturated aqueous NH4Cl (60 mL)

and saturated aqueous NaCl (50 mL), dried over MgSQOs, filtered and evaporated to dryness. The crude
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product was applied onto silica gel and purified by column chromatography using gradient elution

up to PE/EA 8:1 to yield 95 (8.85 g, 29.3 mmol, 94 %) as colorless solid.

217 -45.0 (¢ 1.04, CHCL;); "H-NMR (400 MHz, CDCly):

§=4.73 (d, 7= 5.6 Hz, 1H, H-2), 4.70 (d, J= 5.6 Hz, 1H, H-5), 4.60 (t, J= 1.6 Hz, 1H, H-6), 3.89 (dd,
J=11.4, 2.1 Hz, 1H, H-7), 3.80 (dd, J= 11.3, 1.3 Hz, 1H, H-7), 1.47 (s, 3H, H-4), 1.39 (s, 3H, H-4), 0.87
(s, 9H, H-10), 0.07 (s, 3H, H-8), 0.05 (s, 3H, H-8); *C-NMR (101 MHz, CDCls): 6 = 174.3 (C-1), 113.1
(C-3), 82.4 (C-6), 78.6 (C-5), 75.9 (C-2), 63.1 (C-7), 26.9 (C-4), 25.9 (C-10), 25.7 (C-4), —5.5/-5.6 (C-8);
HRMS (ESI-TOF, +): m/z calcd. for C14H2605SiNa [M+Na]* 325.1442, found 325.1443.

R¢ (petroleum ether/ethyl acetate 8:1): 0.38; [a]

tert-butyl  ((4R,5R)-5-((R)-2-((tert-butyldimethylsilyl)oxy)-1-hydroxyethyl)-2,2-dimethyl-
1,3-dioxolane-4-carbonyl)glycinate (98)

1

Glycine tert-butyl ester hydrochloride (6.84 g, 40.8 mmol, 3.00 eq.) was

12 2

o dissolved in saturated aqueous NaHCOs (50 mL) and extracted with Et.O
\ q
\Si_o OH O\\\ }\K

N\ 55 MM 0 (150 mL). The organic phase was washed with saturated aqueous NaCl

¢ d>7<o (50 mL), dried (MgSOs), filtered and carefully evaporated under reduced

8

o8 pressure to yield glycine tert-butylester (92) as a yellow oil.
95 (4.11 g, 13.6 mmol, 1.00 eq.) dissolved in DCM was added to the extracted 92 and the solvent was
carefully removed under reduced pressure up to 500 mbar. DMSO (3 mL) was added and the reaction
mixture was stirred at 80 °C. Until LC-MS confirmed complete conversion of the starting material,
further glycine tert-butyl ester (92) identically extracted was added over a period of 21 h in total. After
cooling to room temperature, saturated aqueous NH4Cl (30 mL) was added to the mixture which was
then extracted with ethyl acetate (100 ml). The organic layer was washed with saturated aqueous
NaCl (30 mL), dried over MgSQy, filtered and concentrated under reduced pressure. The crude product
was purified by SiO; column chromatography using gradient elution from PE/EA 15:1 to 1:1. 98

(5.48 g, 12.65 mmol, 93%) was obtained as colorless solid.

Rt (petroleum ether/ethyl acetate 6:1): 0.32; [a] 2D1'1 +8.4 (¢ 1.01, CHCls); 'TH-NMR (400 MHz, CDCls):
§=730(t, J=4.7 Hz, 1H, 4-NH), 4.64 (d, J = 7.2 Hz, 1H, H-6), 4.58 (d, J = 3.7 Hz, 1H, 10-OH), 4.49 (dd,
7=9.4, 7.2 Hz, 1H, H-9), 4.04 (dd, J= 18.4, 5.7 Hz, 1H, H-4), 3.89 (dd, J= 18.4, 4.8 Hz, 1H, H-4), 3.87
(dd, J=10.7, 2.3 Hz, 1H, H-11), 3.77 (dd, J = 10.7, 4.4 Hz, 1H, H-11), 3.61-3.55 (m, 1H, H-10), 1.60 (s,
3H, H-8), 1.48 (s, 9H, H-1), 1.38 (s, 3H, H-8), 0.90 (s, 9H, H-14), 0.08 (s, 3H, H-12), 0.08 (s, 3H, H-12);
13C-NMR (101 MHz, CDCL): § = 171.8 (C-5), 168.3 (C-3), 110.6 (C-7), 82.9 (C-2), 77.4 (C-9), 77.2 (C-6),
71.1 (C-10), 64.7 (C-11), 41.9 (C-4), 28.2 (C-1), 27.3 (C-8), 26.1 (C-14), 24.9 (C-8), 18.7 (C-13), -5.1 (C-12),
-5.2 (C-12); HRMS (ESI-TOF, +): m/z calcd. for C20H4NO7Si [M+H]* 434.2569, found 434.2570.
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tert-butyl 2-((3aS,6aR)-4-hydroxy-2,2-dimethyl-6-oxotetrahydro-5H-[ 1,3]dioxolo[4,5-c]
pyrrol-5-yl)acetate (100)

>L In a round-bottom flask made of teflon, 98 (1.20 g, 2.77 mmol, 1.00 eq.) was dissolved in

resulting reaction mixture was stirred at room temperature for 1 h.

o)
(3& THF (50 mL). 1 M TBAF in THF (3.33 mL, 3.33 mmol, 1.20 eq.) was added slowly and the
‘o
HOw N0

de THF (10 mL) and H>O (20 mL) were then added as well as NalO4 (1.79 g, 8.37 mmol,

100

3.02 eq.). The reaction mixture was stirred at room temperature. After 2 h, an additional
equivalent (595 mg, 2.78 mmol, 1.00 eq.) of NalO4 was added. 1 h later, TLC and LC-MS
showed full conversion of the starting material. The reaction mixture was quenched by adding
saturated aqueous Na;SO3 (20 mL) and extracted with ethyl acetate (3 x 200 mL). The combined
organic layers were washed with saturated aqueous NaCl (200 mL), dried (MgSOs), filtered and
concentrated under reduced pressure. The resulting yellowish oil was applied onto silica gel and
purified by flash chromatography (50% ethyl acetate in n-heptane). 100 (782 mg, 2.72 mmol, 98 %) was

obtained as a colorless oil and an inseparable mixture of both diastereomers 100a and 100b.

Rt (petroleum ether/ethyl acetate 1:2): 0.52; TH-NMR (400 MHz, CDCl3): § = 5.11 (d, 7= 3.6 Hz, 1H,
H-10), 4.85 (d, J = 5.5 Hz, 1H, H-6), 4.78 (d, J = 3.6 Hz, 1H, 10-OH), 4.59 (d, J = 18.0 Hz, 1H, H-4), 4.55
(d, = 5.7 Hz, 1H, H-9), 3.74 (d, J= 17.8 Hz, 1H, H-4), 1.48 (s, 9H, H-1), 1.41 (s, 3H, H-8), 1.38 (s, 3H,
H-8); 3C-NMR (101 MHz, CDCls): § = 172.4 (C-5), 170.4 (C-3), 113.5 (C-7), 86.1 (C-10), 84.1 (C-2), 79.4
(C-9), 76.2 (C-6), 45.3 (C-4), 28.1 (C-1), 27.2 (C-8), 26.0 (C-8); HRMS (ESI-TOF, +): m/z caled. for
Ci13H21NOgNa [M+Na]* 310.1261, found 310.1265.

(R)-1-((4S,5R)-5-((R)-2-((tert-butyldimethylsilyl)oxy)-1-hydroxyethyl)-2,2-dimethyl-1,3-
dioxolan-4-yl)propan-1-ol (102a) and (S)-1-((4S,5R)-5-((R)-2-((tert-butyldimethylsilyl)oxy)-
1-hydroxyethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)propan-1-ol (102b)

The reaction was carried out in moisture-free glassware under inert atmosphere. To a suspension of
95 (499 mg, 1.65 mmol, 1.00 eq.) in anhydrous THF (10 mL), EtMgBr in THF (0.9 M, 3.67 mL,
3.30 mmol, 2.00 eq.) was added dropwise at —78 °C. The suspension was stirred at -78 °C for 30 min
and overnight at room temperature. Because the TLC showed remaining starting material the next
day, additional EtMgBr in THF (2.00 eq.) was added at -78 °C. After stirring for 5h at room
temperature, the TLC showed almost complete conversion of the starting material. The reaction
mixture was quenched with saturated aqueous NH4CI (30 mL). The mixture was extracted with ethyl
acetate (2x 75 mL) and the combined organic layers were washed with saturated aqueous NaCl
(50 mL), dried over MgSO,, filtered, and concentrated under reduced pressure to yield a
diastereomeric mixture (509 mg, 1.53 mmol, 93%) as slightly yellow oil which was used in the next

stage without further purification.

Dissolved in anhydrous MeOH (10 mL), NaBH4 (116 mg, 3.06 mmol, 2.00 eq.) was added at 0 °C. After
stirring at 0 °C for 30 min, the TLC showed remaining starting material. Additional NaBH4 (1.00 eq.)

129



7. Experimental

was added. The mixture was stirred at room temperature for 1 h. Saturated aqueous NH4Cl (30 mL)
was the added and the mixture extracted with ethyl acetate (2 x 75 mL). Combined organic layers
were washed with saturated aqueous NaCl (50 mL), dried over MgSO4, filtered, and concentrated
under reduced pressure. The crude product was pre-purified by flash column chromatography
(0-40% ethyl acetate in n-heptane) and finally purified by flash column chromatography (0-35% ethyl
acetate in n-heptane) to give 102a (128 mg, 0.383 mmol, 23% over two steps) and 102b (78.3 mg,

0.234 mmol, 14% over two steps) as colorless olis.

b OHHO Rt (n-heptane/ethyl acetate 2:1): 0.43; TH-NMR (400 MHz, CDCls): § = 4.05-4.00
\S_O . 2 1

7< P{_(\/ (m, 2H, H-4, H-7), 3.88 (dd, J=10.0, 3.2 Hz, 1H, H-9), 3.83-3.75 (m, 1H, H-8),

” <5>s<0 3.68-3.60 (m, 1H, H-9), 3.66-3.61 (m, 1H, H-3), 1.83 (dtd, J = 21.5, 7.6, 2.8 Hz, 1H,

H-2), 1.54-1.44 (m, 1H, H-2), 1.37 (s, 3H, H-6), 1.32 (s, 3H, H-6), 1.03 (t, = 7.4 Hz,

3H, H-1), 0.91 (s, 9H, H-12), 0.10 (s, 6H, H-10); 3C-NMR (101 MHz, CDCls):
5= 108.6 (C-5), 80.9 (C-7), 77.5 (C-4), 70.1 (C-3), 69.5 (C-8), 64.5 (C-9), 28.2 (C-6), 27.0 (C-2), 26.0 (C-12),
25.6 (C-6), 18.5 (C-11), 9.6 (C-1), -5.2/-5.3 (C-10); HRMS (ESI-TOF, +): m/z calcd. for C1¢H3405SiNa
[M+Na]* 357.2068, found 357.2069.

102a

i OHHO Rt (n-heptane/ethyl acetate 2:1): 0.52; TH-NMR (400 MHz, CDCls): § = 4.11-4.08
~gj-0O, o 1

el (m, 1H, H-7), 4.03-3.99 (m, 2H, H-4, H-8), 3.93-3.88 (m, 1H, H-3), 3.85-3.81 (m,

12 (5>5<O 1H, H-9), 3.69-3.64 (m, 1H, H-9), 1.64-1.54 (m, 2H, H-2), 1.46 (s, 3H, H-6), 1.34

(s, 3H, H-6), 1.01 (dd, J= 7.3, 2.7 Hz, 3H, H-1), 0.91 (s, 9H, H-12), 0.09 (s, 6H,

H-10); 3C-NMR (101 MHz, CDCls): & = 108.2 (C-5), 79.3 (C-7), 76.7 (C-4), 70.4
(C-3), 69.4 (C-8), 64.6 (C-9), 28.2 (C-2), 27.4 (C-6), 26.0 (C-12), 25.0 (C-6), 18.5 (C-11), 9.4 (C-1), -5.2/-5.3
(C-10); HRMS (ESI-TOF, +): m/z calcd. for C16H3405SiNa [M+Na]* 357.2068, found 357.2066.

102b

(R)-1-((4S,5R)-5-((R)-2-((tert-butyldimethylsilyl)oxy)-1-hydroxyethyl)-2,2-dimethyl-1,3-
dioxolan-4-yl)pentan-1-ol (103a) and (S)-1-((4S,5R)-5-((R)-2-((tert-butyldimethylsilyl)oxy)-1-
hydroxyethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)pentan-1-ol (103b)

The reaction was carried out in moisture-free glassware under inert atmosphere. To a suspension of
95 (506 mg, 1.67 mmol, 1.00 eq.) in anhydrous THF (10 mL), n-BuLi in n-hexane (2.5 M, 736 L,
1.84 mmol, 1.10 eq.) was added dropwise at —78 °C. The suspension was stirred at —78 °C for 30 min.
The TLC showed almost complete conversion of the starting material. The reaction mixture was
stirred at room temperature for 5 min and then quenched with saturated aqueous NH4CI (30 mL). The
mixture was extracted with ethyl acetate (2 x 75 mL) and the combined organic layers were washed
with saturated aqueous NaCl (50 mL), dried over MgSOs, filtered, and concentrated under reduced
pressure to yield a diastereomeric mixture (555 mg, 1.54 mmol, 92%) which was used in the next stage

without further purification.
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Dissolved in anhydrous MeOH (10 mL), NaBH, (0.116 g, 3.08 mmol, 2.00 eq.) was added at 0 °C. After
stirring at 0 °C for 30 min, the TLC showed remaining starting material. Additional NaBH4 (1.00 eq.)
was added. The mixture was stirred at room temperature for 1 h. Saturated aqueous NH4Cl (30 mL)
was then added. The mixture was extracted with ethyl acetate (2 x 75 mL) and the combined organic
layers were washed with saturated aqueous NaCl (50 mL), dried over MgSO4, filtered, and
concentrated under reduced pressure. The crude product was pre-purified by flash column
chromatography (0-40% ethyl acetate in n-heptane) and finally purified by flash column
chromatography (0-35% ethyl acetate in n-heptane) to give 103a (212 mg, 0.585 mmol, 35% over two
steps) and 103b (134 mg, 0.370 mmol, 22% over two steps) as colorless oils.

o Wg R (n-heptane/ethyl acetate 2:1): 0.52; [a] 3% 5.4 (¢ 1.12, CHCls); 'H-NMR
e N (400 MHz, CDCLs): & = 4.13-4.05 (m, 1H, H-4), 4.04-3.94 (m, 3H, H-2, H-3,

b 15‘5;*{316 H-5), 3.87-3.79 (m, 1H, H-1), 3.71-3.61 (m, 1H, H-1), 3.25-1.78 (s, br, 2H,

1038 2-OH, 5-OH), 1.63-1.52 (m, 2H, H-6), 1.52-1.42 (m, 1H, H-7), 1.46 (s, 3H,
H-15/H-16), 1.42-1.26 (m, 3H, H-7, H-8), 1.34 (s, 3H, H-15/H-16), 0.95-0.87 (m, 3H, H-9), 0.91 (s, 9H,
H-13), 0.11-0.05 (m, 6H, H-10, H-11); ®*C-NMR (101 MHz, CDCls): § = 108.2 (C-14), 79.7 (C-4), 76.7
(C-3), 69.4 (C-2), 69.0 (C-5), 64.6 (C-1), 35.1 (C-6), 28.3 (C-7), 27.4 (C-15/C-16), 26.0 (C-13), 25.0
(C-15/C-16), 22.8 (C-8), 18.5 (C-12), 14.2 (C-9), -5.2 (C-10/C-11), -5.3 (C-10/C-11); HRMS (ESI-TOF, +):
m/z caled. for C1sH3305SiNa [M+Na]* 385.2381, found 385.2381.

