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Zusammenfassung

Zusammenfassung

Trotz der Entwicklung neuartiger Antiinfektiva steigen Morbiditat und Mortalitat aufgrund
von Infektionen, die durch multiresistente Bakterien verursacht werden, weiter an.™t! Dies betrifft
insbesondere Infektionen, die durch Gram-negative Bakterien verursacht werden.

Die Herausforderung bei der Findung neuer Antibiotika besteht darin zu verstehen, wie
eine ausreichende Translokation bioaktiver Moleklle durch die Zellwand Gram-negativer
Bakterien gewahrleistet werden kann. Zudem besteht ein Mangel an verlasslichen und
empfindlichen Methoden, die die Erkennung von Bakterien zu einem friihen Zeitpunkt von
Infektionen erméglichen, an welchem die Behandlung mit Antibiotika noch effektiv ist.®?

Eine Mdglichkeit bakterielle Zellwande zu durchdringen besteht in der Nutzung von
Konjugaten, um die Internalisierung des Wirkstoffs (ber spezifische bakterielle
Transportsysteme zu erleichtern.? So ist beispielsweise Eisen ein aktiv transportierter
Nahrstoff, der fur Bakterien essentiell ist. Stabile, aktiv internalisierte Eisen(lll)-
Siderophorkomplexe kénnen durch die sogenannte ,Trojanisches-Pferd-Strategie® genutzt
werden.

Eine Reihe von Siderophorkonjugaten wurde synthetisiert. Diese Konjugate nehmen
aktiv Bakterien ins Visier, mindern deren Wachstum und ermdglichten die Visualisierung
bakterieller Infektionen. Diese Dissertation beschreibt die Synthese und strukturelle
Charakterisierung verschiedener Siderophore und Konjugate. Ferner wurden die Markierung
von Siderophoren und ihre antibiotischen Eigenschaften evaluiert.

20 Substanzen wurden gegen E. coli und P. aeruginosa getestet. Um die intrazellulare
Akkumulation solcher Konjugate zu quantifizieren wurde eine neue Methode angewandt, die auf
dem fluoreszenz-aktivierenden Protein (Fluorogen Activating Protein, FAP) basiert. Damit wurde
die Bestimmung der subzelluldren Lokalisation der  Malachitgriin-gekoppelten
niedermolekularen Verbindungen ermdéglicht. Die Nutzung des Prinzips des aktiven Targetings
in Verbindung mit der beschriebenen DOTAM/Metall-Plattform sollte geeignet fur die
Entwicklung neuartiger Wirkstoffkonjugate sein, die verschiedene zellulare Wirkungsweisen und
—orte gegen Gram-negative Bakterien aufweisen. Design und Synthese neuartiger
Siderophorkonjugate, sowohl mit BODIPY-Verbindungen als auch mit Ampicillin, Ciprofloxacin
oder Sorangicin, deren Internalisierungs-Eigenschaften in dieser Dissertation maf3geblich
dargestellt werden, reprasentieren einen Meilenstein bei der Verbesserung der Theranostik
gegen Bakterien der ESKAPE-Gruppe.

Schlagworte: Siderophor - Konjugate - Bakterieg



Abstract

Abstract

Infections caused by multidrug-resistant Gram-negative bacteria result in significant
mortality and morbidity worldwide despite the development of new anti-infective drugs.™ The
need for novel antibiotics is currently not met by R&D efforts, in particular in the area of
infections caused by Gram-negative bacteria. One of the scientific needs is to understand how
to assure a sufficient translocation of bioactive molecules across the Gram-negative cell wall.
Another limitation is the lack of reliable and sensitive methods that permit the detection of
bacteria at early stages of infections where antibiotic treatments would still be effective.?

One possibility to improve bacterial penetration is to generate conjugates and facilitate
compound delivery through specific bacterial transport systems.””? For example, iron is an
essential actively transported nutrient: ferric siderophore complexes are internalized via
recognition from the outer membrane and actively transported inside of Gram-positive and
Gram-negative bacteria. Such stable, internalized complexes can be exploited with a so-called
Trojan horse strategy.

A series of agents comprising siderophores that actively target bacteria, inhibit bacterial
growth and demonstrate efficacy to visualize bacterial infections were synthesized. This thesis
shows the synthesis and structural characterization of various siderophores and conjugates,
followed by an investigation of the siderophoric, labelling and antibiotic properties of the
molecules.

Designed conjugates were characterized as Fe(lll) chelating agents. Among a list of 20
tested molecules on E. coli and P. aeruginosa, the DOTAM/catechol scaffolds showed high
siderophoric effects. To quantify the intracellular accumulation of such conjugates, a fluorogen
activating protein-based approach (FAP) that allows the determination of the subcellular
localization of malachite green dye-coupled small molecules was pursued. This system served
to validate the efficiency of vehicles for bacterial penetration.®! The use of active targeting
principles attached to the described DOTAM/Metal platform is expected to be appropriate for
the development of new drug conjugates that have different cellular targets and modes of action
against Gram-negative bacteria. The design and synthesis of novel BODIPY but also ampicillin,
ciprofloxacin and sorangicin siderophore conjugates with a crucial demonstration of
internalization described in this thesis represents a milestone towards improved theranostics
against bacteria of the ESKAPE panel.

Keywords: Siderophore - conjugate - bacteria
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1. Introduction

1. Introduction

1.1.Need for accurate diagnosis and treatment of bacterial

infections

Pathogenic bacteria are prokaryotic microorganism that cause infections such as
tuberculosis, cholera or leprosy that result in millions of deaths per year. Fortunately, antibiotics
have been discovered and developed to fight against these pathogenic bacteria and efficiently
treat bacterial infections starting with Alexander Fleming’s discovery of penicillin in 1928. The
golden age of antibiotics was reached with the discovery of streptomycin by Walksman in the
1940’s. The applied discovery platform remains valid until today,” which was acknowledged by
a Nobel Prize.®! Over the last 80 years, several classes of antibiotics were developed to have
an effect on specific vital bacterial targets located in the periplasm or cytoplasm (Figure 1).

[DNA gyrase Cell-wall synthesis
® Penicillins
— *» Cephalosporins
———— | Quinolones f——— * Glycopeptides
Rifampicin *» Carbapenems
» Monobactams

DNA-directed
RNA polymerase

70S initiation
complex

1

| Oxazolidinones | l Protein synthesis|

:505]/ \|3os'
I T

* Macrolides, * Aminoglycosides L Antibiotic
* Chloramphenicol | | ® Tetracyclines
* Clindamycin ] Target

Figure 1 Different discovered antibiotics and their specific bacterial target (Figure taken from ).
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1. Introduction

In 1967, the Surgeon General of the USA claimed that “the time has come to close the
book on infectious diseases”.®! He unfortunately underestimated the the capacity of bacteria to
develop resistance against antibiotics: all along this golden age, bacterial resistance was faster
than antibiotic discoveries. Indeed, the first antibacterial resistance reported for most antibiotics
was observed less than 10 years after their introduction to the market. Due to this effect but also

due to poor market incentives, a big gap in antibiotic discovery occured from the 1970’s (Figure

2).
™
First antibacterial Q g Q Q
Resistance
reported v \ . ) Timeline

) 1930 1940 1950 1960 1970 1980 1990 2000 2010

N

Sulfonamides Penicillins

Antibacterial Chloramphenicol |
introduced [ Tetracyclin | ((vancomycin ]
to the market [ Streptomycin ][ Erythromycin ]

Figure 2 Historical timeline of antibacterial introduced to the marked and first antibacterial resistance
reported from 1930 to 2010 (adapted from [},

Microbes have developed for millennia resistance mechanisms against antimicrobials.”
However, there is now an urgent need for new antibacterial strategies due to the spread of
pathogen populations. In 2017, it was estimated that 700 000 annual deaths were attributed to
antimicrobial resistance, and this number is expected to increase to 10 million annual deaths by
2050.! Out of 400 000 cases of infection, about 25 000 people die every year due to antibiotic
resistant bacteria in EU member states, Iceland and Norway.™® Consequently, the number of
extra hospital days is estimated to 2.5 million days. This urgent issue leads to an overall
estimated cost of 1.5 billion euros in Europe and 35 billion euros in the USA™ including extra
in-hospital and outpatient costs and productivity losses due to the absence from work or due to
patients who died from their infection.

Today, one of the main issues is the appearance and increasing number of multidrug-
resistant (MDR) infections caused by “ESKAPE” organisms (Enterococcus spp.,
Staphylococcus aureus, Klebsiella spp. Acinetobacter baumannii, Pseudomonas aeruginosa
and Enterobacter spp.)."? In general, developing antibiotics against all of the members of the
ESKAPE panel is a major goal."®*® In 2017, the World Health Organization (WHO) released the
first antibiotic-resistant priority pathogen list including 20 bacterial species presenting the

greatest threat to human health™ and reported that bacterial resistance against commercially
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1. Introduction

available antibiotics represents a major threat to public. As an example, A. baumannii showed
MDR and it is a growing threat in hospitals due to its opportunistic nosocomial characteristics.
Colistin is nowadays in use again as a last option to treat the infection, although it showed
toxicity problems and resistance is still observed.™!

Also, an early diagnosis is important to avoid extensive interventions after the spread or
the local manifestation of the infection. However, there is still an increasing need for diagnostic
methods in order to detect infections located deep into the body. As a matter of fact, there is a
lack of new innovative diagnostic tests to detect infections at unknown or inaccessible sites for
sampling, especially for biomaterial-associated infections or endocarditis.”® Moreover, an
inadequate diagnosis can yield to the misuse of antimicrobial treatment and consequently to the
development of antimicrobial resistance. Therefore, novel diagnostic methods are also
necessary to improve treatment outcomes.

The scientific community has gained an understanding of the different mechanisms that
bacteria use to develop resistance. Four different strategies are known to be used by bacteria to
resist against antibiotics ! (Figure 3):

-Target modification

-Production of detoxifying enzymes that inactivate the antibiotics by modifying or

degrading them

-Membrane resistance to prevent internalization

- Increase in antibiotic efflux

Extracellular : «+) ! (] ® !
i ! ' (]
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E]igure 3 The different resistance mechanisms developed by bacteria against antibiotics (adapted from

).

Several diagnostic imaging techniques such as X-ray, computed tomography (CT) scans
or magnetic resonance imaging (MRI) are currently used to produce pictures of organs and
tissues in vivo. However, the positron emission tomography (PET) technique showed high
interest due to the high sensitivity to detect radiotracers and the possibility to show organs and
tissues. Nevertheless, PET agents in clinical use such as 2-[**F]fluorodeoxyglucose (**F-FDG)

cannot distinguish bacterial infections and sterile inflammation. To compensate the need for
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noninvasive diagnostic techniques via a PET imaging tracer, several specific bacterial labelling
agents based on prothrombin,*® maltodextrin,”® ** sorbitol,’*® vancomycin, or substrates for the
micrococcal nuclease (MN) and for the 3-lactamases of M. tuberculosis were published, but the
lack of potent candidates for infection diseases is still present. Recently new scaffolds such as
1,4,7,10-tetraazacyclodo-decane-1,4,7,10-tetraacetic amide (DOTAM) and 1,4,7-
triazacyclononane-triacetic amide (NOTAM) have been selected due to their wide
biocompatibility and imaging applications. This property can be applied to lanthanide-based
magnetic resonance imaging, °°Ga- or *Cu-based nuclear imaging and Y-based

[21

radiotherapy.” The cited mycrocycles have several advantages such as high solubility, low

toxicity and proven biocompatibility.??

The first function of the bacterial membrane is to act as an effective barrier to prevent
passive leakage into or out of the cell. Other functions are to transport nutrients and secrete
waste. These gateways are possible thanks to protein anchors, such as porins. The proteins
located in the membrane are responsible for the regulation of the flow of nutrients and metabolic

[23

products, as well as for the generation and conservation of energy.?® Gram-positive and Gram-

negative bacteria are distinguished by different cell wall structures (Figure 4).

Gram-positive Gram-negative

cell wall cell wall
Lipopolysaccharide (LPS) =

Peptidoglycan -
Plasmamembrane +

Cytoplasm -
Periplasm é
Outer membrane ->

Figure 4 Comparison between Gram-positive and Gram-negative cell walls (adapted from “*).