11\8ng onno 7/ Rt (n-heptane/ethyl acetate 2:1): 0.56; [(J(]ZDS'1 +38.3 (¢ 1.10, CHCl);

e W IH-NMR (400 MHz, CDCls): & = 4.05-3.97 (m, 2H, H-3, H-4), 3.87 (dd,

15°>‘<°16 F=19.9,3.3 Hz, 1H, H-1), 3.91-3.75 (m, 2H, H-2, H-5), 3.62 (dd, = 9.9, 7.2 Hz,

103b 1H, H-1), 4.71-2.09 (s, br, 2H, 2-OH, 5-OH), 1.84-1.71 (m, 1H, H-6), 1.65-

1.22 (m, 5H, H-6, H-7, H-8), 1.37 (s, 3H, H-15/H-16), 1.32 (s, 3H, H-15/H-16), 0.95-0.88 (m, 3H, H-9),

0.91 (s, 9H, H-13), 0.11-0.08 (m, 6H, H-10, H-11); 3C-NMR (101 MHz, CDCls): § = 108.6 (C-14), 81.3

(C-4), 77.6 (C-3), 69.5 (C-2), 69.0 (C-5), 64.5 (C-1), 34.0 (C-6), 28.2 (C-15/C-16), 27.6 (C-7), 26.0 (C-13),

25.6 (C-15/C-16), 23.0 (C-8), 18.4 (C-12), 143 (C-9), -5.2 (C-10/C-11), 5.3 (C-10/C-11); HRMS
(ESI-TOF, +): m/z calcd. for C1sH3305SiNa [M+Na]* 385.2381, found 385.2383.

(R)-1-((4R,55)-5-((S)-1-hydroxypropyl)-2,2-dimethyl-1,3-dioxolan-4-yl)ethane-1,2-diol
(104b)

Ho ~ OHHQ . Condition 1: In a 50 mL falcon tube, TBAF in THF (1 M, 281 pL, 0.281 mmol,
re 53 4'.,5 7 1.22 eq.) was added to a solution of 103b (78.3 mg, 0.234 mmol, 1.00 eq.) in THF
QOXOW (5 mL). After stirring for 1 h at room temperature, the TLC showed a complete

104b conversion.

Condition 2: The reaction was carried out in moisture-free glassware under inert atmosphere. To a

suspension of commercially available 2,3-O-(1-methylethylidene)-D-ribo-furanose (96) (1.00 g,
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5.26 mmol, 1.00 eq.) in anhydrous THF (15 mL), EtMgBr in THF (0.9 M, 35.1 mL, 31.6 mmol, 6.00 eq.)
was added dropwise at —78 °C. The mixture was stirred at —78 °C for 20 min and overnight at room
temperature. Because the TLC showed remaining starting material, EtMgBr in THF (6.00 eq.) was
added a second time at -78 °C. After stirring for 2 h at room temperature, the TLC showed sufficient
conversion. The reaction mixture was carefully quenched with saturated aqueous NH4CI (90 mL). The
mixture was extracted with ethyl acetate (100 mL and 150 mL) and the combined organic layers were
washed with saturated aqueous NaCl (75 mL), dried over MgSOs, filtered, and concentrated under
reduced pressure. The crude product was purified by flash column chromatography (0-100% ethyl
acetate in n-heptane) to give 104b (548 mg, 2.49 mmol, 47%) as colorless oil.

Rt (n-heptane/ethyl acetate 1:2): 0.24; [a]332 +22.3 (c 1.08, CHCls); TH-NMR (400 MHz, CDCls):
5=4.10 (dd, J=9.2, 5.4 Hz, 1H, H-3), 4.02 (dd, 7= 9.2, 5.4 Hz, 1H, H-4), 3.91-3.82 (m, 2H, H-1, H-2),
3.78 (td, 7 = 8.7,3.0 Hz, 1H, H-5), 3.71 (dd, = 12.1, 6.8 Hz, 1H, H-1), 3.50 (s, br, 3H, 1-OH, 2-OH, 5-OH),
1.91-1.78 (m, 1H, H6), 1.58-1.44 (m, 1H, H6), 1.37 (s, 3H, H-9/H-10), 1.33 (s, 3H, H-9/H-10), 1.02 (t,
J=7.4Hz, 3H, H-7); 3C-NMR (101 MHz, CDCls): & = 108.8 (C-8), 80.1 (C-4), 77.8 (C-3), 70.8 (C-5),
69.6 (C-2), 64.5 (C-1), 28.1 (C-9/C-10), 27.0 (C-6), 25.6 (C-9/C-10), 9.3 (C-7); HRMS (ESI-TOF, +):
m/z calcd. for C10H200sNa [M+Na]* 243.1203, found 243.1203.

(3aS,6RR,6a8)-6-butyl-2,2-dimethyldihydrofuro[3,4-d][1,3]dioxol-4(3aH)-one (105a)

o, 5 In a 50 mL falcon tube, to a solution of 103a (212 mg, 0.585 mmol, 1.00 eq.) in THF

0=,
WS (10 mL) TBAF in THF (1 M, 703 pL, 0.703 mmol, 1.20 eq.) was added. After stirring
0. 0
; >g<11 for 1 h at room temperature, the TLC showed a complete conversion. The reaction
105a mixture was diluted by adding 8 mL THF and 6 mL H,O (THF/H:O 3:1).

To this solution, NalO4 (376 mg, 1.76 mmol, 3.00 eq.) was added. After stirring for 70 min at room
temperature, the TLC showed complete conversion of the starting material. The mixture was
quenched with saturated aqueous Na;SO3 (20 mL) and extracted with ethyl acetate (2 x 40 mL). The
combined organic layers were washed with saturated aqueous NaCl (30 mL), dried over MgSOs,

filtered and concentrated under reduced pressure.

The obtained crude product was dissolved in DCM (6 mL) and Dess-Martin periodinane (DMP, 15%
in DCM, 2.43 mL, 1.17 mmol, 1.98 eq.) was added. After stirring for 1 h and 4 h at room temperature,
additional DMP (2.00 eq. and 1.00 eq.) was added because LC-MS showed incomplete conversion of
the starting material. After stirring overnight, complete conversion was observed. The reaction
solution was filtered through a short silica column (100% DCM, 10 g silica) and purified by flash
column chromatography (0-30% ethyl acetate in n-heptane) to give 105a (43.3 mg, 0.202 mmol, 35%

over three steps) as colorless solid.

Rf = 0.32 (n-heptane/ethyl acetate 2:1); [a]2D4'6 +74.2 (c 0.82, CHCls); TH-NMR (400 MHz, CDCls):
§=4.79 (d, J= 5.4 Hz, 1H, H-2), 4.72 (dd, J= 5.4, 3.4 Hz, 1H, H-3), 4.42 (ddd, J=7.9, 6.2, 3.5 Hz, 1H,
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H-4), 1.97-1.71 (m, 2H, H-5), 1.56-1.32 (m, 4H, H-6, H-7), 1.46 (s, 3H, H-10/H-11), 1.39 (s, 3H,
H-10/H-11), 0.98-0.86 (m, 3H, H-8); 3C-NMR (101 MHz, CDCls): &= 174.2 (C-1), 114.0 (C-9), 80.0
(C-4), 77.1 (C-3), 76.5 (C-2), 28.9 (C-5), 27.5 (C-6), 26.9 (C-10/C-11), 26.1 (C-10/C-11), 22.6 (C-7), 14.0
(C-8); HRMS (ESI-TOF, +): m/z calcd. for C1;H1s04Na [M+Na]* 237.1097, found 237.1097.

(3a8,68,6a8)-6-butyl-2,2-dimethyldihydrofuro[ 3,4-d][ 1,3]dioxol-4(3aH)-one (105b)

0O 2 7 Lactone 105b (50.1 mg, 0.234 mmol, 63% over three steps) was synthesized in
analogous manner to 105a starting from 103b (134 mg, 0.369 mmol, 1.00 eq.). It
10 ><11 was obtained as slightly yellow oil.

R¢ (n-heptane/ethyl acetate 2:1): 0.43; [a]3*5 +39.4 (c 0.99, CHCl;); 'H-NMR
(400 MHz, CDCLs): § = 4.74 (d, J = 5.7 Hz, 1H, H-2), 4.55 (dd, 7 = 7.5, 6.2 Hz, 1H, H-4), 4.53 (d, ] = 5.7 Hz,
1H, H-3), 1.72-1.53 (m, 2H, H-5), 1.48 (s, 3H, H-10/H-11), 1.46-1.30 (m, 4H, H-6, H-7), 1.38 (s, 3H,
H-10/H-11), 0.96-0.87 (m, 3H, H-8); 3C-NMR (101 MHz, CDCls): & = 174.0 (C-1), 114.0 (C-9), 83.0
(C-4), 79.6 (C-3), 75.0 (C-2), 33.6 (C-5), 26.9 (C-10/C-11), 26.9 (C-6), 25.8 (C-10/C-11), 22.4 (C-7), 13.9
(C-8); HRMS (ESI-TOF, +): m/z calcd. for C1;H1304Na [M+Na]* 237.1097, found 237.1098.

tert-butyl ((4S5,55)-5-((R)-1-hydroxypentyl)-2,2-dimethyl-1,3-dioxolane-4-carbonyl)glyci-
nate (106a)

106a was synthesized similar to 100. Previously extracted (using 100 mL

[e) HQ 1
0 HN’4<_5_6_/7\/\/ DCM) glycine tert-butyl ester (92) (133 mg, 1.01 mmol, 5.02 eq.) was added
o}%m 6>‘<b to lactone 105a (43.3 mg, 0.202 mmol, 1.00 eq.) in DMSO (0.5 mL). The crude
15 16

product was purified via flash column chromatography (0-40% ethyl acetate
106a

in n-heptane) to give 106a (47.1 mg, 0.136 mmol, 68%) as colorless oil.

Rt (n-heptane/ethyl acetate 2:1): 0.25; [a]2D3'9 -20.8 (¢ 1.80, CHCls); 'H-NMR (400 MHz, CDCls):
§=7.08(t, 7= 5.2 Hz, 1H, H-3), 4.28 (d, J = 8.0 Hz, 1H, H-5), 4.33 (dd, J = 8.1, 2.1 Hz, 1H, H-6), 4.05 (dd,
7= 18.2,5.9 Hz, 1H, H-2), 3.84 (dd, 7= 18.1, 5.1 Hz, 1H, H-2), 3.89-3.76 (m, 1H, H-7), 2.70 (d, J = 8.1 Hz,
1H, 7-OH), 1.62 (s, 3H, H-15/H-16), 1.60-1.43 (m, 2H, H-8), 1.47 (s, 9H, H-13), 1.39 (s, 3H, H-15/H-16),
1.38-1.23 (m, 4H, H-9, H-10), 0.89 (t, J= 7.2 Hz, 3H, H-11); 3C-NMR (101 MHz, CDCls): & = 170.5
(C-4), 169.2 (C-1), 109.9 (C-14), 80.8 (C-12), 80.4 (C-6), 76.3 (C-5), 68.6 (C-7), 41.7 (C-2), 34.3 (C-8), 28.7
(C-13), 28.3 (C-9), 26.7 (C-15/C-16), 24.8 (C-15/C-16), 22.7 (C-10), 14.2 (C-11); HRMS (ESI-TOF, +): m/z
calcd. for C17H3:NOgNa [M+Na]* 368.2044, found 368.2048.
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tert-butyl ((4S,55)-5-((S)-1-hydroxypentyl)-2,2-dimethyl-1,3-dioxolane-4-carbonyl)glyci-
nate (106b)

0 HO " In analogous manner to 106a, 106b (54.0 mg, 0.156 mmol, 67%) was
o) HNW o . .
s ) = ' synthesized in starting from 39b (50.1 mg, 0.234 mmol). It was obtained as
O, 0>1<0 1 .
Nw N colorless oil.
106b

Rt (n-heptane/ethyl acetate 2:1): 0.35; [a]2D3'9 +3.3 (¢ 0.92, CHCls); 'TH-NMR
(400 MHz, CDCls): § = 7.34 (t, J = 5.0 Hz, 1H, H-3), 4.65 (s, br, 1H, 7-OH), 4.63 (d, J = 7.2 Hz, 1H, H-5),
4.19(dd, 7= 9.3,7.2 Hz, 1H, H-6), 4.04 (dd, J = 18.3, 5.6 Hz, 1H, H-2), 3.90 (dd, 7 = 18.4, 4.7 Hz, 1H, H-2),
3.50 (td, = 9.2, 2.6 Hz, 1H, H-7), 1.76-1.22 (m, 6H, H-8, H-9, H-10), 1.60 (s, 3H, H-15/H-16), 1.48 (s,
9H, H-13), 1.39 (s, 3H, H-15/H-16), 0.90 (t, J=6.9 Hz, 3H, H-11); ®C-NMR (101 MHz, CDCls)
8[ppm] = 172.1 (C-4), 168.2 (C-1), 110.5 (C-14), 82.9 (C-12), 81.7 (C-6), 77.4 (C-5), 70.3 (C-7), 41.9 (C-2),
33.8 (C-8), 28.2 (C-13), 27.4 (C-9), 27.2 (C-15/C-16), 24.8 (C-15/C-16), 23.0 (C-10), 14.2 (C-11); HRMS
(ESI-TOF, +): m/z calcd. for C17H3:NOg [M+H]* 346.2224, found 346.2223.

(3S5,4R,5R)-5-butyl-3,4-dihydroxydihydrofuran-2(3 H)-one (108a)

02" 57 106a (20.5 mg, 59.3 pmol, 1.00 eq.) was dissolved in anhydrous 1,4-dioxane (2 mL)
2 3 6

S o " and HCl in dioxane (4 M, 400 pL, 1.60 mmol, 27.0 eq.) was added. After stirring at
108a room temperature for 6 h, two drops of water were added. The mixture was stirred
at room temperature overnight and then evaporated to dryness. After lyophilization, 108a (14.8 mg,

59.3 umol, quant.) was obtained as colorless solid.

Rt (n-heptane/ethyl acetate 1:4): 0.39; TH-NMR (400 MHz, CDCls): § = 5.75 (s, br, 1H, 3-OH), 5.31 (s,
br, 1H, 2-OH), 4.41 (d, 7= 4.4 Hz, 1H, H-2), 4.25 (td, J = 7.0, 2.4 Hz, 1H, H-4), 4.15-4.05 (m, 1H, H-3),
1.71-1.54 (m, 2H, H-5), 1.39-1.20 (m, 4H, H-6, H-7), 0.88 (t, J = 6.9 Hz, 3H, H-8); 3C-NMR (101 MHz,
CDCls): § = 176.2 (C-1), 79.6 (C-4), 70.8 (C-3), 69.8 (C-2), 27.8 (C-5), 26.6 (C-6), 22.0 (C-7), 13.8 (C-8);
HRMS (ESI-TOF, +): m/z calcd. for CsH1404Na [M+Na]* 197.0784, found 197.0783.

(35,4R,55)-5-butyl-3,4-dihydroxydihydrofuran-2(3H)-one (108b)

0O 2 7 108b (13.6 mg, 54.5 umol, quant.) was synthesized in analogous manner to 108a

WS B starting from 106b (18.9 mg, 54.7 pmol). It was obtained as colorless solid.
1085 Rt (n-heptane/ethyl acetate 1:4): 0.44; 'TH-NMR (400 MHz, CDCls): 6 = 5.75 (s, br,
1H, 3-OH), 5.43 (s, br, 1H, 2-OH), 4.40 (d, J= 5.3 Hz, 1H, H-2), 4.17 (dd, J = 8.5, 6.3 Hz, 1H, H-4), 3.96
(d, J=4.9 Hz, 1H, H-3), 1.65-1.48 (m, 2H, H-5), 1.38-1.25 (m, 4H, H-6, H-7), 0.87 (t, J= 6.9 Hz, 3H,
H-8); 13C-NMR (101 MHz, CDCLs): & = 175.9 (C-1), 84.7 (C-4), 71.0 (C-3), 68.2 (C-2), 31.3 (C-5), 27.4
(C-6), 21.8 (C-7), 13.8 (C-8); HRMS (ESI-TOF, +): m/z calcd. for CsH14O4Na [M+Na]* 197.0784, found

197.0783.
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(5)-1-((4S,5R)-5-((R)-1,2-dimethyl-1,3-dioxolan-4-yl)heptane-1,7-diol (111)

. QH OH, . > The starting material 45 was synthesized over three steps starting from

HO o/ 7 2 7 5-hexyne-1-ol by a cooperation partner and provided as colorless oil.

0.0
14><13 R¢ (ethyl acetate): 0.20; [a]33? = +6.8 (c 0.89, CHCL); 'H-NMR
" (400 MHz, DMSO-ds): §=543 (d, J=3.9Hz 1H, 10-OH), 5.04 (d,
7= 4.0 Hz, 1H, 7-OH), 4.48 (t, J= 5.7 Hz, 1H, 11-OH), 4.32 (t, J= 5.1 Hz, 1H, 1-OH), 3.97 (dd, J= 9.3,
5.6 Hz, 1H, H-9), 3.86 (dd, = 9.1, 5.5 Hz, 1H, H-8), 3.70-3.56 (m, 3H, H-7, H-10, H-11), 3.44-3.34 (m,
3H, H-1, H-11), 1.69-1.54 (m, 1H, H-6), 1.54-1.37 (m, 3H, H-2, H-3), 1.36-1.21 (m, 6H, H-3, H-4, H-5,
H-6), 1.28 (s, 3H, H-13/H-14), 1.24 (s, 3H, H-13/H-14); 3C-NMR (101 MHz, DMSO-ds): & = 107.4
(C-12), 80.1 (C-8), 76.9 (C-9), 69.7 (C-10), 68.1 (C-7), 63.1 (C-11), 60.7 (C-1), 33.7 (C-6), 32.5 (C-2), 29.1
(C-4), 27.8 (C-13/C-14), 25.5 (C-5), 25.5 (C-13/C-14), 24.5 (C-3); HRMS (ESI-TOF, +): m/z caled. for
C14H32506Na [M+Na]* 315.1778, found 315.1776.

6-((3a8,48,6a8)-2,2-dimethyl-6-oxotetrahydrofuro[ 3,4-d][ 1,3]dioxol-4-yl)hexanal (112)

0O &+ 111 (889 mg, 3.04 mmol, 1.00 eq.) was dissolved in THF (45 mL). NalO4
— ) =° (1.95 g, 9.12 mmol, 3.00 eq.) in H2O (15 mL) was added. After stirring for 1 h
ﬂxw at room temperature, the TLC and LC-MS showed complete conversion of
the starting material. The mixture was quenched with saturated aqueous

Na,SOs3 (50 mL) and extracted with ethyl acetate (100 mL and 150 mL). The combined organic layers
were washed with saturated aqueous NaCl (100 mL), dried over MgSOQs, filtered and concentrated

under reduced pressure.

The obtained crude product was dissolved in DCM (15 mL) and DMP (15% in DCM, 22.2 mL,
10.7 mmol, 4.00 eq.) was added. After stirring overnight at room temperature, additional DMP
(1.00 eq.) was added because TLC and LC-MS showed incomplete conversion of the starting material.
After stirring for 1 h, almost complete conversion was observed. The reaction solution was filtered
through a short silica column (100% DCM, 10 g silica) and purified by flash column chromatography
(0-100% ethyl acetate in n-heptane) to give 112 (392 mg, 1.53 mmol, 50% over two steps) as colorless
solid.

R¢ (n-heptane/ethyl acetate 1:1): 0.39; [a]2D3'1 +31.9 (¢ 1.16, CHCls); 'H-NMR (400 MHz, CDCls):
§=9.75 (s, 1H, H-1), 4.73 (d, J= 5.7 Hz, 1H, H-8), 4.56-4.48 (m, 2H, H-7, H-9), 2.44 (td, J= 7.2, 1.5 Hz,
2H, H-2), 1.71-1.52 (m, 4H, H-3, H-4), 1.52-1.29 (m, 4H, H-5, H-6), 1.46 (s, 3H, H-12/H-13), 1.36 (s, 3H,
H-12/H-13); ¥C-NMR (101 MHz, CDCls): & = 202.3 (C-1), 173.8 (C-10), 114.0 (C-11), 82.8 (C-9), 79.5
(C-7), 74.9 (C-9), 43.7 (C-2), 33.7 (C-6), 28.7 (C-4), 26.9 (C-12/C-13), 25.7 (C-12/C-13), 24.7 (C-3), 21.8
(C-5); HRMS (ESI-TOF, +): m/z calcd. for C13H200sNa [M+Na]* 279.1203, found 279.1201.
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5-(5-Methylhexylsulfonyl)-1-phenyl-1H-tetrazole (113)

The synthesis of 113 was performed according to a literature known

\/,O
N/N\\,/ SM/ procedure.l'] Commercially available 5-methyl-1-hexanol (500 mg, 4.30 mmol,
N-N
N @ 1.00 eq.) and PPhs (2.26 g, 8.61 mmol, 2.00 eq.) were added to a solution of
1-phenyltetrazole-5-thiol (139) (1.53 g, 8.61 mmol, 2.00 eq.) in anhydrous THF
113

(30 mL). DIAD (1.69 mL, 8.61 mmol, 2.00 eq.) was added at 0 °C. The reaction
mixture was stirred at room temperature for 2 h. TLC showed complete conversion of the starting
material. The crude product was purified via flash column chromatography (0-30% ethyl acetate in

n-heptane).

The obtained sulfide was dissolved in DCM (30 mL). At 0 °C, m-CPBA (70%, 3.00 g, 12.2 mmol,
3.00 eq.) was added slowly. After stirring overnight at room temperature, LC-MS showed complete
conversion of the starting material. The mixture was quenched by adding saturated aqueous Na;SOs3
(50 mL) and extracted with diethyl ether (2 x 150 mL). The combined organic layers were washed with
1M NaOH (2 x 80 mL) and saturated aqueous NaCl (100 mL), dried over MgSQs, filtered and
concentrated under reduced pressure. Purification was achieved by flash column chromatography
(0-30% ethyl acetate in n-heptane) to give 113 (1.20 g, 3.91 mmol, 96% over two steps) as colorless oil.

NMR data was in good agreement with literature.[?"]

Rt (n-heptane/ethyl acetate 4:1): 0.37; 'H-NMR (400 MHz, CDCls): § = 7.73-7.66 (m, 2H), 7.66-7.56
(m, 3H), 3.78-3.70 (m, 2H), 2.00-1.88 (m, 2H), 1.63-1.44 (m, 3H), 1.28-1.19 (m, 2H), 0.89 (s, 3H), 0.87
(s, 3H); BC-NMR (101 MHz, CDCls): 6 = 153.7, 133.2, 131.6, 129.9, 125.2, 56.2, 38.2, 27.8, 26.1, 22.6,
22.6, 22.3; HRMS (ESI-TOF, +): m/z caled. for C14H21N4O,S [M+H]* 309.1380, found 309.1378.

(3a$,6S,6a8)-2,2-dimethyl-6-(11-methyldodec-6-en-1-yl)dihydrofuro[ 3,4-d][ 1,3]dioxol-4
(3aH)-one (114)

PN . The reaction was carried out in moisture-free glassware under
2 3 — 13
Sz e % e ¢ inert atmosphere. To a suspension of 113 (524 mg, 1.70 mmol,
17 14
19><1s 1.20 eq.) in anhydrous THF (10 mL), KHDMS (0.7 M in toluene,
114

2.43 mL, 1.70 mmol, 1.20 eq.) was added at -55 °C. After stirring at
-55 °C for 70 min, 112 (364 mg, 1.42 mmol, 1.00 eq.) in anhydrous THF (1 mL) was added. After
stirring at -55 °C for 1 h, TLC and LC-MS indicated complete conversion of the starting material. The
mixture was quenched with saturated aqueous NH4Cl (15 mL) and extracted with ethyl acetate
(2 x 100 mL). The combined organic layers were washed with saturated aqueous NaCl (50 mL), dried
(MgSO0s,), filtered and concentrated under reduced pressure. The crude product was applied onto silica
gel and pre-purified by flash column chromatography (0-30% ethyl acetate in n-heptane). Final
purification was achieved via flash column chromatography (0-30% ethyl acetate in n-heptane) and

yielded 114 (171 mg, 0.505 mmol, 36%) as colorless oil.
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Rt (n-heptane/ethyl acetate 4:1): 0.30; TH-NMR (400 MHz, CDCls): § = 5.45-5.28 (m, 2H, H-10, H-11),
4.73 (d, J=5.7 Hz, 1H, H-2), 4.54 (dd, 7= 7.4, 6.2 Hz, 1H, H-4), 4.52 (d, J= 5.4 Hz, 1H, H-3), 2.07-1.89
(m, 4H, H-9, H-12), 1.72-1.47 (m, 3H, H-5, H-15), 1.48 (s, 3H, H-18), 1.48-1.24 (m, 8H, H-6, H-7, H-8,
H-13), 1.38 (s, 3H, H-18), 1.23-1.10 (m, 2H, H-14), 0.87 (s, 3H, H-16), 0.85 (s, 3H, H-16); *C-NMR
(101 MHz, CDCls): 8 = 173.9 (C-1), 131.0 (C-10/C-11), 129.9 (C-10/-11), 114.0 (C-17), 83.0 (C-4), 79.6
(C-3), 75.0 (C-2), 38.7 (C-14), 33.9 (C-5), 33.0/32.5 (C-9, C-12), 29.4 (CH,), 28.7 (CH.), 28.0 (C-15), 27.6
(CH,), 26.9 (C-18/C-19), 25.8 (C-18/C-19), 24.7 (CHz), 22.8 (C-16); HRMS (ESI-TOF, +): m/z calcd. for
C20H3504 [M+H]* 339.2530, found 339.2526.

(3a8,6S,6a8)-2,2-dimethyl-6-(11-methyldodecyl)dihydrofuro[3,4-d][ 1,3]dioxol-4(3a H)-one
(115)

N N . The synthesis of 115 was performed by a cooperation partner.
O'z 3'-6 e W N Under argon atmosphere, Pd/C was added to 114 (171 mg,
19><1s 0.505 mmol, 1.00eq.) in THF (20mL). The mixture was

115
hydrogenated overnight at 4 bar using an autoclave and then

filtered through Celite®. The solvent was evaporated in vacuo to give 115 (178 mg, 0.523 mmol, quant.)

as colorless, crystalline solid.

Rt (n-heptane/ethyl acetate 4:1): 0.34; [a]337 +24.4 (¢ 1.35, CHCls); '"H-NMR (400 MHz, CDCls):
§=4.74(d, = 5.7 Hz, 1H, H-2), 454 (dd, J= 7.5, 6.2 Hz, 1H, H-4), 452 (d, 7 = 5.6 Hz, 1H, H-3), 1.69-
1.56 (m, 2H, H-5), 1.57-1.49 (m, 1H, H-15), 1.48 (s, 3H, H-18), 1.45-1.20 (m, 16H, H-6-H-13), 1.38 (s,
3H, H-18), 1.19-1.09 (m, 2H, H-14), 0.87 (s, 3H, H-16), 0.85 (s, 3H, H-16); 3C-NMR (101 MHz, CDCls):
§=194.0 (C-1), 114.0 (C-17), 83.0 (C-4), 79.6 (C-3), 75.0 (C-2), 39.2 (C-14), 33.9 (C-5), 30.1 (CHz), 29.8
(CHy), 29.7 (CHy), 29.6 (CHz), 29.5 (CHa), 29.3 (CHa), 28.1 (C-15), 27.5 (CHy), 26.9 (C-18/C-19), 25.8
(C-18/C-19), 24.8 (CHy), 22.8 (C-16); HRMS (ESI-TOF, +): m/z calcd. for C20H37;04 [M+H]* 341.2686,
found 341.2684.

tert-butyl ((4S,55)-5-((S)-1-hydroxy-12-methyltridecyl)-2,2,dimethyl-1,3-dioxolane-4-carbo-
nyl)glycinate (116a)

v 116a was synthesized identical to 106a starting from

24% L@W 115 (178 mg, 0.523 mmol). The crude product was
° 5 52:"@ purified by flash column chromatography (0-60% ethyl
zz><21 acetate in n-heptane) to yield 116a (205 mg,

16a 0.435 mmol, 85%) as colorless oil.