The Gram-positive bacterial cell wall contains a cytoplasmic plasma membrane mainly
constituted of fatty acids that is covered by a thick peptidoglycan layer, also known as murein.
The two layers are separated by a periplasmic space. In contrast, Gram-negative bacterial cell

wall has a thinner peptidoglycan layer that is covered by an additional phospholipidic outer
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membrane. This layer is decorated on its outer surface by lipopolysaccharides (LPS).
Nevertheless, there are further differences such as the carbohydrate composition of the cell wall
between particular bacterial strains, but also between bacterial species.”?® The outer membrane
is a lipid bilayer, rich in lipopolysaccharides and porins, and impermeable for large and charged
molecules.”® The higher complexity of the Gram-negative cell wall is a substantial hurdle for the
permeability of antibiotics.

All the mechanisms described above reduce the concentration of active molecules
reaching their target and consequently decrease antimicrobial activity. After understanding the
causes of such a decrease in the antibiotic efficiency, one must find novel strategies to improve
their activities against the bacterial species of interest.

1.2.Trojan horse strategy

1.2.1. Fe(lll) uptake into bacteria

One solution to improve the limited translocation of molecules into bacteria and increase
the antibiotic accumulation at its target location is to use a so-called Trojan horse strategy
against these specific bacteria. This strategy considers the use of actively transported nutrients
that are essential for bacterial survival. By definition, these molecules have an efficient
translocation. Therefore, by conjugation of poorly translocated agents with the studied nutrients,
the conjugate can show better penetration properties compared to the parent agent alone.

According to Klechkowski and Hund’s rules, Fe has the following electronic structure:
[Ar]3d°4s?. Therefore, Fe(lll) offers high stability with the electronic structure [Ar]3d°4s’. By
following the same logic, Fe(ll) is also a stable ion with its electronic structure [Ar]3d®. However,
under physiological conditions, Fe(ll) tends to form hydroxyl radicals in the presence of H,O, via
Fenton chemistry, triggering severe cellular and tissue damage. As a consequence, the main
species encountered in the human body is Fe(lll) to prevent oxidative damages to the host.
Membrane-bound electron transport and redox enzymes of the intermediary metabolisms use
this element due to the wide range of Fe?*/Fe*redox potential from -0.3 V to +0.7 V. In addition,
there are suggestions that small iron chelators called siderophores are related to oxidative
stress alleviation.”””! Fe is needed for essential metabolic processes as a (co)factor: it is involved
in the transport of oxygen, in the production of energy and plays major roles in respiration, in

amino acid metabolism and in the biosynthesis of DNA and sterols. For example once bound to
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S-containing proteins, the formed [Fe-S] protein complex can be used in the electron-transport

and in the catalysis of necessary enzymatic reactions (Figure 5).1%®!
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Figure 5 The use of Fe(lll) in different metabolic processes (taken from %),

However, due to the poor solubility of iron hydroxide in the human body, Fe(lll) is very

B9 1t is also

often observed in a complex with ferritin-hemosiderin, hemoglobin or myoglobin.
strongly bound to proteins such as transferrin, a serum protein whose iron association constant
reaches around 10%.BY Moreover, host cells tightly regulate iron acquisition, because this metal
is also essential for the host cells.®? To scavenge iron from other proteins, bacteria uptake iron-
complexing proteins via receptor mediated transport or use hemes as an iron source.® In
addition, they biosynthesize siderophores: small molecules below 2 kDa whose affinity to iron is
very high (Kg<10™*%) and that are used to capture free iron or even to steal iron from lower affinity
chelators.

Iron acquisition is a big “tug of war” between bacteria and host cells. In order to avoid this
Fe(lll) piracy, the host cell in return is able to produce lipocalin-type proteins (lipocalin-2,
siderocalin®¥ and 24p3). For example, lipocalin 2 (Lcn2) is an antimicrobial protein that can
sequester siderophore complexes such as Fe(lll)-enterobactin, preventing Fe(lll) translocation

into the bacteria (Figure 6).5% On the other hand, the role of siderocalin (Scn) is to scavenge
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Fe(lll) from the environment as an innate immunity factor, for example by hydrolysis of the

s.B538 |t therefore has a

triserine lactone forming the enterobactin core in mild acidic condition
growth factor role for different cell types.*”’ However, pathogens are able to evade this
resistance mechanism by producing stealth siderophores that do not interact with such
proteins,® such as salmochelin or yersiniabactin.*¥ Also to be able to regulate the host’s inner
Fe(lll) concentration, ferroportin can export Fe(lll) out of the cell and therefore minimize any

excess of intracellular Fe(lll) concentration.

Extracellular iron
e ©

090\

, o —
. \)z -
) Lep2 | g™ A aaw |-
C A
Host cell OOOOOJSteaIth Bacteria

Extracellular iron siderophores

Figure 6 Different stages of iron “tug of war” between the host cell and bacteria (adapted from [401).

1.2.2. Bacterial Fe uptake systems

The ratio of intracellular vs extracellular iron concentration in bacteria to the external
media is very high in bacteria. Compared to other metals, this factor is one of the highest
(Figure 7). For example, an E. coli cell, whose volume is about 0.6-0.7 um? Y has a need of 10°
Fe(lll) ions per generation in order to proliferate and maintain an internal concentration of 1 uM
of Fe.*? This concentration of iron is not maintained due to diffusion through porins, since the
size of a siderophore is usually far above 600 Da, which renders the probability that these
compounds can be taken up through passive diffusion low.[*! Instead, a highly regulated, active

iron transport to the inner-bacterial space that relies on high affinity interactions is operative.
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Figure 7 Concentration factors of metals in PAO1 cells grown in CAA medium (adapted from **).

The upregulation of specific outer membrane receptors (OMR) is necessary for optimal
Fe(lll)-siderophore complex uptake. Genes for siderophore transport systems are repressed
when iron is sufficient in the media, whereas they are expressed under iron starvation
conditions. E. coli siderophore uptake regulation is well understood. The transcriptional
regulation of these proteins is mediated by the Fur protein that represses the transcription of
several genes related to iron acquisition.” DxrR is another protein that can have a repressor
role.*® If intracellular iron concentration is too low, Fur loses affinity to DNA, thereby triggering
gene transcription.

The recognition of the Fe(lll) complex by the OMR occurs at its outer site for its
translocation. For example, the Fe(lll)-enterobactin complex in E. coli is specifically recognised
by FepA at the OMR (Figure 8). An energy dependent mechanism promotes transport through
the outer membrane.”*”! TonB, a cytoplasmic membrane protein (CMP), firstly transduces a
proton motive force from the cytoplasmic membrane to the outer membrane through different
conformations. Despite the starvation conditions that the bacteria could face, this complex
displays a highly efficient mechanism, so that the iron supply is guaranteed.*®! A necessary
condition for such a transport is the direct contact between TonB C-terminal and OMR N-

terminal domains.
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Figure 8 Scheme of Fe(lll)-enterobactin import and secretion mechanism in E. coli (adapted from “*%).

After the translocation through the outer membrane, the periplasmic binding protein FepB
(PBP) of E. coli enables the transport of iron-loaded enterobactin to an ABC transporter
composed of FepC, FepD and FepG in the inner membrane. This ATP binding cassette
transporter then promotes siderophore translocation from the periplasm to the cytoplasm.

Once in the cytoplasm, two mechanisms are possible for iron release:

- the first mechanism requires enzymes to decompose the ligand, and the formed
by-product has a reduced affinity to Fe(lll). As an example, the esterase Fes was
demonstrated to enzymatically hydrolyze enterobactin and its iron complex,
which is required for the iron release process.*"!

- the second and main mechanism is the reduction of Fe(lll) to Fe(ll) thanks to
reductases, and consequently its kinetically and thermodynamically favored
release/capture by intracellular small molecules or proteins.”** %% Although
aerobic environments tend to thermodynamically form Fe(lll), Gram-negative
bacteria have a strong reducing environment in the cytoplasm compared to the
periplasmic space.®

After iron release, the apo-siderophore is degraded or secreted from the bacteria through
efflux pumps for more cycles of Fe(lll) translocation.[?® #8 48 504 Apg_enterobactin is for
example effluxed through the TolC membrane protein, but interestingly also via AcrB, AcrD and

MtdABC efflux machineries, also known for the efflux of several drugs in E. coli.®
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This type of transport mechanism is well suited to siderophores such as enterobactin in
E. coli. However, the transport mechanism is not only siderophore-dependent but also species
dependent. Enterobactin enters only into the periplasmic area of P. aeruginosa in comparison
with E. coli.

Bacteria can import endogenous siderophores but also exogenous ones from other
organisms called xenosiderophores by the use of specific uptake systems (Figure 9). In the
case of E. coli, FhuA protein for example enables the uptake of xenosiderophores used by fungi
such as Ustilagosphaerogena called Ferrichrome, but also coprogen or citrate.®® The same
phenomenon happens with P. aeruginosa, which is able to secrete the two endogenous
siderophores: pyoverdine (pvd) and pyochelin (pch), but is also able to internalize
xenosiderophores such as enterobactin by expressing specific receptors able to detect and

translocate enterobactin complexes: pfeA *¥ and pirA.*®

It has recently been shown that Vibrio
cholerae, a major pathogen serving as a model for the Vibrionaceae, identifies the
xenosiderophore enterobactin and transports the complex via a TonB system. The ferric
reductase ViuB is not required for the reduction of some Fe(lll)-siderophore complexes.”® For
some bacterial strains, the iron uptake mechanism by siderophore machineries has not yet been

determined.

Fe Fe Fe Fe Fe Fe
Citrate Salmochelin Enterobactin DBS DBS Ferrichrome Coprogen Ferrioxamine

“ M Outer Membrane

& & &

Citrate Enterobactin TonB Hydroxamate
transporter transporter complex transporter

! | !

Inner Membrane

[I;i)%ure 9: Scheme of different active transport of Fe(lll)-siderophore complexes in E. coli (adapted from
a
).
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1.2.3. Description of siderophores

1.2.3.1. Siderophore structure and function

The discovery of siderophores dates back to 1912 with mycobactin.®”! The first natural
catecholate was discovered in 1958. This 2,3-dihydroxybenzoic derivative was found and
characterized from Bacillus subtilis under low iron conditions,® but the first tris-catechol
siderophore was only identified in 1970.%% Even today the arsenal of siderophores continues to
grow and there are currently more than 500 siderophores that have been characterized from
bacteria, fungi and plants./*®*’ %% Each year the novel siderophores discovered result in a lot of
interest among the scientific community.'®” As a matter of fact, the number of publications about

siderophores on Pubmed increases constantly (Figure 10).
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fFriogr;n[gz])lo Illustration of the number of siderophore papers published in pubmed.gov over time (adapted

Among all the known siderophores, several types of functional bidentate groups can
interact with Fe(lll). Because Fe(lll) is a hard Lewis acid, it has affinity towards a hard electron-
rich atom such as an oxygen. Moreover, there are few tripositive cations present in the growth
environment compared to dipositive cations such as Ni(ll), Cu(ll), Mn(ll) and Zn(ll).
Siderophores are more selective to the rare tripositive cations such as Fe(lll). Among the
hundreds of siderophores known in the literature, catecholates, hydroxamates (derived from the
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acetylation of the non-proteogenic amino acid N°-hydroxy-L-ornithine) and o-
hydroxycarboxylates are the groups having the highest affinity and selectivity for Fe(l1).1**!

The presence of hard electron-rich atoms on the ligands is required for the active
translocation of siderophore complexes. Nevertheless, the rest of the molecule can vary, as
long as the entire molecule is accepted by the Fe(lll) transport system. Furthermore, the pKya
values of hydroxamate, catecholate and a-hydroxycarboxylate functions vary from 3.0 to 14.5
and therefore, their applications can be important depending on the environmental pH. For
example, the highest Fe(lll) affinity discovered at physiological pH is from catechol containing
siderophores. However, at lower pH the protonation state of hydroxyl groups is less important
for hydroxamates than catecholates (Table 1).

Table 1 Description of catecholate, hydroxamate, and a-hydroxycarboxylate functions and their pKa

properties along with natural siderophore examples (adapted from %),
Name of
Fe(lll) a-
binding Catecholate Hydroxamate hydroxycarboxylate
moiety
pKa 9.2,13.0 3.0, 14.5 9.0
o]
oH OH Ri Il
| o
_N e} OH
OH R R, OH
Fe(lll) R 2
complexation . 3+
bpy the J Fe® l Fe Fed*

siderophore

moiety O.._. o o]
SFeagHt N_O R1_\\\M -
'y 5o

R, O

OH
o)
OH
HO,C., - JH\) OHOZC
N 0 N>H_\—\ (0]
Example of T OH reTTEL
N ‘ 2

H
O 0.0 .
natural OH O kn/N\;)LN Nfo OH  HO,Ci,
siderophore HO\©/N\ ¢} o = H CouH Ho

NH
I \I\ /k HO,C
(0] N~ ~O .
O Staphyloferrin A
HO

H Ferrichrome
Enterobactin ©

Catechol-type structures have in general very high affinities to Fe(lll),*" and that is the
reason why they are excellent candidates for the Trojan horse strategy. The affinity of

enterobactin to Fe(lll) at pH = 7.4 is one of the highest ever reported in the literature (pFe = 35
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at Cre = 1 UM and Cepierobaciin = 10 uM[GS]). However, a-hydroxycarboxylate-typed siderophores
are very often observed in acidic environment because of their relatively low pKa. the Fe(lll)
affinity depends on the protonation stage of siderophores. Therefore, those presenting
extremely high Fe(ll)-affinities at a specific pH can have a much lower affinity compared to
other Fe(lll) chelators at a different pH.."®® Many natural siderophores contain several identical
chelating entities that help to increase the affinity of the entire molecule to Fe(lll) (Table 1).
However, also mixed natural siderophores presenting more than one chemical chelating motif
exist.[*”

Other chemical groups that bind Fe(lll) in nature include a-amino acids,
hydroxyphenyloxazolones, a-hydroxyimidazoles and salicylic acid derivatives (Figure 11).1% ¢!
Bidentate ligands, involving nitrogen or sulfur as donor atoms also exist but exhibit a lower
selectivity to chelate ferric iron compared to other metals.®! Even recently, uncommon
siderophores such as 7-hydroxytropolone from Pseudomonas donghuensis have been reported,

where the ligand:Fe stoichiometry determined to be 2:1.®!

HQ
OH NH
O«_0O 2 (T)H
T ) _N_O
OH N O~ "OH f
catecholate hydroxyphenyloxazolones amino acid hydroxamate
Ox-OH 0 OH
OH HO OH (|3
] OH
HN OH
salicylic acid 7-hydroxytropolone  hydroxyimidazole hydroxycarboxylate

Figure 11 Structure of Fe(lll) chelating functions.

Moreover, the same microbial species use different siderophores. For example, K.
pneumoniae shows the possibility to combine the use of several siderophores such as
enterobactin and salmochelin, a glycosylated enterobactin.® The glycosylation enables a
higher hydrophilicity of the Fe(lll) complex compared to enterobactin.®® Thus, a
(xeno)siderophore can be used by different bacteria, a bacterial species can produce several

siderophores and use different (xeno)siderophores.
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1.2.3.2. Bacterial siderophore biosynthesis

In order to work with specific siderophore-deficient strains and study the siderophoric
effect of molecules, it is essential to understand the biosynthesis of siderophores of interest in
Gram-negative bacteria. As one example, E. coli produces its main endogenous siderophore
enterobactin from chorismate (Figure 12).

OH

OH

O 0 Op© O 0 0.0 . HN™ S0
5\ ﬁé\\\w ont_ éOH ent_ oH ——. o%
: OJ\[(O OJ\”/O OH OH OH O © \OIO
OH o} ®) HO i Il ”L[(O NH
© 0

2,3-dihydro-2,3- 2,3-dihydroxy-

Chorismate Isochorismate dihydroxybenzoate benzoate (2,3-DHB) Enterobactin | 1©

OH
Figure 12 Biosynthetic scheme of enterobactin from chorismate.

First of all, chorismate is isomerized to isochorismate by entC and Mg?* as a cofactor.™

After the intervention of entB, triggering the elimination of the acrylate group, entA enables the
oxidation of the ring to yield the aromatized 2,3-dihydroxybenzoate (2,3-DHB). After successive
steps including the L-serine insertion with the help of enzymes entB, entD entE and entF,

[71

enterobactin is synthesized by E. coli.l™ Enzymes such as entA or entB were found to be

essential for the biosynthesis of enterobactin in E. coli.

1.2.4. Improving antibiotic uptake by Trojan horse strategies

Iron siderophore complexes can enter bacteria cells due to a sophisticated iron uptake
system that is substrate tolerant. By conjugating a labelling agent or an antibiotic to an Fe(lll)
complex, novel diagnosis, treatment or theranostic approaches can be available against

bacterial infections (Figure 13).
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Bacteria

Figure 13 Trojan horse strategy against bacteria.

One important advantage of the Trojan horse strategy based on siderophore uptake
systems is that bacterial iron translocation is essential for the growth of all bacteria but
lactobacilli, which use cobalt and manganese instead.’”? Therefore, this strategy can
dramatically decrease the bacterial permeability-related resistance mechanisms, which
represents a significant issue especially concerning multidrug resistant pathogens.™ The
second main advantage is that biologically validated antibacterial scaffolds can be used, which
reduces the risk of failure compared to the development of novel antibiotics. The previous
extensive research on the antibiotic of interest permits efficient studies of the novel antibiotic
conjugates.”” Moreover, the commercial antibiotics of interest are clinically validated and have
a known, manageable safety profile.

One of the potential threats for this strategy is the ability of the targeted bacteria to
recognize the siderophore conjugate. If a bioconjugate can only enter the bacterial cell through
few transporters, bacteria can prevent their translocation by transcriptional downregulation of
the respective transporter. However, this resistance mechanism is unsuitable for conjugates that

use many transport pathways.!"!
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1.2.5. Trojan horse  strategy inspired from natural

sideromycins and examples in literature

1.2.5.1. Natural sideromycins

When actively transported, antibiotics are faster taken up by bacteria and at higher
concentrations, resulting in more potent MIC values. In the best cases, active transport can
enable an up to 1000 fold favorable ratio between the cytoplasmic and the external
concentration.*®’ The Trojan horse strategy has also been observed in nature where
microorganisms are able to produce toxin siderophore conjugates called natural sideromycins
which under stress conditions fight against iron thievery to trigger the death of competing
cells.[™®

One example of such molecules is salmycins (Figure 14). Salmycin B was isolated from
Streptomyces violaceus DSM 8286 in 1995." This group of compounds had MIC values lower
than 10 nM against Staphylococci and Streptococci, including resistant strains.**¥ Some groups
proposed a mechanism by which the antibiotic component was released by intramolecular
cyclization.!™

Another example of natural sideromycins is represented by the albomycins.[’® Albomycins
contain a trihnydroxamate-based siderophore portion and a thioribosyl-pyrimidine moiety. The
thioribosyl-pyrimidine is a seryl-t-RNA synthetase inhibitor and it is cleaved by the action of a
serine peptidase N. This drug release ®% results in potent inhibition of Gram-positive and Gram-

negative bacteria in vitro and in mouse models.®"
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Figure 14 Chemical structures of three classes of natural sideromycins: salmycins, albomycins and

microcins (adapted from %),
Some natural sideromycins are even able to carry large molecules such as antimicrobial
peptides. For example, microcin mccE492 is a 22 kDa protein®® showing the potential of

siderophores to be tremendous drug carriers.®”

1.2.5.2. Synthetic sideromycins in early-stage

Scientists were inspired by this natural strategy to design novel sideromimics in order to
improve the in vitro and in vivo efficacy, to extend their activities from Gram-positive bacteria to
Gram-negative bacteria and improve activity against drug resistant bacteria.

Research has mainly focused on Gram-negative strains, generally less sensitive to
antibiotics, because they are protected by an outer membrane permeability barrier.®

Miller’s research group conjugated ampicillin and amoxicillin to an acetylated tris-catechol
construct, which enhances the MIC compared to the parent drug (Figure 15). He also enabled
the activity of daptomycin conjugates against A. baumanii by conjugating lactivicin to

filmsbactin, a mixed natural siderophore from A. baumanii.’®®
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Figure 15 Chemical structures of two R-lactam, daptomycin or lactivicin siderophore conjugates.

Other research groups also investigated the Trojan horse strategy on other antibiotics
such as lactivicin conjugates: natural non B-lactam products that inhibit PBP®" conjugated with
different siderophores such as pyridones or catechols.®® In particular, LTV-17 reached a 1000
fold improvement in the MIC against stenotrophomonas maltophilia K278a, compared to LTV-13

which does not contain any siderophore.®!
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1.2.5.3. Synthetic sideromycins in clinical trials

BAL30072 is a monosulfactam derived from tigemonam conjugated to
dihydroxypyridone,*® a bioisoster of catechol also known to bind Fe(lll) and developed by
Basilea (Figure 16).°" BAL30072 passed a clinical phase 1 trial and showed greater activity
than antibiotic comparators such as rifampicin.®®? The complex is thought to be actively
transported into the bacteria.®® In addition, the conjugate presented good activities against
other Gram-negative bacteria in in vitro studies, against A. baumannii in vivo, and showed
[91, 94]

synergic effects with carbapenems.
@]

o OH §,CO2H

e ﬂ ﬁ HN—C J)\W ];KQVNw k@

0SO,H
S-649266

BAL30072
Figure 16 Chemical structures of BAL30072 and S-649266.

An improved R-lactam version called S-649266° or cefiderocol, a catechol/cephalosporin
conjugate from Shionogi pharmaceuticals, is currently in phase 3 clinical trials.®® The chloro

group on the catechol improves its stability.”

This compound family is a promising siderophore
conjugate application. For example, the molecule showed high activities especially against
Gram-negative bacteria such as P. aeruginosa, A. baumannii and K. pneumoniae®®?* %! and
passed a clinical phase Il study (Table 2). Moreover, the conjugate showed high stability to
hydrolysis by carbapenemases with very low k.,/Ky values with different molecular classes of 3-

lactamases.**"!
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Table 2 Representation of the activity of cefiderocol compared to other 3-lactams against an extensive
number of bacterial isolates (taken from ).

Organism (number of isolates) MICqo (ug/mL)

S-649266 Cefepime Piperacillin/Tazobactam Meropenem
ESBL producers
E. coli (50) 0.25 >64 128 0.063
K. pneumoniae (50) 0.5 >64 >256 0.125
E. cloacae (10) 4 >64 128 0.5
MBL producing P. aeruginosa (33) 4 >64 256 >32
Multidrug resistant
P. aeruginosa (30) 1 >64 >256 >32
A. baumannii (30) 4 >64 >256 >32
NDM-1 producers (50) 4 >32 - >16
KPC producers (47) 0.5 >64 >256 >32
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2. Aim of the thesis

Siderophores are essential Fe(lll) chelators that are actively translocated into bacteria. On
the other hand, the efficacy of intrinsically potent antibiotics is impaired by insufficient bacterial
uptake. Therefore, siderophore conjugates are investigated as tools to improve antibiotic uptake. In

this line, the aim of the doctoral thesis is divided into three distinct parts.

First of all, the Fe(lll) affinity of designed, synthetic siderophores should be studied and
compared to natural siderophores. For this purpose, Fe(lll) chelating moieties should be coupled to
a tetrapodal core called DOTAM, which can chelate an additional metal (Gd, Ga, Cu etc.) and an

additional ligand.

Secondly, a wider series of artificial siderophores should be designed and synthesized. Their
siderophoric effect should be assessed in order to optimize their chemical structures through
iterative design-make-test cycles. The synthesis of fluorescently labelled conjugates was
envisaged that permit the assessment of the bacterial labelling capacity of the synthetic
siderophore conjugates as well as their internalization into bacterial cells.

Lastly, antibiotics should be conjugated to synthetic siderophores in order to assess the

potential of siderophores to improve the antibacterial activity of antibiotics. In parallel, the toxicity
properties of siderophores and siderophore conjugates should be evaluated.
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3. Results and discussion

3.1.General synthetic siderophore (conjugate) design

This thesis is focused on improving the uptake of siderophore-based conjugates and the
application of the optimized system to payloads of interest. Siderophore systems have been
designed in a general manner and then modified to explore the effect of the core molecule, of the
linker nature, the type of siderophore and the payload of interest (Figure 17).