R¢ (n-heptane/ethyl acetate 2:1): 0.41; [a]3*1 +1.3 (c 0.79, CHCls); TH-NMR (400 MHz, CDCl;):
§=7.34(t, J=5.3 Hz, 1H, 3-NH), 4.65 (s, br, 1H, 7-OH), 4.62 (d, J = 7.2 Hz, 1H, H-5), 4.19 (dd, J= 9.3,
7.2 Hz, 1H, H-6), 4.04 (dd, J = 18.4, 5.7 Hz, 1H, H-2), 3.90 (dd, J = 18.4, 4.7 Hz, 1H, H-2), 3.50 (td, J = 9.0,
2.4 Hz, 1H, H-7), 1.81-1.18 (m, 19H, H-8-H-16, H-18), 1.61 (s, 3H, H-21/H-22), 1.48 (s, 9H, H-24), 1.39
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(s, 3H, H-21/H-22), 1.19-1.10 (m, 2H, H-17), 0.86 (s, 3H, H-19), 0.85 (s, 3H, H-19); 3C-NMR (101 MHz,
CDCL): § = 172.1 (C-4), 168.2 (C-1), 110.5 (C-20), 82.9 (C-23), 81.7 (C-6), 77.4 (C-5), 70.4 (C-7), 41.9
(C-2), 39.2 (C-17), 34.1 (C-8), 30.9 (CHz), 29.9 (CH,), 29.9 (CHs), 29.8 (CHa), 29.8 (CHy), 29.8 (CHy), 28.2
(C-24), 28.1 (C-18), 27.6 (CHy), 27.2 (C-21/C-22), 25.2 (CHa), 24.8 (C-21/C-22), 22.8 (C-19); HRMS
(ESI-TOF, +): m/z calcd. for C26Hs0NOgs [M+H]* 472.3633, found 472.3635.

tert-butyl ((4S5,55)-5-((R)-1-hydroxy-12-methyltridecyl)-2,2,dimethyl-1,3-dioxolane-4-car-
bonyl)glycinate (116b)

i Toasuspension of 116a (97.1 mg, 0.206 mmol, 1.00 eq.)

e LHW in DCM (5mL), DMP (15% in DCM, 0.855mL,
° 6'52:'6 0.424 mmol, 2.06 eq.) was added. The reaction mixture
22><21 was stirred at room temperature for 2h. As TLC

118 showed incomplete conversion of the starting material,
DMP (2 x 2.00 eq.) was added. After stirring overnight, almost complete conversion was observed by

TLC. The reaction solution was filtered through a short silica column (100% DCM, 10 g silica) and

concentrated under reduced pressure.

The obtained crude product was dissolved in abs. ethanol (5 mL) and NaBH4 (14.4 mg, 0.381 mmol,
1.85 eq.) was added. After stirring at room temperature for 30 min, saturated aqueous NH4Cl (15 mL)
was added. The mixture which was extracted with ethyl acetate (2 x 50 ml). The organic layer was
washed with saturated aqueous NaCl (30 mL), dried over MgSOQy, filtered and concentrated under
reduced pressure. The crude product was pre-purified by flash column chromatography (0-50% ethyl
acetate in n-heptane) and finally purified by flash column chromatography (0-35% ethyl acetate in
n-heptane) to give 116b (16.0 mg, 33.9 pmol, 14% over two steps) as colorless oil.

R¢ (n-heptane/ethyl acetate 2:1): 0.34; [a]311 —2.0 (¢ 0.50, CHCls); '"H-NMR (400 MHz, CDCls):
§=7.09 (t, = 5.6 Hz, 1H, 3-NH), 4.58 (d, J = 8.0 Hz, 1H, H-5), 4.33 (dd, 7= 8.0, 2.0 Hz, 1H, H-6), 4.05
(dd, 7=18.2, 5.9 Hz, 1H, H-2), 3.84 (dd, J= 18.2, 5.3 Hz, 1H, H-2), 3.89-3.79 (m, 1H, H-7), 2.70 (d,
7= 7.6 Hz, 1H, 7-OH), 1.62 (s, 3H, H-21/H-22), 1.58-1.42 (m, 4H, H-8, H-16, H-18), 1.47 (s, 9H, H-24),
1.39 (s, 3H, H-21/H-22), 1.37-1.18 (m, 15H, H-9-H-16), 1.18-1.08 (m, 2H, H-17), 0.86 (s, 31, H-19), 0.84
(s, 3H, H-19); BC-NMR (101 MHz, CDCls): §=170.5 (C-4), 169.2 (C-1), 109.9 (C-20), 82.8 (C-23),
80.4 (C-6), 76.3 (C-5), 68.6 (C-7), 41.7 (C-2), 39.2 (C-17), 34.6 (C-8), 30.1 (CHz), 29.9 (CHs), 29.8 (CHy),
29.8 (CHy), 29.8 (CHy), 29.7 (CHy), 28.2 (C-24), 28.1 (C-18), 27.6 (CHa), 26.7 (C-21/C-22), 26.1 (CH.), 24.8
(C-21/C-22), 22.8 (C-19); HRMS (ESI-TOF, +): m/z calcd. for CzHsoNOg [M+H]* 472.3633, found
472.3635.
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(35,4R,55)-3,4-dihyroxy-5-(11-methyldodecyl)dihydrofuran-2(3H)-one (118a)

o=ON A1 « 118a was synthesized in analogous manner to 108a starting from
2 3 6 n 13

ho o o X 116a (51.4mg, 0.109 mmol, 1.00eq.). The crude product was

118a dissolved in H,O (15mL) and extracted with diethyl ether

(3 x 30 mL). The combined organic layers were washed with saturated aqueous NaCl (20 mL), dried
over MgSQy, filtered, and concentrated under reduced pressure to give 118a (12.8 mg, 42.6 pmol, 39%)

as colorless solid.

Rt (n-heptane/ethyl acetate 1:2): 0.42; [a]3%> +10.7 (c 0.28, MeOH); TH-NMR (400 MHz, DMSO-ds):
5=5.74(d, J= 7.4 Hz, 1H, 3-OH), 5.38 (d, J = 4.0 Hz, 1H, 2-OH), 4.40 (dd, = 7.3, 5.1 Hz, 1H, H-2), 4.17
(dd, = 8.0, 6.5 Hz, 1H, H-4), 3.95 (ddd, 7= 5.0, 4.0, 1.0 Hz, 1H, H-3), 1.64-1.50 (m, 2H, H-5), 1.49 (sept,
F= 6.4 Hz, 1H, H-15), 1.34-1.25 (m, 2H, H-6), 1.29-1.18 (m, 14H, H-7-H-13), 1.17-1.08 (m, 2H, H-14),
0.84 (d, = 6.6 Hz, 6H, H-16); ®*C-NMR (101 MHz, DMSO-dg): § = 175.9 (C-1), 84.8 (C-4), 71.0 (C-3),
68.2 (C-2), 38.5 (C-14), 31.6 (C-5), 29.3 (CH,), 29.1 (CHz), 29.0 (CH2), 29.0 (CHz), 28.9 (CH,), 28.6 (CH,),
27.4 (C-15), 26.8 (CH3), 25.2 (C-6), 22.5 (C-16); HRMS (ESI-TOF, +): m/z calcd. for C17H3304 [M+H]*
301.2373, found 301.2374.

(35,4R,5R)-3,4-dihydroxy-5-(11-methyldodecyl)dihydrofuran-2(3 H)-one (118b)

In analogous manner to 118a, 118b (8.26 mg, 27.5 pmol, quant.)
was synthesized starting from 116b (12.8 mg, 27.1 umol).

118b

R¢ (n-heptane/ethyl acetate 1:2): 0.37; [a]3%> +29.1 (c 0.38, MeOH);
TH-NMR (400 MHz, DMSO-ds): § = 5.73 (d, 7 = 7.5 Hz, 1H, 3-OH), 5.26 (d, 7 = 4.1 Hz, 1H, 2-OH), 4.41
(dd, = 7.5, 4.6 Hz, 1H, H-2), 4.28 (td, 7= 7.0, 2.5 Hz, 1H, H-4), 4.08 (dd, T = 7.2, 4.4 Hz, 1H, H-3), 1.61
(non, J= 6.9 Hz, 2H, H-5), 1.49 (sept, J = 6.7 Hz, 1H, H-15), 1.34-1.26 (m, 2H, H-6), 1.28-1.18 (m, 14H,
H-7-H-13), 1.17-1.09 (m, 2H, H-14), 0.84 (d, 7 = 6.6 Hz, 6H, H-16); *C-NMR (101 MHz, DMSO-dp):
§=176.2 (C-1), 79.7 (C-4), 70.8 (C-3), 69.8 (C-2), 38.5 (C-14), 29.3 (CHz), 29.1 (CHz), 29.0 (CH), 29.0
(CHa), 28.9 (CHL), 28.9 (CHy), 28.1 (C-5), 27.4 (C-15), 26.8 (CHL), 24.5 (C-6), 22.5 (C-16); HRMS
(ESI-TOF, +): m/z calcd. for C17H3304 [M+H]* 301.2373, found 301.2375.

11-((tert-butyldimethylsilyl)oxy)-2-methylundecan-2-o0l (134) and 10-methylundecane-
1,10-diol (135)

The synthesis of 134 was performed by a cooperation partner starting from commercially available
10-hydroxydecanoic acid (132) (10.0 g, 53.1 mmol, 1.00 eq.) over three steps. The received crude
product was purified via flash column chromatography (0-100% ethyl acetate in n-heptane) to give
134 (4.42 g, 14.0 mmol, 26% over three steps) and 135 (6.65 g, 32.9 mmol, 62% over three steps) as

colorless oils.
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! « Rg(n-heptane/ethyl acetate 4:1): 0.28; TH-NMR (400 MHz, CDCls):

. '\12 §=13.59(t, 7= 6.7 Hz, 2H, H-11), 1.55-1.48 (m, 2H, H-10), 1.51-1.41

134 (m, 2H, H-9), 1.38-1.31 (m, 2H, H-3), 1.36-1.29 (m, 2H, H-8), 1.33—

1.26 (m, 8H, H-4-H-7), 1.20 (s, 6H, H-1), 0.89 (s, 9H, H-14), 0.05 (s, 6H, H-12); 3C-NMR (101 MHz,

CDCls): § = 71.2 (C-2), 63.5 (C-11), 44.2 (C-9), 33.0 (C-10), 30.3 (CH>), 29.7 (CH>), 29.7 (CHz), 29.6 (CHz),

29.4 (C-1), 26.1 (C-14), 25.9 (C-8), 24.5 (C-3), 18.5 (C-13), -5.1 (C-12); HRMS (ESI-TOF, +): m/z calcd.
for C1sH300Si [M-H;O+H]* 299.2765, found 299.2764.

' R¢ (n-heptane/ethyl acetate 1:1): 0.21; 'TH-NMR (400 MHz, CDCls):

HO= X % % ¥ % 5=13.63 (t, 7= 6.6 Hz, 2H, H-11), 1.56 (quin, J = 6.8 Hz, 2H, H-10), 1.49-

135 1.40 (m, 2H, H-9), 1.43-1.36 (m, 2H, H-3), 1.37-1.24 (m, 10H, H-4-H-8),

1.20 (s, 6H, H-1); 3C-NMR (101 MHz, CDCls): & = 71.2 (C-2), 63.2 (C-11), 44.1 (C-9), 32.9 (C-10), 30.3

(CH,), 29.7 (CHs), 29.7 (CHa), 29.5 (CHz), 29.3 (C-1), 25.9 (CHz), 24.5 (C-3); HRMS (ESI-TOF, +): m/z
caled. for C12Hz50 [M-H20+H]* 185.1900, found 185.1898.

tert-butyldimethyl((10-methylundec-10-en-1-yl)oxy)silane (136a) and tert-butyldimethyl
((10-methylundec-9-en-1-yl)oxy)silane (136b)

)L/\/\/\/\/O k To a suspension of 134 (3.79 g, 12.0 mmol, 1.00 eq.) in anhydrous
si

/N DCM (60 mL), NEt; (4.97mL, 359mmol, 3.00eq) and
4-dimethylaminopyridine (DMAP, 58.1 mg, 0.476 mmol, 0.04 eq.)

/K/\/\/\/\/ O‘/Si\/k were added. At 0°C, mesyl chloride (MsCl, 1.39 mL, 18.0 mmol,

136b

136a

1.50 eq.) was then added. Since incomplete conversion of the starting
material was observed after stirring for 1.5 h at room temperature, additional MsCl (1.00 eq.) was
added at 0 °C. After stirring for 1.5h at room temperature, complete conversion of the starting
material was observed by TLC. The reaction mixture was quenched by adding H;O (14 mL) and
stirring for 10 min. Aqueous citric acid (10% (w/v), 75 mL) and extracted with diethyl ether (200 mL).
The organic layer was washed with saturated aqueous NaHCOs3 (75 mL), saturated aqueous NaCl
(75 mL), dried (MgSOy), filtered and concentrated under reduced pressure. Of the obtained crude
product (3.53 g), only a small portion (51.5 mg) was purified by flash column chromatography (0-4%
ethyl acetate in n-heptane) to give an inseparable mixture of 136a and 136b (37.9 mg; 8.70 mmol, 73%)

as colorless oil.

Rt (n-heptane/ethyl acetate 60:1): 0.19 / 0.26; HRMS (ESI-TOF, +): m/z calcd. for C1gH30Si [M+H]*
299.2765, found 299.2766.

140



7. Experimental

10-methylundec-10-en-1-ol (137a) and 10-methylundec-9-en-1-ol (137b)

)L/\/\/\/\/OH 137a and 137b were synthesized identical to 105b (condition 1) starting

137a from the mixture of 135a and 135b (3.48 g, 11.7 mmol). The crude product
/W/\/OH was purified by flash column chromatography (0-50% ethyl acetate in

S
137b n-heptane) to yield the inseparable mixture of 137a and 137b (1.91 g,

10.4 mmol, 89%) as colorless oil.

Rf (n-heptane/ethyl acetate 2:1): 0.41 / 0.45; HRMS (ESI-TOF, +): m/z calcd. for Ci2Hos0 [M+H]*
185.1900, found 185.1899.

10-Methylundecan-1-ol (138)

The synthesis of 138 was performed by a cooperation partner. Under
85 79 m argon atmosphere, Pd/C was added to 137a/137b (2.15 g, 11.7 mmol,

1.00 eq.) in THF (200 mL). The mixture was hydrogenated overnight at
4 bar using an autoclave and then filtered through Celite®. The filtrate was concentrated under
reduced pressure. The crude product was purified by flash column chromatography (0-40% ethyl
acetate in n-heptane) to give 138 (1.16 g, 6.23 mmol, 53%) and as colorless oil.