Payload

Figure 17 General structure of hexavalent siderophore conjugates.

Each synthetic conjugate is composed of a siderophore, a core unit, a linker and a labelling
agent or a toxin moiety: each component is crucial to obtain a functional molecule. Non-mixed
siderophore have the advantage of a straightforward chemical access. In addition, many natural
siderophores such as enterobactin or ferrichrome are hexavalent siderophores. Therefore, the
scope of this thesis is limited to the synthesis of non-mixed hexavalent siderophores. In order to
increase the efficiency of the Trojan horse strategy, once the siderophore synthesis was
established, the ability of the siderophore moieties to bind Fe(lll) in competition with natural
siderophores must be checked. As already mentioned, the natural tris-catecholate siderophore
enterobactin shows a very high Fe(lll) affinity under physiological conditions (pH = 7.4).1°
Therefore, the synthetic siderophore designs were based on enterobactin’s chemical structure
(Figure 18). Moreover, the amide functions observed in enterobactin between the catechols and

the core scaffold were found to be beneficial.[')
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Figure 18 Proposed general 3D representatlon of designed synthetlc siderophore complexes based on
known complex crystal structures® compared to Fe(lll)- -enterobactin™® complex.

A few research groups have previously used acylated catechols as pro-siderophores that are
later activated by secreted bacterial esterases to promote selective internalization. This approach
avoids pharmacological side methylation of the free hydroxyl version by catechol O-methyl
transferases (COMT),’® leading to the inactivation of the siderophoric Fe(lll) chelator.®°® 86 97]
Moreover, the use of acetyl groups also facilitates the chemical synthesis by using protecting
groups which will not be deprotected.

The core unit is not essential for the Fe(lll) complexation, but this part is crucial for the
translocation of the entire Fe(lll) complex and the modulation of Fe(lll) affinity. This thesis focuses
on tetrapodal-cored siderophores, where three arms are dedicated to the attachment of three
siderophore moieties whereas a 4™ arm is designed for the addition of variable linkers and
payloads. The macrocyclic DOTAM, amine and NOTAM scaffolds were investigated and
compared. A key advantage of DOTAM derivatives is the option to use the DOTAM as a positron
emission tomographic (PET) imaging tracer that could be used in clinical studies, with Ga(lll) for
example. It is noteworthy to pinpoint the low concentration needed for such tracers in comparison
with today’s labelled glucose techniques, the low and short dosimetry, the short imaging protocols
and the high diagnostic accuracy.**? Cu(ll) but also Ga(lll) can be complexed for the enhancement
of antibacterial and antibiofilm properties.’® The DOTAM molecules also show a straightforward
synthesis, high solubility, a low toxicity and are biocompatible.”? The NOTAM core is a smaller
tripodal core, but one of the arms can be derivatized like in NODAGA derivatives™™® in order to
enable the conjugation of a payload. The NOTAM core also shows higher affinity to Ga(lll)."*® The
amino core has the advantage of being very small and compact. Furthermore, the idea of

conjugating a payload on this amino center would trigger a very soluble, small, positively charged
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guartenary amine. Previous studies have shown that the use of spacer groups such as a glycine
could increase the siderophore activities.!**®

The payload of interest can be a labelling agent or an antimicrobial entity which are attached to
the carrier part without spoiling any initial interaction with the target of interest. In other words, first
of all, the structure-activity relationship (SAR) of the payload, but also the cellular accessibility of
the target must be considered.® Second of all, the choice of the payload and consequently of the
target determines if a cleavable or a non-cleavable linker is necessary for the final target
interaction. The choice of the designed molecule will depend on the mode of action of the antibiotic

and of the interactions with the specific protein.

3.2.Aim 1: Studies on Fe(lll) complexation

3.2.1. Siderophore probes for Fe(lll) complexation studies

Four siderophore mimics based on DOTAM scaffold were retrosynthetically designed from
the commercially available cyclen molecule. The synthetic route was planned to be 3 to 5 steps
long, depending on the chemical strategy and on the need to deprotect the catechol groups or to
complex the DOTAM center (Figure 19).

(@) 1M=/, R1 =H, R2 = NH(CH2)3C02H
v 2M=/,  Ry=Bn, Ry=NH(CH,);CO,H
R, HN_/_ rRd or, 3M=h Ry=H Ry=OH

4M=Eu’®*, R;=H, R,=0OH

O N (@) 5M= /, R1 = AC, R2 = NH(CH2)3COZH
(v ] —
NH HN

0] N N 0]
R,O OR NH HN R:O OR [ ]
1 1 1 1 3-5 steps NH HN
N T\ /

@) O

Figure 19 Design of siderophore probes for complexation studies.

Considering that an amine must be present for the coupling of the necessary carbonyl group
of the DOTAM center, and that the catechol has a benzoic acid function, it was decided to add an
ethylene diamine spacer between the DOTAM core and the catechols. This relatively short linker
has the advantage of giving more flexibility for the Fe(lll) complex formation between the three
catechols. As an essential negative control, benzylated catechols were chosen. They were

preferred in comparison with a methylated version, although both types of protecting groups are
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stable under physiological conditions. Nevertheless, the benzylated catechols were preferred due
to the relatively mild and easy-to-process cleavage by hydrogenation. The comparison between 1
and 3 will enable to observe the effect of the side chain R, on the Fe(lll) complexation. On the
other hand, comparing 3 and 4 will permit to observe the effect of the Eu(lll)-DOTAM complexation
on the Fe(lll) complexation. The Eu(lll) ion was chosen among other possible metals due to its
widely known complexation to DOTAM cores and due to its further interesting Magnetic
Resonance Imaging (MRI) contrasting agent properties.'**”! Finally, 5 is the acetylated version of 1.
As acetylated versions of siderophores can be used as a prodrug or pro-carrier, " studies were
performed to analyze the deacetylation process of 5 and the Fe(lll) complexation of its
deacetylated version.

For many target molecules, 2-bromo-carbonyls must be synthesized. The bromo derivatives
will further be used for the selective alkylation of cyclen. Compound 32 was obtained following

published methods!*%®!

in three steps with a selective benzyl protection of 2,3-dihydroxybenzoic
acid, followed by an amide coupling with N-Boc-ethylenediamine and a selective deprotection of
the Boc group. The compound 34 was obtained by selective benzyl protection of y-aminobutyric
acid. The free amine functions of compounds 32 and 34 were reacted with bromo acetylbromide
under similar conditions to perform an amide coupling in order to obtain the crude materials 33 and

35 with yields of 91 and 90 % respectively (Figure 20).

_______________________________________________________

| 0 | : 0 |
: " BrCH,COBr, K,CO3 | ;
: NH t HyO/CH,Cl,, 26 °C, 1 h ! NH !
| H2N—/_ BnO  OBn | 91 % T in—  BnG OBn |
| 32 | - :
Tttt : Br O 33

_____________________________

_________________________

BrCH,COBr, K,CO3 ! |
+ o ! Br!
BnO,C~ i, H2Q/CH:Ch, 21°C, 1.5 h~:Bn02C/\/\”J\/ I

- 90 %
34 TsO °

Figure 20 Synthesis of a catechol arm and a GABA linker.

_________________________

Once the linkers were prepared, several strategies were persued to assemble the
functionalized DOTAM cores. The first one consisted of decorating the DOTAM center first until the
synthesis of the intermediate 38 (Figure 21). After optimizing conditions especially to 3.3
equivalents of diluted alkylating agent addition, the triple alkylation of the cyclen was obtained with

a favorable distribution. A large excess was avoided to prevent the formation of the tetra-
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substituted compound as a major product.”® However, mono- bis- and tetra-alkylated species
were observed by LCMS. The mono- and bis-alkylated products were separated during the
agueous workup. The tetraalkylated one is an unreactive molecule for the next alkylation and could
be separated by RP column chromatography. The amide coupling of 32 to the HATU activated 37
led to the isolation of 38 with a yield of 91 %. To potentially accommodate a Eu(lll) ion into the
DOTAM core, EuUSO;CF; was added in MeOH in presence of 38. The benzylated catechols were
deprotected by hydrogenation, yielding compound 4. A similar deprotection step was used to
convert 38 to 3. A second route involved is to directly use the advanced bromo-containing
intermediates 33 and 35 and alkylate the cyclen via similar methods to reach the end of the
synthesis of 1 and 2 within three steps. This strategy showed the highest yields and the fastest
synthetic pathways.
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Figure 21 Synthesis of probes 1-4.
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The compound 5 was obtained in 5 steps starting from cyclen (Figure 22). After having
reproduced literature-known conditions to form compounds 39,*” and 40", a tris alkylation of
the ethylene diamine derivate 39, followed by a mono alkylation of the O-benzylated GABA linker
35, and a direct mild TFA deprotection of the Boc protecting amine, enabled the isolation of the

tris-amine 41.
BnO,C
INHZ
1) 39, NaOAc, DMA, 21 °C, 17-20 h NH HN
N/H H\N 2) 35, K,CO3 ACN, 21-23 °C, 2-22 h />—\N/ W%
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Figure 22 Synthesis of probe 5.

An acyl chloride activation of the acetylated catechol 40, and Schotten-Baumann conditions
permitted the tris amide coupling of the siderophore moiety onto the DOTAM scaffold without
significant deacetylation. This intermediate was directly hydrogenated to deprotect the carboxylic

acid from its benzyl protecting group, in order to obtain 5 with an overall yield of 26 %.

3.2.2. The Fe(CAS) assay

The Fe(lll) affinity of the synthetic probes 1-4 was checked by using the conventional
colorimetric Fe(chrome azurol S) (Fe(CAS)) assay with a constant Fe(CAS) final concentration of
3 UM. CAS is a strong red dye, but when complexed with Fe(lll), a strong blue colour is formed.
Therefore, the complexation of a chelator of interest to Fe(lll) can be observed by colorimetry as
soon as its affinity towards Fe(lll) is higher than for CAS. As a first step, the absorbance spectra of
two representative samples were recorded to determine the optimal wavelength for the analysis of

the CAS assay. The full spectrum of a freshly prepared Fe(CAS) solution was compared to the
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spectra obtained with an excess of 3 eq of 3 and to those obtained with 3 eq of enterobactin as a

positive control (Figure 23).
0.3 -
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= Fe(CAS)+3eq of 3
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0.1 - Fe(CAS)+3eq of enterobactin
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wavelength [nm]
Figure 23 Absorbance spectra of Fe(CAS) under various conditions.

As earlier reported,? the absorbance at around 620 nm mainly depends on the
concentration of Fe(CAS) in solution. A maximum of absorbance was observed at 620 nm,
whereas when either enterobactin or the synthetic analogue 3 was added in excess, the
absorbance decreased.

The Fe(CAS) method was established with a constant concentration of 3 uM of Fe(CAS)
solution in a 96-well plate, and with an increasing concentration of probe 1-4 or enterobactin in a

constant final volume of 200 pL (Figure 24).
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Figure 24 Iron binding assays using Fe(CAS) with 1-4 and enterobactin at A = 620 nm.

Whereas 1 bound 1 equivalent of Fe(lll), no binding was observed for 2. This observation
indicates that Fe(lll) is complexed due to the free catechol moieties, but not due to the DOTAM
core alone. This result also demonstrates that the ligand 1 forms a 1:1 complex with Fe(lll) as it is

I Moreover,

extensively described for triscatechol-typed siderophores in the literature.!
enterobactin, 3 and 4 showed a similar pattern to 1. Eu(lll) does not seem to bind to catechols and
its presence does not disturb the Fe(lll) binding in the Fe(CAS) assay. It was therefore concluded

that the core modification from the natural trislactone to the DOTAM scaffold, the extension of the
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4™ DOTAM arm to a GABA linker or the complexation of the DOTAM center to Eu** did not affect
Fe(lll) complexation in this experiment. This conclusion is in line with the literature studies on other
artificial siderophores which have reported that modified cores of natural siderophores still led to

Fe(lll) complexation.®

3.2.3. MS-MS assay for deacetylation and complexation studies

In order to confirm the deacetylation and Fe(lll) complexation of 5, we first validated the
Fe(lll) complexation process of its deacetylated version 1 (Figure 25). To prove the existence of
the Fe(lll) complex, FeCl; was added to an equimolar 1 solution in ACN/H,O (1/1) and stirred for
24 h at pH = 8.2. Afterwards, a high-resolution mass spectrometry (HRMS) measurement was
performed to compare the observed isotope pattern to the theoretical isotope pattern.

Intens. ;. +MS, 0.61-1.45min #141-337, -Peak Bkgrnd
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CapHeaFeNiOss, M, 539.1961

Figure 25 Isotope pattern of 1 + Fe(lll), as measured (upper) and predicted (lower).

The detected isotope pattern was characteristic of an Fe(lll) containing molecule and showed
high similarities to the one predicted with an acceptable error of 1.3 ppm. Therefore, the Fe(lll)
formation could be observed by HRMS analysis.

The sample and the molecular weight information were then used to set up a multi reaction
monitoring (MRM) method along with 1 and 5 (Table 3). For each entity, fragmented qualifier and
guantifier ions could be observed. The strongest quantifier ion was used for quantification relative
to a standard curve and the second strongest quantifier ion was used for explicit identification of
the target molecule (qualifier). The correct ion mass supported the structure of the molecule. As an
example, the precursor quantifier ion observed for 5 is its doubly charged version, and a detected
fragment corresponded to its tris-deacetylated version. By extension, all the depicted ion masses
observed for 1 + Fe(lll) could be assigned to Fe(lll) containing proposed structures. This suggests

that the observed quantifiers and qualifiers are characteristic of the Fe(lll)-1 complex.
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Table 3 lon transition of MRM analysis. lon transitions used for identification
Fe-complexed DOTAM siderphore by tandem mass spectrometry.

of acetylated, deacetylated and
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* All ions were doubly charged, as verified by full scan experiments

This study enabled kinetic experiments on the degradation or the formation of specific

species, based on the quantifier ion, in the presence of living bacterial cells. After exposure of 5 in

LB medium and E. coli AentB, 5, 1 and 1 + Fe(lll) were quantified over 24 h (Figure 26).
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Figure 26 Relative quantification of deacetylation and iron complexation of 5. Compound 5 was incubated
in LB media at a final concentration of 10 uM with (black bars) or without E. coli AentB (gray bars), extracted
at the indicated time points, and quantified by LC-MS/MS. Area under the curve (AUC) values represent the
abundance of the monitored quantifier ion for each molecule and are shown for 5 (with 6 acetyl groups: 6Ac,
left), 1 in complex with Fe(lll) (O acetyl groups: OAc+Fe, middle), and 1 (0 acetyl groups: OAc, right).
Ac=acetyl.

The intermediate compounds 5-nAc and [Fe(5-nAc)] when n € {1, 2, 3, 4, 5} could not be
observed by LCMS in detectable amounts. However, the complete deacetylated product of 5 could
be observed in increasing concentrations over time, proving the total deacetylation process of 5.
Moreover, the same characteristic was observed for the formation of Fe(lll) complex. Therefore,
the Fe(lll) complexation of the deacetylated intermediate also occurs. However, for each
experiment, bacterial supernatant and medium were separated and independently measured by
MRM methods, and no significant differences could be observed. These results indicate a
spontaneous deacetylation of the compounds in medium, even in the absence of bacterial

enzymes.
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3.3.Aim 2: Demonstration of siderophore uptake

3.3.1. Growth recovery assay

3.3.1.1. Siderophore probes for growth recovery assay studies

Our case studies are focused on two types of Gram-negative bacteria: E. coli and
P. aeruginosa. Both bacterial strains are able to produce endogenous siderophores with catechol
and hydroxamate functionalities and with different core designs. Therefore, this study will focus on
synthetic catecholate and hydroxamate type siderophores (Figure 27). Also, three different cores
were investigated: the DOTAM, the NOTAM and the amine core.
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Figure 27 Design of siderophore probes 1-20 for growth recovery studies.

Several structure features were compared in growth recovery experiments. First of all, 3 and
6 were tested to determine the effect of the benzyl protecting groups versus the non-protected
carboxylic acid at the 4" DOTAM arm. At the same time, 1 with 3 and 5 with 7 were assessed to
establish the effect of the GABA linker on the same arm on the growth recovery. The studies on 12
and 15 will give a hint about additional extensions from a GABA to a PEG3s/suc linker. The PEG;

was chosen because it is a long, flexible, water soluble, stable cheap linker and it was believed
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that this would result in minimal disruption of binding interactions between the protein target and
the conjugate.™? Moreover, the comparisons between 1/2/5 or 3/7 or 17/18/19 will enable to
discuss the effect of catechol groups on bacterial growth. In the same way, comparisons between
12 with 13 and 14 with 15 can lead to conclusions on the impact of protecting catechols or
hydroxamates with stable covalently bound groups. Concerning the metal center of the DOTAM,
718 or 3/4 or 5/9 can be put in contrast to understand the effect of complexed Gd**, Eu** or Cu® by
the DOTAM. Finally, a comparison of the compound sets 1/19 or 5/16/18/20 will show the influence
of different cores on the development of bacteria.

As for the previous set of molecules, siderophoric intermediates had to be prepared for the
synthesis of the various to-be-tested siderophores. Regarding the catechol-typed molecules, the
siderophores must be elongated with an ethylenediamine spacer as previously discussed. In
contrast to catechols, the hydroxamate linker already shows a free amine derived from the
commercial N-Boc-ethanolamine and no ethylenediamine spacer is added (Figure 28).

_______________________________________________

' : | O :
HO,C ; HATU, DIPEA | ;
! ! NH, DMF, RT, 30 min | |
! T BocHN—/_ I NH I
t____AcO_40 OAc 31 % ' BocHN AcO  OAc |
! 42 :
1) IBX, EtOAc, 87 °C, 2.25 h
2) BnONH, Pyr, 0-31°C, 2.5 h
3) AcOH, NaCNBH3, 10-26°C, 3 h Ac
BocHN~_-OH 4)Acz0, Pyr, 26 °C, 145 h _ BooHN~N<og,
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2) BrCOCH,Br, K,CO5, DCM, H,0, 0-22 °C, 1.5 h 'B N '
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Figure 28 Synthesis of siderophoric arms for growth recovery probes.

The elongation of the acetyl-protected catechol was performed via an amide coupling with
HATU activation in order to obtain 42 with a relatively low yield of 31 % due to spontaneous
deacetylation of the catechol during the process. The preparation of the benzyl-protected
hydroxamate 44 was obtained in 6 steps starting from the N-Boc-ethanolamine and optimized by
the MSc student Isabell Schneider. First, its aldehyde form was obtained with IBX in reflux. Then
an amination was undertaken with O-benzylhydroxylamine, followed by a reduction of the O-
benzylated oxime with sodium cyanoborohydride. Finally the acetylation of the amine was

performed to yield the N-Boc protected intermediate 43 with a good yield of 64 % over 4 steps. The
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N-Boc deprotection in TFA and the amide coupling with bromoacetylbromide led to the bromo
derivative 44.

To synthesize the long, flexible and soluble linker 47, the synthesis started with the
monobenzylated succinic derivate 45 and the mono-Boc-protected PEG; diamine 46 (Figure 29).
The activation of the free acid 45 with the ester pentafluorophenyl trifluoroacetate enabled the
amide coupling with the diamine 46 to obtain 47 in high yields. The intermediate was directly
deprotected with classical TFA conditions, and reacted with bromoacetylbromide to acquire the
linker 48. Following the same strategy, 49 was obtained from N-Boc-1,5-diamino-3-oxopentane.

PFP-O-TFA, Et;N /\)?\
BnOZC/\/C(DzH H2N/\/€\O/9;/\NHBOC DMF, 22 °C, 6 h BnO,C m/\/%\o/%/\NHBoc
46 a7

o,
45 98 %

i o) o) i
1) TFA (25 %), DCM, 28 °C, 1 h : :
2) BrCOCH,Br, K,CO3, DCM/H,0, 28 °C, 0.5 h BnOZC/\)J\H o HJ\/Bf |
5 48 :

82 %

.................................

' H |

BrCH,COBr, K,CO ' |
BocHN NH 2 » W23  BocHN N :
~N02 pemHL0, 22°C, 350 R -1

Figure 29 Synthesis of linker armZngr growth recovery probes.

After all the necessary linker and siderophoric arms had been prepared, the siderophore
probes were synthesized. A monoalkylation onto the secondary amine of the literature-known 36
with benzylbromoacetate and the deprotection of the tert-butyl esters enabled to isolate the free
triscarboxylic acid 50 (Figure 30). The fresh preparation of the N-Boc deprotected version of 42
and its tris amide coupling onto 50 afforded the acetylated triscatecholated derivative. The
reproductibility and yield of this transformation were low due to a fast deacetylation process
worsening the efficiency of the amide coupling. A selective acetyl deprotection with DIPEA in

MeOH was performed to yield the free triscatechol probe 6.
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Figure 30 Synthesis of probe 6.

In order to synthesize the acetylated probes 7 and 8, the more robust Schotten-Baumann

strategy was successfully investigated (Figure 31). The same strategy as for the synthesis of 5 was

performed in order to obtain 7. An overnight complexation was achieved by addition of GdCl; in

MeOH. The acidic conditions applied for the isolation of the gadolinium complex promoted partial

deacetylation of the catechols, explaining the low yield of 25 % of the desired product 8.
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The DOTAM center is also known to complex Cu(ll). The compound 9 was obtained by a

complexation of 6 with CuSO, in MeOH (Figure 32). The complexation of the Cu(ll) into the

DOTAM center was remarkably faster than the Gd(lIl) complexation of 7. Although the reason for

this is not known, several differences between both experiments were observed. First of all, the

54



3. Results and discussion

metals and the ligands are not the same and this can affect the kinetics of complexation. Moreover,
the Gd(lll) complexation was performed with 30 % excess of the metal whereas 60 % excess was
added for the Cu(ll) experiment. Finally, the concentration of the ligand for the complexation of 6
was 20 mM, compared to 4 mM for 7. Consequently, the higher concentration of ligand and of
metal in MeOH can also increase the reaction rate. Although several factors such as the

concentration of the reaction have been modified, the yields for the complexations are in the same

range.
o) 0
HO,C, HO.C
NH \—¥ NH
\—¥NH HNI AcO  OAc NH HNI AcO  OAc
o; N N_ O CusO,4 02 N N_ O
[ ] MeOH, 26 °C, 15 min [ - ]
Cu
Q N N O 23% 0 N N O
s \_( s
AcQ  OAc NH 6 HN AcO  OAc AcO  OAc NH 9 HN AcO  OAc
HNI ‘\~NH HNI ‘\~NH
(o] fo) ] o

Figure 32 Synthesis of the probe 9.

For the synthesis of PEG elongated siderophores 10 and 11, the Schotten-Baumann strategy
has been followed (Figure 33). Surprisingly, only 27 % of 52 could be isolated after 2 alkylating
steps and the triple Boc deprotection step starting from cyclen. Nevertheless, this low yield could
be explained by the unexpectedly long second alkylation and deprotection. The probe 10 was
obtained by tris-coupling of the activated carboxylic acid form of 40 and selective hydrogenation of
the benzylated carboxylic acid. The low yield is again explained by the deacetylation of the
catechols. Moreover, the deacetylation was observed also during hydrogenation, pinpointing the
possibility to deprotect the benzyl and the acetyl protecting groups by hydrogenation. Therefore,
similar conditions with a longer hydrogenation time (20 h for 10 vs 1.5 h for 11) permited the
additional deprotection of the acetylated catechols, yielding 10.
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Figure 33 Synthesis of the PEG elongated probes 10 and 11.
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The synthesis of hydroxamate-linked DOTAM molecules 12-15, carried out by the MSc

student Isabell Schneider, was straightforward due to the design of the protecting groups, but also

to the successful synthesis of the adapted linkers 44 and 48 without any degradation.

The synthesis of NOTAM derivatives was using the same Schotten-Baumann strategy as

applied for DOTAM cores. In this synthetic route, no monoalkylation of a 4™ arm was necessary

after the trisalkylation of the siderophore spacer, because only three secondary amines are

incorporated into the NOTAM core (Figure 34). Therefore, trisalkylation followed by N-Boc

deprotection permitted the isolation of 53 in high yield. However, 16 was obtained with lower yields

by a Schotten-Baumann amide coupling due to partial deacetylation of the product.
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Figure 34 Synthesis of the NOTAM derivative 16.