Rt (n-heptane/ethyl acetate 4:1): 0.29; TH-NMR (400 MHz, CDCls): § = 3.64 (t, J = 6.7 Hz, 2H, H-11),
1.61-1.52 (m, 2H, H-10), 1.51 (sept, 1H, H-2), 1.39-1.29 (m, 2H, H-9), 1.34-1.22 (m, 10H, H-4-H-8),
1.34-1.22 (m, 2H, H-3), 0.86 (d, J= 6.6 Hz, 6H, H-1); 3C-NMR (101 MHz, CDCls): & = 63.3 (C-11),
39.2 (C-3), 33.0 (C-10), 30.0 (CHa), 29.8 (CH), 29.6 (CH), 28.1 (C-2), 27.6 (CHy), 25.9 (C-9), 22.8 (C-1);
HRMS (ESI-TOF, +): m/z calcd. for C12Hzs [M—H20+H]* 169.1951, found 169.1951.

5-((10-Methylundecyl)thio)-1-phenyl-1H-tetrazole (S169)

The sulfide S169 was synthesized as previously described for the first

7 9 1 13

N.s S 35
N, \\,\Il/ s s w0 1z u reaction in the synthesis towards 113 starting from 139 (1.02 g,
NN 32
@2 5.46 mmol, 1.00 eq.). The crude product was purified by flash
$169 chromatography (0-30% ethyl acetate in n-heptane) to give S169

(1.72 g, 4.96 mmol, 91%) and as colorless oil.

Ry (n-heptane/ethyl acetate 4:1): 0.45; TH-NMR (400 MHz, CDCls): 6 = 7.62-7.50 (m, 5H, H-1, H-2,
H-3), 3.39 (t, J = 7.3 Hz, 2H, H-6), 1.81 (quin, J = 7.5 Hz, 2H, H-7), 1.51 (sept, 1H, H-15), 1.48-1.39 (m,
2H, H-8), 1.36-1.20 (m, 10H, H-9-H-13), 1.19-1.10 (m, 2H, H-14), 0.86 (d, J= 6.6 Hz, 6H, H-16);
BC-NMR (101 MHz, CDCls): § = 154.7 (C-5), 133.9 (C-4), 130.2 (C-1), 129.9 (C-2), 124.0 (C-3), 39.2
(C-14), 33.5, (C-6), 30.0 (CHy), 29.7 (CHa), 29.6 (CHs), 29.2 (CHa), 29.2 (C-7), 28.8 (C-8), 28.1 (C-15), 27.5
(CHy), 22.8 (C-16); HRMS (ESI-TOF, +): m/z calcd. for C10H31N4S [M+H]* 347.2264, found 347.2265.
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5-((10-Methylundecyl)sulfonyl)-1-phenyl-1H-tetrazole (125)

0 0 The sulfone 125 was synthesized as previously described for the
Nos &’ 9 1 13 15
N, \7\1/ R second step in the synthesis towards 113 starting from S169 (1.71 g,
N-N 3
@2 493 mmol, 1.00 eq.). The crude product was purified by flash

125 chromatography (0-25% ethyl acetate in n-heptane) to obtain 125
(1.79 g, 4.73 mmol, 96%) and as colorless oil.

Rr (n-heptane/ethyl acetate 4:1): 0.43; TH-NMR (400 MHz, CDCls): § = 7.72-7.67 (m, 2H, H-3), 7.64—
7.55 (m, 3H, H-1, H-2), 3.73 (t, 7= 8.0 Hz, 2H, H-6), 1.95 (quin, j = 7.8 Hz, 2H, H-7), 1.56-1.44 (m, 3H,
H-8, H-15), 1.39-1.21 (m, 10H, H-9-H-13), 1.19-1.11 (m, 2H, H-14), 0.86 (d, J= 6.6 Hz, 6H, H-16);
3C-NMR (101 MHz, CDCls): § = 153.7 (C-5), 133.2 (C-4), 131.6 (C-1), 129.9 (C-2), 125.2 (C-3), 56.2
(C-6), 39.2 (C-14), 30.0 (CH.), 29.6 (CH,), 29.3 (CH.), 29.1 (CH,), 28.3 (C-8), 28.1 (C-15), 27.5 (CH), 22.8
(C-16), 22.1 (C-7); HRMS (ESI-TOF, +): m/z calcd. for C1oH3:1N4O2S [M+H]* 379.2162, found 379.2162.

(R)-1-((3aR,5R,68,6aR)-6-(benzyloxy)-2,2-dimethyltetrahydrofurp[2,3-d][ 1,3 ]dioxol-5-yl)
ethane-1,2-diol (127)

HO The synthesis of 127 was performed by a cooperation partner according to
HO‘EO) literature known procedure starting from D-glucose (120) over three steps. The

©/\ /% analytical data were in accordance to the reported data in literature.!%]
127 Rt (n-heptane/ethyl acetate 1:2): 0.38; [a]3%* ~12.6 (c 0.88, MeOH); 'H-NMR

(400 MHz, CDCls): § = 7.41-7.30 (m, 5H), 5.94 (d, 7= 3.8 Hz, 1H), 4.74 (d, J=11.8 Hz, 1H), 4.63 (d,
7= 3.8 Hz, 1H), 4.55 (d, J= 11.6 Hz, 1H), 4.15-4.08 (m, 2H), 4.03 (ddd, 7= 7.9, 5.2, 3.2 Hz, 1H), 3.81 (dd,
7= 114, 3.5 Hz, 1H), 3.69 (dd, 7= 11.5, 5.5 Hz, 1H), 2.16 (s, br, 2H), 1.49 (s, 3H), 1.32 (s, 3H); 3*C-NMR
(101 MHz, CDCls): § = 137.3, 128.9, 128.4, 128.1, 112.0, 105.3, 82.2, 82.2, 80.1, 72.3, 69.5, 64.6, 26.9, 26.4;
HRMS (ESI-TOF, +): m/z calcd. for C16H2206Na [M+Na]* 333.1309, found 333.1309.

(3aR,58,6S,6aR)-6-(benzyloxy)-2,2-dimethyltetrahydrofuro[2,3-d][ 1,3]dioxole-5-carbalde-
hyde (124)

In analogous manner to 112, 124 (1.71 g, 6.14 mmol, quant.) was synthesized

|
b "0 starting from 127 (1.86 g, 5.98 mmol) and obtained as yellowish oil without

©/\ /% further purification.

Rt (n-heptane/ethyl acetate 1:2): 0.60; 'H-NMR (400 MHz, CDCl3): § = 9.68 (d,
J=1.5Hz, 1H, H-1), 7.39-7.28 (m, 3H, H-12, H-13), 7.27-7.22 (m, 2H, H-11), 6.13 (d, = 3.4 Hz, 1H,
H-5), 4.65 (d, = 3.5 Hz, 1H, H-2), 4.61 (d, 7 = 11.9 Hz, 1H, H-9), 4.57 (dd, J= 3.7, 1.5 Hz, 1H, H-4), 4.49
(d, 7= 11.7 Hz, 1H, H-9), 4.34 (d, J= 3.8 Hz, 1H, H-3), 1.47 (s, 3H, H-7/H-8), 1.34 (s, 31, H-7/H-8);
13C-NMR (101 MHz, CDCls): § = 200.1 (C-1), 136.8 (C-10), 128.7 (C-12), 128.4 (C-13), 127.9 (C-11), 112.8
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(C-6), 106.4 (C-5), 84.8 (C-4), 83.9 (C-3), 82.4 (C-2), 72.6 (C-9), 27.1 (C-7/C-8), 26.5 (C-7/C-8); HRMS
(ESI-TOF, +): m/z calcd. for C1sH200¢Na [M+H20+Na]* 319.1152, found 319.1154.

(3a$,4R,7R,7aR)-2,2-dimethyl-4-((trityloxy)methyl)tetrahydro-4H-[ 1,3]dioxlo[4,5-c]pyran-
6,7-diol (131)

oTr  The synthesis of 131 was performed over two steps according to literature known

Xoji[/i procedure.[3] To a solution of D-galactose (121) (4.06 g, 22.5 mmol, 1.00 eq.) in
0" >""0H anhydrous pyridine (60 mL), trityl chloride (TrCl, 6.59 g, 23.6 mmol, 1.05 eq.) was
OH

131 added. After stirring at 50 °C for 18 h, the reaction mixture was concentrated in

vacuo. The obtained slurry crude product was dissolved in DCM and purified by chromatography
through short silica column. The tritylated galactose was eluted with ethyl acetate and concentrated

under reduced pressure.

The obtained crude product was dissolved in anhydrous acetone (150 mL) and CuSO4 (20.0 g,
125 mmol, 5.56 eq.) was added. After stirring for 35 h at room temperature, the reaction mixture was
filtered through Celite® and concentrated under reduced pressure. The crude product was pre-purified
by flash chromatography (4.5 x 24 cm) using gradient elution (4:1, 2:1, 1:1, 1:2 n-heptane/ethyl acetate)

to afford anomeric 131 (2.71 g, 5.86 mmol, 26% over two steps) as colorless oil.

Rt (n-heptane/ethyl acetate 1:1): 0.17 / 0.25; HRMS (ESI-TOF, +): m/z caled. for CasH30O6Na [M+Na]*
485.1935, found 485.1933.
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7.2.4 Antimycobacterial activity of Streptomyces sp. HAG010336

7.2.4.1 Media variation

A piece of agar plate (0.5 x 0.5 cm) Streptomyces sp. HAG010336 had grown on was used to inoculate
30 mL pre-culture medium 5254 in a 100 mL Erlenmeyer flask. After incubation on a rotary shaker at
180 rpm and 28 °C for 7 days, the pre-culture was multiplied by inoculation of 3 x 100 mL pre-culture
medium in 300 mL Erlenmeyer flasks with 5 mL (5% inoculum) of the previous pre-culture. Incubation

took place under the same conditions as before.

Of all media used, 100 mL was prepared in 300 mL Erlenmeyer flasks (of which one was baftled),
inoculated with 5 mL (5% inoculum) pre culture and incubated on a rotary shaker at 180 rpm and
28 °C in most cases. Two flasks containing 5265 medium were shaken in an incubator at 240 rpm and
28 °C or at 180 rpm and 37 °C. At each time point (day 3, day 5, day 7, day 10 and day 14) a sample
(4 mL) was transferred into a 24 well plate. This was also done for the non-inoculated media controls

on day 14.

The 24-well plates were then freeze dried. Extraction was performed by adding 100vol% MeOH (4 mL)
to each well. After shaking for 3 h and centrifugation, 2 x 1.25 mL. MeOH extract was transferred
subsequently into a 96 well MASTERBLOCK® which was dried in-between (GeneVac). The total MeOH
extract volume of 2.50 mL per well was then re dissolved in 200 pL. MeOH per well of which a 50 pL
sample was analyzed by UPLC-MS (5 pL injection volume, maXis II).

Relative quantification was performed using the Compass QuantAnalysis (Version 4.4) software

(BRUKER).

7.2.4.2 Cultivation and Extraction

Medium 5265: Precultures of Streptomyces sp. HAG010336 were prepared by inoculation of 30 mL
pre-culture medium 5254 in a 100 mL Erlenmeyer flask with a 0.5 x 0.5 cm piece of agar plate the
strain was previously grown on. Pre-cultures were multiplied by inoculation of 100 mL pre-culture
medium in a 300 mL Erlenmeyer flask with 5 mL (5% inoculum) of a previous pre culture. Incubation
took place on a rotary shaker at 180 rpm and 28 °C for 7 days. For both main culture batches (21 L and
18 L), 25 mL (5% inoculum) pre-culture was then used to inoculate each one of the 2 L Erlenmeyer
flasks (42 x and 36 x) containing 0.5 L of the main-culture medium 5265. After incubation for 7 days

on a rotary shaker at 180 rpm and 28 °C, the main culture was frozen and freeze dried.

The lyophilized culture was extracted with 80vol% MeOH and the combined MeOH extracts were
dried under reduced to yield 51.5 g and 47.0 g respectively.

Medium SM25: Fermentation of both 20 L batches in SM25 medium was performed identically as

described above except for incubation for 10 days instead.
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After cultivation, 2 L portions of the culture were transferred into 5 L wide neck Schott Duran® glass
bottles. 2 L ethyl acetate was added and after stirring for 30 min, the organic layer was vacuumed off

and evaporated to dryness to yield 16.7 g and 14.5 g of crude extract.

7.2.4.3 Isolation and Purification

Medium 5265: Solid phase extraction was performed with the crude extracts (MCI system).
Therefore, they were dissolved in 10% MeOH (5 L and 4 L) and applied onto a 1L (6 cm x 50 cm)
column packed with Amberlite® XAD-16N. Elution was done using a step gradient (10%, 40%, 60%,
80%, 100%) of MeOH in HO. Fractions containing the compound were combined and MeOH was

removed under reduced pressure.

The aqueous phases were extracted two times with 100vol% ethyl acetate. The combined organic

layers were concentrated under reduced pressure to give 2.74 g and 2.54 g, respectively.

Dissolved in MeOH (c » 50 mg/mL), the ethyl acetate extracts were fractionated via preparative
RP-HPLC (Synergi™ Fusion RP 80 A, 4 um, 250 x 21.2 mm) using linear gradient elution of 5-95%
ACN/H20 + 0.1% FA (15 mL/min) over 25 min to yield 8.32 mg and 2.33 mg.

Further purification was achieved by semi-preparative HPLC (NucLEODUR® C18 Gravity-SB, 3 pm,
250 x 4.6 mm) and linear gradient elution of 5-95% MeOH/H;0 + 0.1% FA (2 mL/min) over 40 min.

Fractions containing the compound were combined.

Final purification was achieved by MS-guided UPLC fractionation (AcQurty UPLC® BEH C18, 1.7 pm,
100 x 2.1 mm) using an adjusted linear gradient of 35-50% MeOH/H0O + 0.1% FA (0.6 mL/min) over
17.45 min to yield 0.235 mg of SF009 (isol-150).

Medium SM25: The crude extract was dissolved in MeOH at a concentration of approx. 150 mg/mL
to be fractionated by preparative RP-HPLC in analogous manner as described before to yield 29.8 mg
and 67.3 mg respectively.

Further purification was achieved by semi-preparative HPLC (NucLEODUR® C18 Gravity-SB, 3 pm,
250 x 4.6 mm) and an adjusted gradient of 35-70% ACN/H20O + 0.1% FA (2 mL/min) over 15.5 min.

Pure fractions were combined to yield 1.25 mg and 1.14 mg of SF009 (isol-150).

Separately combined impure fractions were purified in an additional step of MS-guided UPLC
fractionation (AcQurty UPLC® BEH C18, 1.7 pym, 100 x 2.1 mm) using linear gradient elution of
30-95% ACN/H20 + 0.1% FA (0.6 mL/min) over 17 min. Additional 0.100 mg pure compound isol-150

was obtained.