The amine-cored compounds 17-20 were prepared from tris(2-aminoethyl)amine. The HATU-
activated acetylated or benzylated catechols were reacted under similar conditions with the tris
amine to yield 17 and 18 with different yields irrespectively (Figure 35). The acetylated version
showed lower yields due to partial deacetylation which was tolerated due to the very
straightforward synthesis within one step. Although the intermediate 18 needed to be
hydrogenated to form 19, the overall yield for the synthesis of 19 was higher than the one of 18.
Both coupling reactions showed similar efficacy by LCMS. However, the difference in yield can be
explained due to the very different polarity of both molecules, and consequently the use of different
purification techniques for both compounds. The apolar 18 was purified by normal phase
chromatography, whereas the more polar 19 was purified with a reversed phase preparative HPLC

system. Therefore, the yield was decreased to 68 % mainly during the normal phase purification.
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Figure 35 Synthesis of probes 17-20.

Ve

On the other hand, the preparation of the quaternary amine 20 was challenging. The direct

methylation of the tertiary amine 17 was not successful, probably due to the sterically hindered

tertiary amine. Therefore, the less hindered, triply N-Boc protected tris(2-aminoethyl)amine was

used. Although 13 equivalents of iodomethane were used, the reaction rate was slow. TFA was

then added in order to deprotect the amines, which were directly reacted with the acetylated

catechol 40 via a Schotten-Baumann reaction. Due to the difficult methylation and the partial

deacetylation of the catechols, only 6 % of the expected cationic product 20 could be isolated.

Despite the low overall yield, 2.5 mg were isolated, which was enough for growth recovery

experiments.
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3.3.1.2. Growth recovery experiments

In order to perform growth recovery experiments, siderophore-deficient bacterial strains were
used. The main endogenous siderophore from E. coli is enterobactin. Consequently, E. coli strains
lacking one of the enzymes essential for the enterobactin synthesis (i.e. entA or entB) are not able
to biosynthesize enterobactin and thus do not grow under Fe-limited conditions. However E. coli
AentA and AentB still possess the biological machinery to internalize and metabolize
siderophores,™¥ so when a siderophore is added to the growth medium, the bacteria will “recover”
their growth, which is indicated by a rise in ODggo. The growth recovery assays are easy-to-perform
and powerful biological experiments in order to enable the comparison of molecule effects on
bacterial growth.*%"!

Similar studies were performed with P. aeruginosa. Although P. aeruginosa uses several
xenosiderophores, the primary siderophore synthesized by P. aeruginosa is the fluorescent
pyoverdin. Pyochelin is another endogenous siderophore, but is only responsible for 5-10% of
Fe(lll) uptake.™™ Therefore, the strain P. aeruginosa Apch/Apvd, not being able to biosynthesize
the siderophores pyochelin and pyoverdin, was used. They are very important mutant strains to
assess the potential of the synthetic siderophores to deliver iron into the cell. The following tests
were performed with a natural siderophore as a positive control (enterobactin, pyoverdin), and with
the designed and synthesized artificial siderophores.

Before comparing the siderophores to one another, preliminary studies were performed in
order to establish the biological assay. After 48 h of incubation, AentA and ApvdF/ApchA treated
with solvent control (DMSQO) showed no growth compared to the respective corresponding parental
strains (wild type, Figure 36). In contrast to the siderophore-deficient strains, the parental strain
can synthesize enterobactin/pyoverdin and pyochelin, and therefore is able to take up Fe(lll) and

grow.
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A @mwt oAentA B mwt @Apvd/pch

DMSO EB DMSO PVD

Figure 36 Growth recovery experiments with DMSO (solvent control) and exogenously added enterobactin
(EB) or pyoverdin (PVD) a) The growth of E. coli BW25113 (wt) and the enterobactin deficient strain (AentA)
was assessed 48 h after compound addition. b) The growth of the P. aeruginosa strain PAO1 (wt) and the
pyoverdin/ pyochelin-deficient strain (ApvdF/ApchA) was assessed 24 h after compound addition. All values
are ODggg measurements, n=2, +SEM.

When enterobactin is added exogenously to the AentA strain, growth is always reaching
similar values as the wild type blank control. Hence, the mutant strain can entirely recover its
growth, when the missing siderophore is added to the medium. Similar results were obtained when
pyoverdin was added exogenously to the ApvdF/ApchA strain. This observation proves that
enterobactin for E. coli or pyoverdin for P. aeruginosa contribute to the growth of the respective
bacteria.

Data obtained from several independent growth recovery assays were compared through a
robust parameter (ODpopemutant-ODpmsomutant)/(ODpmsowt-ODpmsomutant).  This  ratio  represents the
growth recovery observed by the addition of probe to the medium on the mutant strain relative to
its wild type version, with the corresponding DMSO correction factor.

As indicated in Table 4, enterobactin recovers 99 % of growth, whereas only 80 % is
observed for ferrichrome. This difference occurs because enterobactin is the endogenous
siderophore for E. coli AentA., while ferrichrome is a natural siderophore mainly synthesized by

.11 Nevertheless, the hydroxamate-type ferrichrome permitted good growth recovery of E.

fung
coli AentA, which supported its uptake. This result is also in accordance with published results,
showing the capability of bacterial species such as E. coli to actively transport xenosiderophores
such as hydroxamates.!*!

Compounds 3 and 6 are both siderophores containing three catechol moieties, but are
differentiated regarding their 4™ arm. 6 was designed with a benzyl protection group whereas 3

shows a free carboxylic acid position. Although both molecules showed substantial growth
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recovery, the more polar molecule shows a 30 % improvement in bacterial growth recovery
compared to the more apolar one. Moreover by comparing 1 with 3 and 5 with 7, the elongation of
this 4™ arm with a GABA linker showed a recovery improvement from 8 to 13 %. Therefore, several
GABA-linked derivatives were later on investigated. However, an additional extension from a
GABA to a PEG3/suc linker led to a drop of the growth recovery from 43 % to 0 %, as shown by a
comparison of 12 and 15.

When comparing 3/7 or 1/2/5 or 17/18/19, several observations concerning the catechol
groups were made. When acetylated groups are present a mild improvement from 8 to 15 % of
growth recovery is achieved compared to free catechols. Although acetylated groups have so far
not been observed in natural siderophores on their catechol positions, the insertion of these
specific groups seems to slightly improve its bacterial growth. This observation can be justified by
other studies explaining that methyl transferases could be at the origin of free catechol inactivation.
If the methylation occurs, the converted catechols cannot bind anymore to Fe(lll), which attenuates
the bacterial growth. However, unexpected results were obtained when 10 and 11 are compared.
This only case showed a slight better growth recovery for the free catechol compared to the
acetylated one.

To prove that the catechols are responsible for the siderophore function, two benzylated
siderophores were tested: 2 and 17. 17 was compared to 18, which has acetylated catechols.
Although the latter synthetic siderophore showed growth recovery, the benzylated version did not.
The main difference between these two amino-cored molecules is that acetylated catechols are
pro-siderophores whose acetyl groups can be cleaved, whereas 17 presents completely stable
protecting groups, and therefore cannot complex Fe(lll). Moreover, the same trend was observed
with DOTAM-cored molecule. A 63-78 % growth recovery reduction occured when 2 was used
instead of 5 or 1.

Similar conclusions can be drawn for hydroxamates. Several benzylated and free
hydroxamates were tested and their results were compared. For example, 12 is a synthetic
trishydroxamate siderophore, which showed 43 % of growth recovery. Although not catechols but
hydroxamates are designed on that synthetic probe, growth recovery could be observed, which is
in agreement with previous results obtained for hydroxamates. When its benzylated form 13 is
tested, no growth is observed. This result also pinpoints the importance of free hydroxamates for
bacterial growth. However, no conclusions could be drawn from the comparison of the benzylated
hydroxamate 14 and the free hydroxamate 15, because growth recovery was not observed for the
free version. Distinct siderophore types can also be directly compared thanks to this assay. The

difference between 1 and 12 is the presence of three catechols or hydroxamates attached to the
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DOTAM core. Almost 40 % of increase in favor to the catechol-type molecule could be observed.
Although such a drastic difference cannot be noticed between enterobactin and ferrichrome, and
although their core structures are different, the catechol-type enterobactin showed favorable
growth recovery.

Since DOTAM molecules can also complex a second metal ion at their center, several
chelated versions were also tested and compared such as 7/8 or 3/4 or 5/9. When Gd(lll), Cu(ll) or
Eu(lll) are chelated to DOTAM molecules, a drop in growth recovery between 31 and 70 % was
measured. This effect can be due to many causes. First of all, some metals such as copper also
have antibacterial activities. Therefore, the incorporation of metals can be a source of growth
inhibition. Hence, although the Fe(CAS) assay showed favorable Fe(lll) complexation even in
presence of complexed DOTAM centers the central metal may impair the translocation efficiency.
Therefore, the affinity of Fe(lll) to the catechols in presence of complexed DOTAM and
consequently the siderophoric properties can affected.

When DOTAM with acetylated catechols such as 5 or 7 are tested, more than 80 % of growth
recovery is observed. However, when the DOTAM core is replaced by an amino core such as 18, a
significant drop to 43 % is measured. Moreover, the tertiary amine is only a tripodal core. In order
to conjugate a payload via a 4™ arm onto the core, the methylated version 20 was prepared. A
maximal drop of activity was noticed. Two reasons explain this difference. First of all, the geometry
and therefore the angle between the siderophore arms are not the same in 18 and 20. As a
consequence, its affinity to Fe(lll) as well as Fe(lll) complex recognition by the bacterial
siderophore system may be different. Moreover, another main difference between 20 and 18 is that
the quarternary amine contains a local positive charge on its core structure. Although this charge
can enhance the water solubility of the molecule, the charge may be harmful for the Fe(lll)
complexation. Indeed, a similar drop in growth recovery was observed when metals were chelated
into the DOTAM center. Surprisingly the tripodal NOTAM derivative 16 showed no growth recovery
compared to its DOTAM version 5. Compared to enterobactin, 5 also contains acetylated
catechols. However, since acetylated catechols for most cases showed growth recovery
improvement, this acetyl modification may not be the reason for such a decrease. The NOTAM
derivative was chosen to be synthesized because of its higher affinity to Ga(lll)™7, but also
because it is a tripodal, 9-membered macrocycle like the natural product enterobactin. However,

counter-intuitive results were obtained.
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Table 4 List of the synthetic siderophore probes and their structural characteristics and their growth recovery
results on E. coli AentA.

ODprobeAentA — ODDMSOAentA

Name Core Linker Siderophore  ODpmsowt — ODDMSOAentA
[%]"
enterobactin trilac / catH 99
ferrichrome Peptl / HydrH 80
1 DOTAM GABA catH 82
2 DOTAM GABA catBn 19
3 DOTAM OH catH 74
4 EuDOTAM OH catH 4
5 DOTAM GABA catAc 97
6 DOTAM OBn catH 44
7 DOTAM OH catAc 84
8 GdDOTAM OH catAc 37
9 CuDOTAM GABA catAc 66
10 DOTAM GABA PEGcatH 97
11 DOTAM GABA PEGcatAc 88
12 DOTAM GABA HydrH 43
13 DOTAM GABA HydrBn 0
14 DOTAM PEG3/suc HydrBn 0
15 DOTAM PEG;/suc HydrH 0
16 NOTAM / catAc 0
17 Amine e catBn 0
18 Amine e catAc 23
19 Amine e catH 15
20 Amine Me catAc 1

Y A minimum of 2 experimental replicates was performed; the experimental average standard deviation is

7 %,

The elongated siderophores 11 and 10 could be compared to the shorter version 5 and 1

respectively. Similar results were obtained. Therefore, a minor extension of the catechol arm does

not significantly affect the growth recovery of E. coli AentA.

Taken together, the siderophores showing the highest growth recovery compared to the

natural products are 1, 5, 7, 10 and 11. Remarkably, all of them present a DOTAM core. Also most
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of them contain acetylated catechols and an ethylene or a PEG spacer between the core and the
siderophore unit. Since the ethylene diamine linker was easily affordable and would enable the

synthesis of a smaller final molecule, it was preferred for further studies.

Similar studies were performed on P. aeruginosa Apch/pvd to compare their effect with the
previously reported results on E. coli (Table 5).

First of all, the tested natural compounds but also 7 showed high growth revovery. Moreover,
when 1 and 5 are compared, it is observed that adding acetyl groups to the catechols could not
improve the growth recovery in P. aeruginosa, although the use of acetylated catechols showed
promising results against E. coli and P. aeruginosa.*® As previously discussed, the non-cleavable
protection with benzyl groups on catechols or hydroxamates prevents growth recovery in E. coli
mutant strains. Similar observations were made on P. aeruginosa strains. The benzylated version
2 showed no growth recovery, while its unprotected version 1 fully recovered growth. Concerning
the hydroxamate version, the non-protected siderophore 12 and 15 showed 65 and 76 % growth
recovery respectively, compared to their benzylated versions 13 and 14, which showed growth
between 0 and 5 %. Therefore, as for the E. coli recovery experiment, the stable protection of
siderophores prevents any Fe(lll) complexation, siderophore uptake and bacterial growth.

As for the E. coli experiment, when 7 is compared to 5, the GABA elongation of the 4"
DOTAM arm does not significantly affect the growth recovery of P. aeruginosa Apch/pvd. Similar
results are obtained with 14 and 12 when the same arm is elongated from a GABA to a PEGs/suc
linker in E. coli and P. aeruginosa.

Concerning the core structure, DOTAM and NOTAM molecules were tested. As for the
E. coli growth recovery assay, 5 or 7 showed more than 65 % of growth recovery increase
compared to 16. However, the addition of a metal ion such as Gd(lll) into the DOTAM core like 8
did not induce a drop in growth recovery for P. aeruginosa studies compared to 7 but maintained

efficacy. This observation is different from the E. coli studies.
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Table 5 List of the synthetic siderophore probes, and their growth recovery results on P. aeruginosa
Apch/pvd compared to E. coli AentA.

ODprobeAentA — ODpMsoAentA ODprobeApch/pvd — ODDMSOApch/pvd

ODpMsowt — OPpMsoAentA

Name Core Linker Siderophore DM ODpmsowt ~ OPDMs0Apch /pvd
of E. coli [%] of P. aeruginosa [%]'
Ppyoverdin Pept2 / mixed 99 105
ferrichrome Peptl / HydrH 80 110
1 DOTAM GABA catH 82 99
2 DOTAM GABA catBn 19 4
5 DOTAM GABA catAc 97 94
7 DOTAM OH catAc 84 103
8 GdDOTAM OH catAc 37 100
12 DOTAM GABA HydrH 43 65
13 DOTAM GABA HydrBn 0 0
14 DOTAM PEG3/suc HydrBn 0 5
15 DOTAM PEG;/suc HydrH 0 76
16 NOTAM / catAc 0 29

Y A minimum of 2 experimental replicate was performed

The natural siderophores pyoverdin and ferrichrome showed high growth recovery.
Nevertheless, the synthetic probes 1, 5, 7 and 8 showed equal potency. All these exogenous
siderophores present a DOTAM core, which can be Gd(lll) complexed, with or without a GABA
extension on the 4™ DOTAM arm, and free or acetylated catechols. However, none of the main
endogenous siderophores from P. aeruginosa, pyochelin and pyoverdin have a tris-catecholated
structure. Thus, a completely different structure, designed from enterobactin, can be taken up by P.
aeruginosa.

On a global scale, similar effects were triggered on E. coli and P. aeruginosa. However, a
few specific differences were also observed. While the NOTAM-cored 16 showed no growth on the
E. coli mutant strain, 29 % of P. aeruginosa Apch/pvd growth recovery was measured with the
same probe. Therefore, the growth recovery can be species-dependent for specific core molecules
such as the NOTAM. Also, the type of siderophore can also show different growth recovery results
depending on the species of interest. As an example, although the hydroxamate 15 showed no
growth with E. coli, a considerable growth of 76 % could be observed for P. aeruginosa. This

improvement from E. coli to P. aeruginosa could be due to a more suited hydroxamate-type
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siderophore transport system in P. aeruginosa Apch/pvd strain, in comparison with the E. coli

AentA strain.

3.3.2. Fluorescent microscopy of DOTAM-BODIPY conjugate

3.3.2.1. Synthesis of the BODIPY conjugate for fluorescence

microscopy

In order to prove any in vitro labelling properties to bacteria, it was chosen to prepare an
efficient labelling agent conjugated to siderophores. Since the previous studies showed excellent
growth recovery with DOTAM/acetylated catechol molecules, it was chosen to work with this
system. Concerning the choice of the dye, previous internal studies showed several advantages of
using BODIPY-FL-N; (Figure 37). First of all, this labelling agent is not permeable to several
bacteria of the ESKAPE panel. Therefore, the use of free BODIPY-FL-N; is an appropriate
negative control for in vitro experiments. Moreover, this molecule is commercially available.
Therefore, the availability of the molecule but also its known reactivity made this specific dye well-
suited candidate for fluorescence microscopy.

Finally, the labelling agent contains an azide functionality which can selectively react with
alkyne containing molecules via a click reaction. The formed 1,2,3 triazoles moiety is often found in
pharmacophores of antifungal or antibacterial compounds.™® In addition, this linker is stable,
water soluble and biocompatible. The triazole moiety confers a better solubility to the molecule and
in some cases additional favorable interactions with the molecular target, since two of the nitrogens
can be hydrogen bond acceptors and the ring has a dipole which can align with the ones of other
peptidic amides.**"!

The BODIPY conjugate was synthesized starting from cyclen with the successful Schotten-
Baumann strategy (Figure 37). After synthesizing the literature-known linkers 39 and 55, the
successive alkylations followed by N-Boc deprotection yielded the free amino molecule 56. One
advantage of using a free alkyne as a linker for the 4™ arm is to avoid any deprotection of the arm
all along the carrier synthesis. Therefore, after the Schotten-Baumann reaction between 40 and 56,

the alkyne was purified to yield 57.
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Figure 37 Synthesis of the BODIPY conjugate 21.

'
l

The following click reaction was performed in presence of Cu(ll) that was first reduced to
Cu(l) in the presence of sodium ascorbate. However, partial copper complexation of the DOTAM
center could be observed by LCMS. Moreover, Zn(ll) was added into the DOTAM center since it
has more affinity to the DOTAM than Cu(ll). The DOTAM was fully complexed by the Zn(ll) in order
to avoid copper complexation. Fresh Cu(l) was prepared and added to the reaction mixture. In
order to avoid Cu(ll) complexation issues, a copper-free click reaction would have to be
investigated. For this purpose, it would be necessary to synthesize another carrier containing
cyclooctyne or other reactive elements that can be clicked to azides without a metal catalyst.™
The BODIPY conjugate 21 was obtained with an overall yield of 4 % and was tested in

fluorescence microscopy and flow cytometry experiments.

3.3.2.2. Accumulation of the BODIPY conjugate in bacteria

Two sets of assay were performed in order to prove any in vitro interaction between the
synthetic BODIPY conjugate 21 and the different medically important bacterial pathogens of the
ESKAPE panel, which comprises the Gram-negative species A. baumannii, E. cloacae, E. coli, K.

pneumoniae, and P. aeruginosa as well as the Gram-positive species E. faecium and S. aureus.™*?
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According to confocal microscopy images and flow-cytometry measurements, all bacteria of the

ESKAPE panel were labelled by 21 (Figure 38).

P. aeruginosa E. coli
b=1 b=3 100 = = merge, 1004 ‘
801 801 ,*\
~ X b Al x /l
© < \
S 60 | S 601 } \
s S I\
* 404 X401 | |
z ‘ 7 \
@ 204 g 20
2 S
8 0K ~ g — . —
@ 0102 10° 10° 2 0102 10® 10* 10°
B bl525-A ) bl525-A
A. baumannii K. pneumoniae
b=1 b=3 merge,; - - g merge -
(A ‘,u'x" \
80 r 80 | |
] | '
212 60 g é' 60 4 L
2 y B
40 N 40
£ ’ Z
:. 20 : E.l;. 20
g /
:g- 0 / :% 0
lg 4 102 10° n‘)" 3 10 ;rv\ i 10
: bIS25-A bi525-A
E. cloacae S. aureus
b=1 b=3 merge, - = b=3 merge 160
5 [ Nl A
- L h, 80 !
N g - R
5 60 (:; 60
3 | 3 f
* w0 | 7 40 f
Z : | Z
: =, ‘f‘ d 20
H { z
.§ : " 10° 10 10° .g i T 3 ﬁ:
bI525-A @ 01 uysx'/\ 10 1
E. faecium
b=1 mergey, o0
| -
o] i bacteria
5 604 N |
= 4 -
2 | == bacteria + BODIPY-FL-N,
Z ‘
& 1 | "
% ,‘ = bacteria + 21
.g ) 0 102 10% 10 10%
@ - bi525-A s

Figure 38 Labelling of ESKAPE pathogens by DOTAM-BODIPY conjugate 21 or BODIPY-FL-N; by confocal
microscopy and flow cytometry. Confocal imaging and flow cytometric analysis of ESKAPE pathogens. Scale
bars 11 um, bl525-A BODIPY fluorescence intensity.

However, we observed varying

labelling efficiencies within the respective bacterial

populations. Some cells display a high fluorescence signal, whereas others showed lower signal

intensities. In cases such as S. aureus, only a subpopulation was labelled. This might be
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attributable to different growth phases of the bacteria and has to be addressed in further studies.
For all bacteria except of E. faecium, we observed an increased fluorescence signal by confocal
microscopy and flow cytometry upon incubation with 21 compared to BODIPY-FL-Nj3. In repeated
experiments we observed that incubation with BODIPY-FL-N; resulted in a strong and
homogeneous labelling of E. faecium. E. faecium and S. aureus are the Gram positive members of
the ESKAPE panel. As S. aureus does not display the intensive fluorescent signal upon incubation
with free BODIPY as seen for E. faecium, this effect cannot be attributed to the general Gram-

positive nature.

3.3.3. The fluorogen-activating protein system

The fluorogen-activating protein (FAP) assay is proves the internalization of molecules
specifically in the periplasm or in the cytoplasm. It consists of a specific fluorogenic dye, which
does not present any fluorescence when it is excited at a specific wavelength (Figure 39).
However, once the small molecule is bound to a FAP, which is a protein derived from a single
chain antibody, emission of fluorescence can be measured when it is excited at the same

wavelength.
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Fluorogen Activating ;Jg!éﬁr? rogenic dye complex
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Figure 39 Concept of fluorogen activating protein system.

In the case study working with malachite green derivatives, recent experiments showed that
once the malachite green and the FAP are complexed, emission of fluorescence can be measured
at 665 nm when the complex is excited at 610 nm, unlike the apo-FAP protein and the fluorogenic
dye separately.™?? Enhanced fluorescence is thought to occur because rapid rotation around a
single bond within the chromophore is restrained upon binding to FAP. The FAP concept can be

extremely useful to provide the necessary demonstration of conjugate internalization (Figure 40).
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Figure 40 Conceptual scheme illustrating the FAP system applied on bacteria.

After the successful overexpression of the specific fluorogen activating protein of interest in
the cytoplasm or in the periplasm of the bacteria, the modified bacteria are incubated with the
fluorogenic dye conjugated to the siderophore. If compound internalization occurs, the conjugate
encounters the overexpressed FAP and forms a complex. Moreover, the fact to have isolated
cases where the FAP is expressed specifically in the cytoplasm or in the periplasm will enable the
determination of the specific internal location of the conjugate. On the other hand, if no uptake of
the conjugate is possible, the attached malachite green moiety cannot form a complex with the
FAP and no fluorescence can be observed at 665 nm. While a recent adaptation of the FAP
system was established for the imaging of prokaryotic cells,**¥ this study represents the first

adaptation to study translocation efficiencies of cargo-containing scaffolds in bacteria.

3.3.3.1. Synthesis of fluorogenic dye conjugates for fluorogen-
activating protein assay

Two siderophore conjugates were synthesized to compare their potential to penetrate to the

inner space of bacteria (Figure 41).
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First of all, in order to perform the synthesis of such conjugates, malachite green
intermediates that can be coupled via amides were prepared. Therefore, two malachite green
precursors were synthesized having different functionalities: the carboxylic acid 58 and the amine
60. The first intermediate 59 can be synthesized by oxidation of the literature known 58.M%2 The

122]

also literature-known ethylene diamine elongated version 60"?? can be oxidized and then Boc-

deprotected to yield the water soluble malachite green derivative 61.
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Figure 41 Synthesis of the malachite green precursors 59 and 61.