SF009 (isol-150): red-purple solid; LC-UV (ACN/H20) Amax 221, 274, 300, 377 nm; 'H and 3C-NMR
data: see Table 24; ESI-MS (positive ions): m/z 323.1025 [M+H]*, m/z 345.0845 [M+Na]*, m/z 667.1798
[2M+Na]*; HRMS (ESI-TOF, +): m/z calcd. for C1sHisN20s [M+H]* 323.1026, found 323.1025.

145



7. Experimental

7.2.4.4 Total Synthesis of SF009 and Derivatives
L-Tryptophan methyl ester (158)

Oy o The synthesis of 158 was performed according to a literature known procedure.[2!4]
L-tryptophan (157) (2.26 g, 11.1 mmol, 1.00 eq.) was dissolved in anhydrous MeOH

NH,
(50 mL). Under ice-cooling, SOCI; (2.20 mL, 11.3 mmol, 1.02 eq.) was added dropwise.

Iz _

The mixture was stirred at room temperature for 5h. After the reaction was
completed, MeOH was removed under reduced pressure. The obtained residue was
dissolved in saturated aqueous NaHCOs3 (25 mL) and the pH was adjusted to 9-10 using aqueous 1 M
NaOH. The aqueous phase was extracted with ethyl acetate (3 x 80 mL) and the combined organic
layers were washed with saturated aqueous NaCl (80 mL), dried over MgSOs, filtered and
concentrated under reduced pressure to yield 158 (2.39 g, 11.0 mmol, 99%) as colorless solid which

was subsequently used without further purification.

LC-UV (ACN/H:0): Amax 218, 278 nm; 'H-NMR (400 MHz, CDCls): §=8.18 (s, br, 1H), 7.62 (d,
7= 7.8 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.20 (t, J = 7.4 Hz, 1H), 7.13 (t, J = 7.4 Hz, 1H), 7.06 (s, br, 1H),
3.84 (dd, 7=7.7, 4.8 Hz, 1H), 3.72 (s, 3H), 3.29 (dd, J= 14.4, 4.8 Hz, 1H), 3.06 (dd, J = 14.4, 7.7 Hz, 1H);
BBC-NMR (101 MHz, CDCls): § = 175.9, 136.4, 127.6, 123.0, 122.3, 119.7, 118.9, 111.4, 111.3, 55.1, 52.1,
30.9; ESI-MS (positive ions): m/z 202.0861 [M+NHs]*, m/z 219.1126 [M+H]*, m/z 241.0945 [M+Na]*;
HRMS (ESI-TOF, +) m/z caled. for C12H15N20, [M+H]* 219.1128, found 219.1126.

1-[5-(Hydroxymethyl)furan-2-yl]-3-carbomethoxy-9H-pyrido|[ 3,4-b]indole (150)

The synthesis of 150 was performed according to a literature known
procedure.l?'4] In the presence of 4 A molecular sieves, 158 (2.18 g, 9.99 mmol,

1.00 eq.) was dissolved in anhydrous DCM (100 mL). TFA (0.20 mL, 2.60 mmol,

0.26 eq.) and 5-(hydroxymethyl)furfural (159) (1.00 mL, 10.2 mmol, 1.02 eq.)

synth-150

was added. After stirring for 24 h at room temperature, the solution was
filtered through a frit packed with Celite® and washed with ethyl acetate. The solvent was evaporated
under reduced pressure to give the crude diastereomeric mixture of 160 (3.52 g, 10.8 mmol, quant.) as

deep red solid.

Without further purification 160 (2.01 g, 6.16 mmol, 1.00 eq.) was dissolved in DMF (15 mL). EtsN
(3.30 mL 23.8 mmol, 3.87 eq.) was added. The reaction mixture was cooled to -10 °C before
trichlorocyanuric acid (TCCA, 2.02 g, 8.69 mmol, 1.41 eq.) in DMF (6 mL) was added slowly. After
stirring for 1 h at 0 °C, H2O (30 mL) was added and the aqueous phase was extracted with ethyl acetate
(3 x 100 mL). The combined organic layers were washed with saturated aqueous NaCl (90 mL), dried
over MgSQy, filtered and concentrated under reduced pressure. The crude product was purified by
silica gel column chromatography using gradient elution from 1:0 to 1:3 DCM/ethyl acetate to afford
150 (0.854 g, 2.65 mmol, 43% over two steps) as yellow amorphous powder.
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Rt (ethyl acetate): 0.64; LC-UV (ACN/H20): Amax 219, 273, 299, 376 nm; 'H-NMR (400 MHz, CDCls):
5=9.98 (s, 1H), 8.48 (s, 1H), 7.99 (d, J= 7.7 Hz, 1H), 7.51 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.5 Hz, 1H), 7.29
(d, J=7.5Hz, 1H), 7.21 (d, J = 3.4 Hz, 1H), 6.34 (d, J = 3.3 Hz, 1H), 4.76 (s, 2H), 4.02 (s, 3H); 3C-NMR
(101 MHz, CDCls): 6 = 166.7, 154.9, 153.2, 141.0, 137.0, 133.1, 132.6, 130.1, 129.0, 121.7, 121.4, 121.0,
116.4, 112.3, 110.8, 110.6, 57.6, 52.7; ESI-MS (positive ions): m/z 323.1026 [M+H]*, m/z 345.0844
[M+Na]*, m/z 667.1796 [2M+Na]*; HR-MS (ESI-TOF, +): m/z calcd. for C1sH15N204 [M+H]* 323.1026,
found 323.1026.

1-[5-(Hydroxymethyl)furan-2-yl]-9H-pyrido[ 3,4-b]indolo-3-carboxylic acid (153)

To a solution of 150 (0.194 g, 0.602 mmol, 1.00 eq.) in MeOH (15 mL), 2 M
NaOH (1.5 mL) was added. After heating to reflux for 1 h, the mixture was
allowed to cool to room temperature, acidified to pH 5-6 by adding 2 M HCl
(approx. 1.5 mL), diluted with H,O (20 mL) and extracted with ethyl acetate

(3 x 120 mL). the combined organic layers were washed with saturated
aqueous NaCl (100 mL), dried over MgSQs, filtered and concentrated under reduced pressure to give

153 (0.168 g, 0.545 mmol, 90%) as yellow solid.

LC-UV (ACN/H;0): Amax 219, 289, 353, 380, 412 nm; 'H-NMR (400 MHz, DMSO-ds): § = 12.69 (s, br,
1H), 11.58 (s, 1H), 8.85 (s, 1H), 8.42 (d, 7= 7.8 Hz, 1H), 7.82 (d, J = 8.3 Hz, 1H), 7.65 (t, J = 7.3 Hz, 1H),
7.43 (d, J=3.2 Hz, 1H), 7.35 (7, J= 7.4 Hz, 1H), 6.63 (d, J= 3.3 Hz, 1H), 5.49 (s, br, 1H), 4.69 (s, 2H);
BBC-NMR (101 MHz, DMSO-ds): § = 166.4, 157.3, 151.2, 141.4, 137.0, 132.5, 131.9, 129.8, 129.0, 122.0,
121.0, 120.6, 115.7, 112.8, 111.1, 109.2, 56.0; ESI-MS (positive ions): m/z 309.0869 [M+H]*; HR-MS
(ESI-TOF, +): m/z calcd. for C17H13N204 [M+H]* 309.0870, found 309.0869.

1-[5-(Hydroxymethyl)furan-2-yl]-9H-pyrido[3,4-b]indolo-3-carboxamide (154)

To a solution of 153 (0.101 g, 0.328 mmol, 1.00 eq.) in DMF (2 mL), Oxyma
(70.5 mg, 0.568 mmol, 1.70 eq.), EDC - HCI (0.124 g, 0.647 mmol, 1.97 eq.),
NaHCOs3 (0.272 g, 3.24 mmol, 9.82 eq.) and NH4Cl1 (0.173 g, 3.23 mmol, 9.78 eq.)

were added successively at 0 °C. After stirring for 1.5 h at room temperature,

saturated aqueous NaHCOs (30 mL) was added and the aqueous phase
extracted with ethyl acetate (2 x 100 mL). The combined organic layers were washed with 10%
aqueous citric acid (40 mL) and saturated aqueous NaCl (40 mL), dried over MgSQs, filtered and
evaporated to yield 95.4 mg crude product. For analytical purposes and bioactivity screening, a small
amount was purified by semi-preparative RP-HPLC using a C18 column (NucLEoDUR® C18 Gravity-
SB, 3 um, 250 x 4.6 mm) and linear gradient elution of 5-95% ACN/H20 + 0.1% FA (2 mL/min) over

19 min. Pure fractions were combined to yield 154 as yellow solid.

R¢ (DCM/MeOH 9:1): 0.49; LC-UV (ACN/H20): Amax 217, 274, 298, 379 nm; 'H-NMR (400 MHz,
DMSO-dy): &= 11.47 (s, 1H), 8.76 (s, 1H), 8.40 (d, J= 7.8 Hz, 1H), 8.24 (d, J= 2.4 Hz, 1H), 7.81 (d,
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J=82Hz, 1H), 7.64 (t, J=7.4Hz, 1H), 7.60 (d, J=3.4Hz, 1H), 7.56 (d, J=2.4 Hz, 1H), 7.33 (t,
J=7.4Hz, 1H), 6.62 (d, 7= 3.3 Hz, 1H), 5.47 (t, J=5.9 Hz, 1H), 4.69 (d, J = 5.0 Hz, 2H); 3C-NMR
(101 MHz, DMSO-ds): § = 166.6, 157.2, 151.6, 141.4, 139.7, 131.5, 131.4, 130.2, 128.8, 122.0, 121.1, 120.3,
112.7, 112.5, 111.0, 109.1, 56.0; ESI-MS (positive ions): m/z 308.1030 [M+H]*; m/z 330.0850 [M+Na]*;
HR-MS (ESI-TOF, +): m/z caled. for C17H14N303 [M+H]* 308.1030, found 308.1030.

1-[5-(Aminomethyl)furan-2-yl]-3-carbomethoxy-9H-pyrido[ 3,4-b]indole (155)

To a solution of 150 (0.854 g, 2.65 mmol, 1.00 eq.) in anhydrous DCM (30 mL)
was cooled to 0 °C before SOCI; (0.58 mL, 7.99 mmol, 3.02 eg.) was added
slowly. The reaction mixture was stirred for 2 h at room temperature before

NH, the solvent was removed under reduced pressure to yield chloride 161 of the

as a brown solid.

Without purification, 161 was dissolved in DMF (4 mL). After adding NaNs (0.258 g, 3.97 mmol,
1.50 eq.) the solution was stirred at 60 °C for 1 h. At room temperature, saturated aqueous NaHCO3
(50 mL) was added and the aqueous phase extracted with ethyl acetate (2 x 150 mL). The combined
organic layers were washed with saturated aqueous NaCl (50 mL), dried over MgSOs, filtered and

evaporated to dryness to yield 162 as a brown oil.

To a solution of 162 in THF/HO 10:1 (11 mL), PPhs (0,771 g, 2.94 mmol, 1.11 eq.) was added. After
stirring at room temperature for 3 h, LC-MS showed a full conversion of the starting material.
However, a significant amount of intermediate formed imine was observed. 2 M HCI (3 mL) was added
to the mixture to promote acidic hydrolysis. After stirring at room temperature for 2 h, very little
effect was observed by LC-MS analysis. Therefore, the reaction mixture was then stirred in acetic acid
(20 mL) at 40 °C for 3 h before being concentrated under reduced pressure. The crude product was
purified by preparative HPLC (Synergi™ 4 pum Fusion-RP 80 A, 50 x 21.1 mm) using linear gradient
elution of 5-95% ACN/H;0 + 0.1% FA (15 mL/min) over 24 min. Pure fractions were combined to give
155 (0.169 g, 0.526 mmol, 20% over three steps) as yellow solid.

R¢ (DCM/MeOH 9:1): 0.13; LC-UV (ACN/Hz0): Amax 218, 274, 297, 375 nm; "H-NMR (400 MHz,
DMSO-de): & = 12.19 (s, br, 1H, H-1), 8.87 (s, 1H, H-9), 8.43 (d, J = 7.8 Hz, 1H, H-6), 7.91 (d, = 8.3 Hz,
1H, H-3), 7.65 (t, J= 7.3 Hz, 1H, H-4), 7.35 (t, J= 7.4 Hz, 1 H), 7.27 (d, 7= 3.4 Hz, 1H, H-14), 6.72 (d,
7= 3.4 Hz, 1H, H-15), 4.18 (s, 2H, H-17), 3.94 (s, 3H, H-20); *C-NMR (101 MHz, DMSO-ds): § = 165.7
(C-19), 153.4 (C-13), 141.6 (C-2), 136.5 (C-12), 132.5 (C-11), 131.9 (C-10), 129.7 (C-8), 128.9 (C-4), 122.0
(C-6), 120.8 (C-7), 120.6 (C-5), 116.4 (C-9), 112.9 (C-3), 110.7 (C-15), 110.5 (C-14), 52.1 (C-20), 36.6 (C-17);
ESI-MS (positive ions): m/z 322.1187 [M+H]*; m/z 305.0921 [M-NH4+H]*; m/z 344.1007 [M+Na]*;
m/z 665.2121 [2M+Na]*; HR-MS (ESI-TOF, +): m/z calcd. for C1sH1sN3Os [M+H]* 322.1186, found
322.1185.
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1-[5-(Aminomethyl)furan-2-yl]-9H-pyrido[ 3,4-b]indolo-3-carboxylic acid (156)

155 (18.5 mg, 57.6 pmol, 1.00 eq.) was dissolved in MeOH (3 mL). After
adding 1 M NaOH (1 mL), the reaction solution was heated to reflux for
1h. The mixture was neutralized by adding 2 M HCI (0.5 mL) and
subsequently evaporated to dryness. The crude product was taken purified

by semi-preparative RP-HPLC using a C18 column (NucLeopur® C18

Gravity-SB, 3 um, 250 x 4.6 mm) and linear gradient elution of 5-95%
ACN/H:z0 + 0.1% FA (2 mL/min) over 19 min. Pure fractions were combined to yield 56 (8.95 mg,
29.1 pmol, 50%) as yellow solid.

LC-UV (ACN/H;0) Amax 215, 289, 349, 378, 408 nm; 'H-NMR (400 MHz, DMSO-ds): § = 12.16 (s, br,
1H, H-1), 8.86 (s, 1H, H-9), 8.39 (d, 7= 7.8 Hz, 1H, H-6), 8.04 (d, J = 8.6 Hz, 1H, H-3), 7.60 (t, J= 7.6 Hz,
1H, H-4), 7.44 (d, 7= 3.4 Hz, 1H, H-14), 7.32 (t, ] = 7.5 Hz, 1H, H-5), 6.82 (d, J = 3.2 Hz, 1H, H-15), 4.32
(s, 2H, H-17); BC-NMR (101 MHz, DMSO-ds): & = 166.7 (C-19), 153.1 (C-13), 149.8 (C-16), 141.7 (C-2),
137.7 (C-12), 131.7 (C-11), 131.7 (C-10), 130.0 (C-8), 128.8 (C-4), 121.9 (C-8), 120.8 (C-7), 120.5 (C-5),
116.0 (C-9), 113.3 (C-3), 112.6 (C-15), 110.6 (C-14), 35.5 (C-17); ESI-MS (positive ions): m/z 308.1030
[M+H]*; m/z 291.0765 [M-NHs+H]*; HR-MS (ESI-TOF, +): m/zcaled. for Ci17H14N30s [M+H]*
308.1030, found 308.1030.

7.2.4.4 MIC Determination

The in-house determination of MIC values was performed in triplicates (n = 3) according to GENERAL
MATERIALS AND EXPERIMENTAL PROCEDURES (see 7.1.9). Isolated and synthesized compounds were
provided as stock solutions of 12.8 mg/mL in DMSO. In the first screening of isolated SF009 (isol-11),
growth inhibition was observed down to the last dilution for S. aureus MSSA, B. subtilis and
M. catarrhalis. For these test strains, a second screening was performed with a stock solution
concentration of 0.8 mg/mL. However, the sample appeared less active. Both runs were still taken

into account to determine the MIC range noted (Table 25).

7.2.4.5 ICgo Determination: M. tuberculosis H37Rv

Determination of the in vitro antibacterial activity against the virulent M. tuberculosis strain H37Rv
(ATCC 27294) was performed by EvoTec (Lyon, France). ICgy values against M. tuberculosis H37Rv
ATCC 27294 were determined via the Microplate Almar Blue Assay (MABA) as reported in literature,
using the detection reagent provided with the CellTiter-Blue assay kit (PRoMEGA).[?4] An EnVision

fluorescence microplate reader (PERKINELMER USA) was used for readout.
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7.2.4.6 Dereplication of Antimycobacterial Active Secondary Metabolites

Combining impure HLPC fractions yielded a pre-purified sample of SF009 (m = 2.79 mg) (Scheme 17).
Dissolved in 210 pL. MeOH, 2 pL and 5 pL were fractionated using the micrOTOF UPLC-MS system
and the following method: mobile phase A: H,O (+0.1% FA), mobile phase B: ACN (+0.1% FA), flow
rate: 0.6 mL/min, gradient: 5.00% B (0.00-0.85 min), 5.00-95.25% B (0.85-18.30 min), 95.25-100.00% B
(18.30—-18.80 min), 100.00% B (18.80—23.30 min), 100.00-5.00% B (23.30-23.40 min), 5.00% B (23.40-
25.00 min). Over a period of 19.2 min, 159 fractions (6 sec) were collected in a 384 well microtiter
assay plate and screened against M. smegmatis according to GENERAL MATERIALS AND EXPERIMENTAL
PROCEDURES (see 7.1.9). Furthermore, the same method was used to partition 10 x 5 pL of the sample
into 79 fractions (6 sec) collected in a 96-well MASTERBLOCK® (GREINER). The following fractions were
combined: F-57-F-62 (sample A), F-65+F-66 (sample B) and F-71+F-72 (sample C). After evaporation
of the solvent, each fraction was dissolved in 50 pL. MeOH and subjected to pF and screening under

standard conditions (see 7.1.9).

7.2.4.7 Cytotoxicity Assay

Cytotoxicity assays were performed by EvoTic (Toulouse, France). After 4 hours of HepG2 cell line
(provided by ATCC) plating at 2.500 cells/well in 384-well plates, compounds were added to the cells.
After an incubation at 37 °C for 40 hours, the CellTiter-Glo® assay (provided by PROMEGA) was
performed. Luminescence measurement is related to the cell viability. Compound activity is
determined by using the control wells with no treatment as control (100% of growth). The identical

protocol was also used for the THP1 cell line.
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8. Appendix

8.1 Gram-negative active metabolites from Aspergillus terreus ST000934

8.1.1 MS/MS Fragmentation
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Fig. S62: MS/MS spectrum of SF005-B (25) including the postulated fragmentation pathway.
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Fig. S63: MS/MS spectrum of 29b including the postulated fragmentation pathway.
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8.1.2 NMR spectra
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Fig. $65: 'TH-NMR (500 MHz, DMSO-ds) of 29b.
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Fig. S66: 1H-'H COSY (500 MHz, DMSO-ds) spectrum of 29b.
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Fig. S67: TH-'H ROESY (500 MHz, DMSO-ds) spectrum of 29b.
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Fig. S68: 'H-13C HSQC (500 MHz, DMSO-ds) spectrum of 29b.
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Fig. S69: 1H-13C HMBC (500 MHz, DMSO-ds) spectrum of 29b.
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8.2 Oxazoline-containing Madurastatins from Actinomadura sp. ST100801

8.2.1 Dereplication of Madurastatins

8.2.1.1 MS/MS spectra
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8. Appendix

8.1.1.2 Molecular Networking

Fig. S73: Molecular Network of Actinomadurasp. ST100801. Madurastatin clusters are labelled;
A: [2M+H/2M+Na]* cluster, B: [M+H]* cluster, C: [M+2H]?** cluster.

Fig. S74: A: [2M+H/2M+Na]* madurastatin cluster; dark grey: madurastatin C1 (48), [2M+H]* m/z 1183.5378,
[2M+Na]* m/z 1205.5198; light grey: dereplicated madurastatin 53 with molecular formula CjsHz39N7Oo,
[2M+H]* m/z 12355691, [2M+Na]* m/z1257.5511. B: [M+2H]?>* madurastatin cluster; dark grey:

madurastatin C1 (48), [M+2H]?* m/z 296.6399; light grey: dereplicated madurastatin 54 with molecular formula
C29H41N709, [M+2H]?* m/z 316.6556.
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8.2.2 Structure Elucidation

8.2.2.1 NMR spectra
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Fig. S75: 'H-NMR (400 MHz, DMSO-ds) of madurastatin B4 (55).
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Fig. $76: 13C-NMR (101 MHz, DMSO-d;) of madurastatin B4 (55).
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Fig. S77: 'TH-NMR (400 MHz, DMSO-d;) of madurastatin E1 (56).
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Fig. S78: 3C-NMR (101 MHz, DMSO-d;) of madurastatin E1 (56).
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Fig. S80: 3C-NMR (101 MHz, DMSO-d;) of madurastatin F1 (57).
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Fig. S82: 3C-NMR (126 MHz, DMSO-d;) of madurastatin E2 (58).
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Fig. S86: 13C-NMR (101 MHz, DMSO-ds) of madurastatin G2 (60).
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Fig. S87: 'TH-NMR (400 MHz, DMSO-ds) of madurastatin C2 (61).
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Fig. S88: 13C-NMR (101 MHz, DMSO-d;) of madurastatin C2 (61).
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Fig. S89: ITH-NMR (600 MHz, DMSO-ds) of madurastatin D3 (62).
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Fig. S90: 3C-NMR (151 MHz, DMSO-ds) of madurastatin D3 (62).
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Fig. S91: ITH-NMR (600 MHz, DMSO-ds) of madurastatin D4 (63).
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Fig. $92: 13C-NMR (151 MHz, DMSO-d) of madurastatin D4 (63).
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8.2.2.2 LC-MS/MS Chromatograms of Potential Madurastatins
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Fig. S93: LC-MS chromatogram of potential madurastatin with molecular formula CysH37N70s. A: BPC (grey),
EIC (black) of *m/z 315.0982+0.005 [M-H+Fe]** and **m/z 288.6425+0.005 [M+2H]?*; B: MS/MS spectrum of
m/z 576.2783 [M+H]* (top) and m/z 288.6436 [M+2H]?* (bottom).
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Fig. S94: LC-MS chromatogram of potential madurastatin with molecular formula C3;H4sN7Oy. A: BPC (grey),
EIC (black) of *m/z 357.1270+0.005 [M-H+Fe]?* and **m/z 330.6712+0.005 [M+2H]?*; B: MS/MS spectrum of
m/z 660.3354 [M+H]" (top) and m/z 330.6715 [M+2H]?* (bottom).
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8.2.2.3 Marfey’s Analysis
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Fig. S97: Left: L-FDVA adducts of ornithine; references: D-ornithine* and L-ornithine**. Right: L-FDVA adducts
of No-methyl-ornithine; reference: No-methyl-L-ornithine*.
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Fig. S98: Left/middle (bottom): single/double L-FDVA adducts of cyclic L-ornithine; reference: madurastatin C1*.
Right/middle (top): single/double L-FDVA adducts of Nd-hydroxyl-L-ornithine; reference: madurastatin C1*.
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8.2.3 Stereoselective Synthesis of Madurastatin B1 and Derivatives

8.2.3.1 Comparison of Specific Rotation Values

Table S27: Specific rotation values of natural products described in literature in

comparison to synthesized

references.
NP (literature) Synthetic Reference NP (literature)
Madurastatin B1[105] (R)-50 (8)-50 -
[a]% = -5.6 [@]%® = -48.0 [a]2? = +72.8
(¢ 0.1, MeOH) (¢ 0.4, DMSO) (¢0.1, DMSO)
(R)-64[120] (R)-64 (5)-64 -
[@]2) = -50.1 [@]%® = -38.8 [a]? = +27.9
(¢ 1.5, CHCls/MeOH) (¢ 0.5, CHCL3) (¢ 0.4, CHCl)
Nocazoline Al!23] (R)-65 (9)-65 Yanglingmycin(!21]
[a]% = +15.0 [@]? = +24.3 [a]%® = -23.7 [@]2? = ~16.2
(c 0.1, CHCl3) (c 0.5, CHCls3) (c 0.5, CHCl3) (c 0.1, MeOH)
Spoxazomicin C[122] Madurastatin B3[10¢]
[@]% = +7.4 [@]%® = -11.0
(c 0.1, MeOH) (c 0.1, MeOH)
- (R)-66 (5)-66 Spoxazomicin D[109]
[a]% = -28.5 [a]?® = +34.4 [@]%® = +62.0

(c 1.1, MeOH/DMSO)

(c 1.1, MeOH/DMSO)

(c 1.0, MeOH/DMSO)
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8.2.3.2 Determination of the Enantiomeric Excesses (ee)

31 Y.KLEINER JLF018
CHIRALPAK IA | 1ml/min. | 96% Hexan, 4% IPA

Sample Name: Y.KLEINER JLF018 Injection Volume: 25
Vial Number: 31 Channel uv_vis 2
Sample Type: unknown Wavelength: 270
Control Program:  Analyse14_F10_A96_B00_C04 Bandwidth: 1
Quantif. Method: default Dilution Factor: 1,0000
Recording Time:  24.6.2019 11:30 Sample Weight: 1,0000
Run Time (min): 15,00 Sample Amount: 1,0000
700-1- Y.KLEINER #30 Y.KLEINER JLFO118012 UV VIS 2
_mAU 1703 VWVL:270 nm
o OH |
] o |
400~ w ‘
-
] o o |
200
] (R)-64 8
1 |\ 2-7.816
-100
500-2-Y-KLEINER #31 Y.KLEINER JLF018 UV VIS 2
mAU 2-7810 WVL:270 nm
375 [ OH
o}
| N \//<
250 2N
I s o~
125 |
' (S)-64
2 udeger. s »
-50 T T T T T o
|00 20 4.0 60 80 100 12,0 150
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 7,06 na. 7,288 0,970 1,10 na. BMB
2 7.81 n.a. 466648 87,130  98.90 na. BMB
Total: 473,937 88,101 100,00 0,000
30 Y.KLEINER JLF011&012
CHIRALPAK IA | 1ml/min. | 96% Hexan, 4% IPA
Sample Name: Y.KLEINER JLF0118012 Injection Volume: 25
Vial Number: 30 Channel: uv_vis 2
Sample Type: unknown Wavelength: 270
Control Program:  Analyse14_F10_A86_B00_C04 Bandwidth: 1
Quantif. Method: default Ditution Factor: 1,0000
Recording Time:  24.6.2019 11:08 Sample Weight: 1,0000
Run Time (min): 15,00 Sample Amount: 1,0000
—on 1= Y.KLEINER #30 Y.KLEINER JLFO118012 uv_vIs 2
790 mAU e VWAL 270 )
] OH
] o |
400— w ,
-
] o o
200
] (R)-64 (l
1 [\ 2-7816
-100
500-2- Y-KLEINER #31 Y.KLEINER JLFO18 UV_\IS 2
mAU 2-7610 WVL.270 nm
375 | OH
1 NP
250 | - \/l<
] | s o—
125 |
/| (S)-64
2 | A-7.082 -
-50-+ : . min
0,0 20 40 60 80 10,0 12,0 15,0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU __ mAU*min %
1 7,04 na. 630,494 101,185 97,67 na. BM
2 7.82 n.a. 10,481 2,415 233 na. MB
Total: 640,975 103,600 100,00 0,000

Fig. S100: Determination of ee for (S)-64 (top) and (R)-64 (bottom) by chiral HPLC.
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37 Y.KLEINER JLF022
CHIRALPAK IA | 1ml/min. | 90% Hexan, 10% IPA
Sample Name: Y.KLEINER JLF022 Injection Volume. 5,0
Vial Number: 37 Channel: uv_vIS_ 1
Sample Type: unknown Wavelength: 254
Control Program:  Analyse04_F10_A90_B00_C10 Bandwidth: 1
Quantif. Method:  default Dilution Factor: 1,0000
Recording Time:  26.6.2019 9:06 Sample Weight: 1,0000
Run Time (min): 20,00 Sample Amount: 1,0000
500-.1- Y.KLEINER #36 Y.KLEINER JLF019 W_VIS_1
mAU 1-9.990 WVL254 nm)|
=l OH I
500 N | |
/\7/\
0 OH ||
250 ‘
(S)-65 Il
il S A L_2-14452
100
800_2- Y-KLEINER #37 Y.KLEINER JLF022 UV_VIS 1
mAU 213418 WVL:254 nm)|
OH i
600 I
400 - |
] N i A
[e) RN OH
200 |
(R)-65
| \
b 1-10086 | "
-100 T T T T T me
0.0 2,0 4,0 6.0 8,0 10,0 120 14,0 16,0 18,0 20,0
No. | Ret.Time Peak Name Height Area  RelArea Amount Type
min mAU _ mAU*min %
1 10,06 na. 15,027 4761 091 na. BMB
2 13.42 n.a 706,134 517.859  99.09 na BMB
Total: 721,162 522,621 100,00 0,000
36 Y.KLEINER JLF019
CHIRALPAK IA | 1ml/min. | 90% Hexan, 10% IPA
Sample Name Y.KLEINER JLF019 Injection Volume: 50
Vial Number: 36 Channel: Uv_VIS_1
Sample Type: unknown Wavelength 254
Controf Program:  Analyse04_F10_A90_B00_C10 Bandwidth: 1
Quantif. Method: default Dilution Factor: 1,0000
Recording Time:  26.6.2019 8:44 Sampie Weight 1,0000
Run Timme (min): 20,00 Sampie Amount. 1,0000
0o L= T.KLEINER #36 Y.KLEINER JLFO19 UV VIS 1
™ 1 - 5.090 WVL254 i)
] OH I
0] N I
; C7 You |
250 l‘
] (S)-65 I
i _ Y 2-14,452
T T
4001
8002 Y- KLEINER #37 Y.KLEINER JLF022 Uv_MIS_1
mAU 213418 WWVL:254 nm)
60| OH I "\
N H
400 -z \
O\‘: OH/| |
200 [y
-65
b (R) 1-10,056 } N
T - T
00| . . . : : min
0.0 20 40 6.0 8.0 100 12,0 14,0 16,0 18,0 20,0
No. | Ret.Time Peak Name Height Area  RelArea Amount Type
min mAU ___ mAU*min %
1 999 na 854532 238282 9863 na BMB
2 14.45 na 7.274 3.311 137 na BMB
Total: 861806 241593 100,00 0,000

Fig. S101: Determination of ee for (R)-65 (top) and (S)-65 (bottom) by chiral HPLC.
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40 Y.KLEINER JLF021
CHIRALPAK IA | 1ml/min. | 85% Hexan, 16% IPA
Sampie Name: Y.KLEINER JLF021 Injection Volume: 5,0
Vial Number: 40 Channel. uv_vis_1
Sampie Type: unknown Wavelength: 254
Control Program:  Analyse03_F10_AB5_B00_C15 Bandwidth: 1
Quantif. Method: default Dilution Factor: 41,0000
Recording Time:  26.6.2019 11:31 Sample Weight: 1,0000
Run Time (min) 20,00 Sample Amount: 1,0000
5001 -KLEINER #39 Y KLEINER JLF017 UV VIS 1
A, WVL:254 nm
] 1-8652
E OH ‘
i O
500+ D/[( ||
] -
1 NH; |
250+ 0 |
] (R)-66 |
- N 2-13271
=T e T
-100
500-2- T-KLEINER #40 Y KLEINER JLF021 UV_VIS_1
I, WVL:254 nm
2-12,959
] / OH
400
200+
b 1-8734
-100 T T T T T T T T o
0,0 2,0 4.0 6.0 80 100 12,0 14,0 16,0 18,0 20,0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU ___ mAU*min %
1 8,73 n.a. 22,004 5,450 2,67 na. BMB
2 12,96 n.a. 500,985 198280 97,33 n.a. BMB
Total: 522,989 203730 100,00 0,000
39 Y.KLEINER JLFO17
CHIRALPAK IA | 1ml/min. | 86% Hexan, 15% IPA
Sample Name: Y.KLEINER JLFO17 Injection Volume: 5,0
Vial Number: 39 Channel: UVv_Vis_1
Sample Type: unknown Wavelength: 254
Control Program:  Analyse03_F10_A85_B00_C15 Bandwidth: 1
Quantif. Method default Dilution Factor; 1,0000
Recording Time 25.6.2019 10:50 Sample Weight. 1,0000
Run Time (min) 20,00 Sample Amount. 1,0000
5001 L.KLEINER #38 Y .KLEINER JLF017 UV VIS 1
“mAU WA/L:254 nm|
1-8,652
OH N
(6]
500 T)/[( |
-
1 NH, |
250~ o 2 ‘ |
] R)-66 \
U (R) A 2-13271
T
-100
5002 .KLEINER #40 ¥.KLEINER JLF021 UV VIS 1
mAU WAL.254 nm
2-12,959
i OH
400+ | o
] i N A
-
1
200+ ‘ | o— NH»
I
[N -
P 1-8734 g (S)-66 |
-100 T T T T T T T T min
0.0 20 40 60 8.0 10,0 120 140 16,0 18,0 20,0
No. | Ret.Time Peak Name Height Area RelArea Amount Type
min mAU _ mAU*min %o
1 8,65 n.a 766,156 194,196 96,03 n.a BMB
2 13,27 n.a 19,755 8,038 397 n.a. BMB
Total: 785911 202,234 100,00 0,000

Fig. S102: Determination of ee for (5)-66 (top) and (R)-66 (bottom) by chiral HPLC.
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8.2.4 Iron Chelating Properties
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Fig. S103: Isotope pattern of positive HRESIMS [M-2H+Fe]* adduct ion of A: madurastatin D1 (ent-53a),
B: madurastatin D2 (ent-54a), C: madurastatin C2 (61), D: madurastatin D3 (62) and E: madurastatin D4 (63).
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8.3 Amino- and Phospholipids from Olivibacter sp. FHG000416

8.3.1 Dereplication

Tntens, Sanofi36_A-12_5u_ECOLMHC_A2p_6_01_25830.d: +MIS, 12.0min, #4148
x106 A 4522773

1.0

0.8 311.2580 474.2591

245.6158
560.2083
0.2 —‘ 3132349
269.2087

903.5469
3572612 4332810 5823057 6483208 — 830.4147
0.0 " P | - | \ L PR

L L
Sanofi-36_A-12_5u_FCOLMHC_AZp_6_01_25830.d: +MSZ(452 2773), 28.0-35 OeV, 12.0min, #4150)

30,9945 141,0212
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Fig. S105: Lysophosphatidylethanolamines in the crude extract of FHG000416. A: MS spectrum of FE006 (73) at
r=12.0 min; B: MS/MS spectrum of m/z 452.2773 ([M+H]* parent ion of FE006 (73)); C: MS/MS spectrum of
m/z 440.2767 ([M+H]"* parent ion of FE005 (72)).
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8.3.2 Structure Elucidation

8.3.2.1 NMR Spectra
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Fig. S106: 'H-NMR (600 MHz, DMSO-ds) of FE003 (70).
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Fig. $107: 3C-NMR (151 MHz, DMSO-ds) of FE003 (70).
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Fig. $108: TH-NMR (600 MHz, DMSO-ds) of FE004 (71).
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Fig. $109: *C-NMR (151 MHz, DMSO-ds) of FE004 (71).
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Fig. $110: 'H-NMR (600 MHz, CDCls/MeOD-d, 2:1) of FE005 (72).
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Fig. S111: 3C-NMR (151 MHz, CDCls/MeOD-d; 2:1) of FE005 (72).
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Fig. $112: 'H-NMR (600 MHz, CDCl3/MeOD-d; 2:1) of FE006 (73a).
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Fig. $113: *C-NMR (151 MHz, CDCls/MeOD-d, 2:1) of FE006 (73a).
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Fig. S114: 3'P-NMR (243 MHz, CDCls/MeOD-d; 2:1) of FE005 (72).
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Fig. S115: 3'P-NMR (243 MHz, CDCls/MeOD-ds 2:1) of FE006 (73a).
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Fig. S116: '"H-NMR (400 MHz, MeOD-d,) of FE008 (74).
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Fig. S117: 3C-NMR (101 MHz, MeOD-dy) of FE008 (74).
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Fig. S118: 'H-NMR (400 MHz, MeOD-dj) of FE009 (75).
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Fig. $119: 3C-NMR (101 MHz, MeOD-dy) of FE009 (75).
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Fig. $120: 'H-NMR (400 MHz, MeOD-dy) of FE010 (76).
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Fig. S121: 3C-NMR (101 MHz, MeOD-dy) of FE010 (76).
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Fig. $122: 'H-NMR (500 MHz, DMSO-ds) of FE002 (90).
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Fig. S123: TH-'H COSY (500 MHz, DMSO-ds) spectrum of FE002 (90).
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Fig. S124: 'H-13C HSQC (500 MHz, DMSO-ds) spectrum of FE002 (90).
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Fig. S125: 'H-1*C HMBC (500 MHz, DMSO-ds) spectrum of FE002 (90).
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8.3.2.2 MS/MS Spectra
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Fig. S126: MS/MS spectra of A: FE003 (70), B: Lipid 430 (87) and FE002 (90). Neutral losses are annotated

leading to shared fragment ion of m/z 326.2693 (correlating to C1oH3sNOs*).
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8.3.2.3 Marfey’s Analysis
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Fig. S127: L-FDVA adducts of serine. EICs (m/z 386.1306+0.005, C14H19N50s, [M+H]*) for A: D-serine reference,
B: L-serine reference, C: hydrolyzed Lipid 430 (87) and D: hydrolyzed FE002 (90).
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Fig. S128: L-FDVA adducts of ornithine. EICs (m/z 413.1779+0.005, C16H2aN¢O7, [M+H]*) for A: D-ornithine
reference, B: L-ornithine reference, C: hydrolyzed FE002 (90).
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Fig. S129: Double L-FDVA adducts of tyrosine. EICs (m/z 742.2427+0.005, Cs1H3sNoO13, [M+H]*) for A:
D-tyrosine reference, B: L-tyrosine reference and EICs (m/z 744.2553+0.005, C31H33D2NoO13 [M+H]*) for C:

hydrolyzed FE008 (74) and D: hydrolyzed FE009 (75).
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Fig. S130: Integrated UV signals corresponding to double L-FDVA adducts of tyrosine for hydrolyzed FE008 (74)

(top) and hydrolyzed FE009 (75) (bottom).
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Fig. S131: L-FDVA adducts of phenylalanine. EICs (m/z 446.1670+0.005, CzH23Ns507, [M+H]*) for A:
L-phenylalanine reference, B: DL-phenylalanine reference and C: hydrolyzed FE010 (76) (including integrated

UV signals).
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8.3.2.4 Antimicrobial Activity

Table S28: MICs [ug/mL] of compound 74-76.

FE008 (74) FE009 (75) FE010 (76)

Escherichia coli ATCC 35218 (MH-II) > 64 > 64 > 64
Escherichia coli ATCC 35218 (MHC) > 64 > 64 > 64
Escheria coli ATCC 25922 (ATolC) > 64 > 64 > 64
Klebsiella pneumoniae ATCC 13883 > 64 > 64 > 64
Moraxella catarrhalis ATCC 25238 64 > 64 > 64
Pseudomonas aeruginosa ATCC 27853 > 64 > 64 > 64
Mycobacterium smegmatis ATCC 607 > 64 > 64 > 64
Bacillus subtilis DSM 10 > 64 > 64 > 64
Staphylococcus aureus ATCC 25923 > 64 > 64 > 64
Micrococcus luteus DSM 20030 64 > 64 > 64
Candida albicans FH 2173 > 64 > 64 > 64

8.3.2.5 TLR2/TLR4 Activity
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Fig. S132: HEK-Blue™ TLR2 cell activation, experiment 2. Cell activation levels are expressed as optical density
(OD) at 620 nm. Assays were validated by the specific positive controls (dark grey) PAM2 (TLR2) and
LPS (TLR4) as well as untreated (NT) and DMSO-treated (DMSO) negative controls (light grey). Taking standard

deviations into account, response levels of compounds (white) elevated over the DMSO negative control in both
experiments are marked (*).
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Fig. S133: HEK-Blue™ TLR4 cell activation, experiment 2. Cell activation levels are expressed as optical density
(OD) at 620 nm. Assays were validated by the specific positive controls (dark grey) LPS (TLR4) and
PAM2 (TLR2) as well as untreated (NT) and DMSO-treated (DMSO) negative controls (light grey). Taking

standard deviations into account, response levels of compounds (white) elevated over the DMSO negative
control in both experiments are marked (*).
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8.4 Antimycobacterial activity of Streptomyces sp. HAG010336

8.4.1 Total Synthesis of SF009 and Derivatives: NMR Spectra
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Fig. S134: 'TH-NMR (400 MHz, DMSO-d) flazin methyl ester amine (155).
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Fig. $135: I3C-NMR (101 MHz, DMSO-ds) of flazin methyl ester amine (155).
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Fig. S136: 'H-NMR (400 MHz, DMSO-d;) flazin amine (156).
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Fig. S137: 3C-NMR (101 MHz, DMSO-dy) of flazin amine (156).
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8.4.2 Bioactivity Profiling

8.4.2.1 Dereplication
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Fig. S138: MS/MS-guided UPLC fractionation of sample A. Relative growth inhibition of M. smegmatis
ATCC 607 =85%: fractions F-58-F-61. A: BPC (grey), EIC (black) of m/z 511.0871+0.005, C25sH13012 [M+H]*. B:

MS/MS spectrum of m/z 511.0866.
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Fig. S139: MS/MS-guided UPLC fractionation of sample B. Relative growth inhibition of M. smegmatis ATCC 607
285%: fraction F-59. A: BPC (grey), EICs (black) of I: m/z323.1026+0.005, C1sH1sN204, [M+H]* and II:

m/z 415.1387+0.005, C22H2,0s, [M+H]*. B:

MS/MS spectrum of m/z 415.1388; neutral loss is annotated. C: hit in

Sanofi legacy MS/MS database: RA037xxx (166); MS/MS spectrum of m/z 403.102.
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Fig. S140: MS/MS-guided UPLC fractionation of sample C. Relative growth inhibition of M. smegmatis
ATCC 607 285%: fraction F-62. A: BPC (grey); EICs (black) of I: m/z 429.0969+0.005, C35H1507,[M+H]* and II:
m/z 408.1554+0.005, C22H21N30s, [M+H]*. B: MS/MS spectrum of m/z429.0969. C: MS/MS spectrum of
m/z 408.1555; selected neutral losses are annotated.

8.4.2.2 1Cg9 Determination: M. tuberculosis H37Rv

Table S29: ICs of flazin methyl ester amine (155) (EOAI10001858) against M. tuberculosis H37Rv.

Compound ID | Batch ID

n=1

n=2

n=3

‘Status‘ Cmax ‘Main CE80rel Status Main CE80rel Status Main CE80rel

EOAI10001858 | EV-CHI001-183-001 3,00E-05 2.79E-05 2.56E-05 2.21E-05
RIFAMPICIN | RIFAMPICIN 3,00E-05 7.87E-08 7.32E-08
ISONIAZIDE ISONIAZIDE 3,00E-05 2.35E-07 2.52E-07
8.4.2.3 Cytotoxicity Assay
Compound ID = Batch ID Curve gAC50 [M]
EOAI10001858 EV-CHI001- . 1.3352E-05
183-001 1004
3 ]
= 51]—:
= ]
o 0 '
<L ] & 4
_EG_"I"'I' L o T
S @ % 5 @ 9
i
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Fig. S141: Cytotoxicity assay of flazin methyl ester amine (155) (EOAI10001858) against THP-1 cell line.
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Compound ID  Batch ID
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Fig. S142: Cytotoxicity assay of flazin methyl ester amine (155) (EOAI10001858) against HepG2 cell line.
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