The siderophore was linked to the malachite green via a PEG; diamine linker. The malachite
green conjugate 23 was synthesized starting from the advanced cyclen 36 (Figure 42). After
monoprotecting the PEG; diamine linker with a Cbz group and reacting the other amine with
bromoacetylbromide, the alkylating linker was added to the intermediate 36 to yield the DOTA
intermediate 63. After the very sensitive deprotection of the catechol arm 42 and of the
intermediate 63, a triple amide coupling was performed to introduce the siderophoric function of the
molecule 64. The selective hydrogenation, followed by the amide coupling between the resulted
amine and the carboxylic acid 59 enabled the isolation of the compound 23. The successive
preparative HPLC purifications in acidic conditions and the difficulty to prevent any deactylation

process may explain that the yield of this final step was low (1 %).
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F|gure 42 Synthesis of the fluorogenic dye conjugates 22 and 23.

A negative control was designed in order to demonstrate the specific labelling properties of

the compound 23. The negative control must also contain malachite green, the DOTAM center but
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also a stable protecting group on the catechols. Since successful results were already obtained by
using benzyl protecting groups, the negative control 22 was designed. Similarly to the last step of
the probe 23, the intermediate 38 was selectively deprotected by hydrolysis of the benzylester in
basic conditions to yield the carboxylic acid 62. This protected siderophore was activated with
HATU and added to the amine 61. Higher yields of 22 were obtained due to the highly stable

benzyl groups compared to the labile acetyl groups of 23.

3.3.3.2. The fluorogen activating protein assay

Before testing the internalization of the conjugates, a proof of concept in solution was verified
by using the commercially available malachite green ester. Three sets of samples were measured
in a fluorescence plate reader: the first one contained only malachite green, the second one
recombinantly expressed FAP6.2 and the third a mixture of both (MG + FAP6.2). After exciting
each sample at 610 nm, the fluorescence emission spectrum for each sample was measured
(Figure 43). No emission of fluorescence between 640 and 740 nm could be observed for the two
first samples. However, the third one showed significant fluorescence emission with a maximum of
10° RFU at 665 nm. Therefore, one formation of a complex was proven which enhances the
fluorescence of the MG."?* 'l |n order to use the FAP system to in vitro bacterial applications, the
sequence of variant FAP6.2 (fused to a C-terminal His-tag) was cloned into the pET23b expression
vector. The recombinant expression of the FAP6.2 in E. coli Origami_ B(DE3) was confirmed by
Western Blot analysis. As pET23b-dependent expression is known to be activated by IPTG, an
increase in the amount of recombinant FAP was detected by Western Blotting upon addition of
IPTG during bacterial growth (Figure 43).
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Figure 43 A. Fluorescence emission spectra of MG, FAP6.2 and MG + FAP6.2 with excitation at 610 nm.
Only upon binding to FAP6.2 a fluorescence signal of MG can be detected. B. E. coli FAP6.2 was induced by
addition of 1 mM IPTG for different timespans and lysates were probed by a-His antibody on Western Blot.
C. Recombinantly expressed FAP6.2 protein was incubated with MG-conjugates in a molar ratio of 4:1, and
fluorescence was recorded with an excitation wavelength of 610 nm and an emission wavelength of 665 nm.
D. The correction factor corresponds to the ratio of MG-fluorescence intensity divided by fluorescence
intensity of the respective MG-conjugate.

In order to figure out if the DOTAM conjugates can go through the bacterial membrane, the
MG conjugates 22 and 23 were tested. The incubation of the FAP6.2 with 22 or 23 induced
emission of fluorescence at 665 nm. Therefore, although the MG has been derivatized and
conjugated to the siderophore system, interaction still occured between the FAP and the dye
conjugates. However, the fluorescence intensities vary compared to the free MG. This can be due
to the lower quantum yield from the MG conjugate. Moreover, 22 showed more than 10 times lower
fluorescent efficiency than 23. This may be due to the choice of more hydrophobic catechol
protecting groups, the conjugation of the MG via a shorter linker and electronic interactions
between the aromatic groups and the MG.

Since both probes can interact with the protein target, the assay was performed with E.

coli_FAP6.2, which was incubated with the benzylated MG conjugate 22. The addition of the probe

74



3. Results and discussion

did not trigger any fluorescence. Therefore, the benzylated conjugate 22 could not reach the
location of the overexpressed FAP6.2. On the other hand, the incubation with the acetylated
version 23 led to an increasing fluorescence over time, reaching maximum fluorescence intensity
after ca. 10-12 h of incubation (Figure 44). Therefore, the acetylated version was taken up by the

E. coli_FAP6.2, followed by the complexation of the conjugate.
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Figure 44 Kinetic studies on fluorescence emission of MG conjugates with E. coli_ FAP6.2. The compounds
22 and 23 were added at a final concentration of 10 uM, the fluorescence was recorded at IEX=610
nm/IEM=665 nm for 16 h. 23 was translocated to the cytoplasm, whereas 22 was not.

After 16 h of incubation, the bacterial cells were further analyzed by flow cytometry and
confocal microscopy. By comparison between brightfield and fluorescent images, co-localization
between the bacteria and the fluorescence permits to conclude on the bacterial labelling properties
of the fluorogenic dye conjugate 23. To exclude any antibacterial effect of 23 during the uptake
kinetic detection and confirm the assay in living bacteria, E. coli FAP6.2 were then incubated with
propidium iodide (Pl), a dead cell-specific labelling agent, and imaged by confocal microscopy
(Figure 45). No increasing amount of dead cells upon treatment with 23 was observed, proving that
uptake into living bacteria occurred. Since the observed fluorescence is the consequence of
binding of intracellular FAP to DOTAM-conjugated MG, these results provide evidence that 23 had
indeed been taken up into the cytoplasm of E. coli FAP6.2.
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Figure 45 Co-incubation of 23 and propidium iodide. Confocal microscopy of E. coli parent strain or
E. coli_FAP6.2 upon incubation with 23 at a concentration of 10 uM for 16 h after an additional 20min
incubation with 50 pg/mL propidium iodide (PI). BF brightfield. Scale bars 11 pm.

E.coli_FAP6.2

In order to compare both probes and verify that no bacterial labelling is possible with the
probe 22 as well, fluorescence microscopy images were also provided. As mentioned in the kinetic

studies, bacterial fluorescence labelling did not occur with 22 in comparison with 23 (Figure 46).
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BF + MG

Figure 46 Confocal microscopy images of E. coli_FAP6.2 upon incubation with 10 uM of 22 or 23 for 16 h.
BF=Dbright field. Scale bars: 11 pm.
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Finally quantification studies were performed by flow cytometry (Figure 47). While we
observed no new populations by addition of 22 compared to the blank DMSO, a big new population

displays a high fluorescent signal when 23 is added instead.
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Figure 47 MG conjugate uptake quantified by flow cytometry. Flow cytometric analysis of E. coli_ FAP6.2
upon incubation with 22 or 23 at a concentration of 10 uM for 16 h. FSC forward scatter, SSC side scatter,
rd670 MG fluorescence intensity.

However, less than 20 % of the whole population is still to be converted which might be due
to different growth phases of the bacteria.

To sum up, the assay provided strong evidence for the bacterial translocation of a DOTAM-

based fluorogen siderophore conjugate.
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3.4.Aim 3: Studies on antibiotic siderophore conjugates activity

3.4.1. The ampicillin conjugates

After having successfully demonstrated the internalization of siderophores and siderophore
conjugates, the conjugation of several antibiotics to the developed siderophore system was
performed in order to improve the antimicrobial effect of the conjugates. If the first antibiotic
conjugate shows at least similar activities compared to the parent drug, one can infer the
acceptance of the conjugate as an iron carrier and its translocation.

For example, small 3-lactams such as ampicillin are relevant candidates for the sideromycin
design. R-lactams are very interesting drugs for such a research on Gram-negative bacteria™*® for
several reasons. First of all, they do not need to go through two membranes, but only through the

[126] Secondly, they are already clinically validated.**”! Thirdly, they are low molecular

outer one.
weight molecules, which is preferable for the Trojan horse strategy. Finally, although the main
resistance mechanism of the bacteria against R-lactams such as ampicillin is the degradation of
the antibiotic, a decrease of [3-lactam permeability is also relevant. Porin channels in bacteria such
as P. aeruginosa are narrower, which minimizes the R-lactam translocation and increases bacterial
resistance against this class of antibiotics.?® The mode of action is based on the interaction with
penicillin-binding proteins (PBP), which are more precisely transpeptidases necessary for the
bacterial cell wall formation. Targeting this periplasmic protein family can be of great use if the
conjugate is able to translocate into the periplasmic space. Besides, unlike many other antibiotics,
the secondary amine of the ampicillin can be easily modified without spoiling its interaction with
transpeptidases.® More precisely, the ampicillin is located at the edge of the PBP (Figure 48), and
its amine is pointing towards the exit of the transpeptidase. Therefore, the design of a relatively
short and non-cleavable short linker such as a y-aminobutyric acid (GABA) linker between the
amino function of the ampicillin and the core molecule is sufficient for the activity of the entire
conjugate.® Also, as previously mentioned, B-lactam conjugates already proved to be successful
conjugates in the past.”® Finally, the chemistry of this antibiotic is well established in the literature,

which makes it the perfect candidate for a first antibiotic siderophore conjugate.!”® 80
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C. " .
Figure 48 Co-crystal structure of penicillin binding protein 4 (dacB) from E. coli, complexed with
ampicillin.”** A. Global view B. zoom of global view C. Side zoom with ampicillin in balls and sticks and
protein in rainbow surface representation.

3.4.1.1. Synthesis of ampicillin conjugates

Two probes were designed: the apo-DOTAM ampicillin conjugate 24 and the Cu(ll)
complexed DOTAM ampicillin conjugate 25 (Figure 49). Both compounds present acetylated
catechols due to the positive translocation effect into the bacteria. The ampicillin and the DOTAM
center are also designed to be covalently bound via a short non-cleavable linker. Also, 25 is the
Cu(ll) complexed version of 24. This complexed probe was desighed due to the known
antimicrobial properties of copper. Therefore, by adding a Cu(ll) ion, the new conjugate is hoped to
have enhanced antibacterial function.
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Figure 49 Synthesis of ampicillin conjugates 24 and 25.

In order to obtain the ampicillin conjugate 24 with a decent overall yield of 15 %, 6 was
activated via ethyl chloroformate. A fast reaction in presence of Cu(ll) in MeOH enabled the
isolation of 25 with limited deacetylation.

3.4.1.2. The inhibitory concentration (ICsy) assay on ampicillin

conjugates

ICso assays serve to quantify the antimicrobial effect of a given compound. Since the
siderophore conjugates were proved to be able to penetrate into E. coli, the freshly prepared 24
and 25 were tested on specific E. coli strains of interest: the enterobactin-deficient strains E. coli
AentA and E. coli AentB and the enterobactin receptor- deficient strain E. coli AfepA as well as
their corresponding E. coli wt strain.

The probe 24 inhibited the growth of the E. coli wt, AentA and AentB and AfepA strains with
ICso values comparable to those of free ampicillin (Table 6). These results suggest the successful
translocation of the ampicillin conjugate into the periplasmic space, where the targeted PBP is
located. Consequently, through these results the conjugate at least proved to translocate through
the bacterial outer membrane. In addition, the retention of activity against the enterobactin
receptor-deficient strain (AfepA) compared with E. coli wt indicates the possibility of the
siderophore conjugate to use different transporters than FepA to enter the bacterial cell. This
suggests that bacterial uptake resistance mechanism cannot be driven by mutations or
downregulation of FepA. Moreover, the 10-fold improvement of activity of 24 on the enterobactin-

deficient strains compared to the wild type one emphasizes the competition effect to translocate
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the ampicillin conjugate in presence of endogenous enterobactin. These results also imply the

function of the DOTAM core as an iron carrier.

Table 6 Growth inhibitory activities (ICsp) of the ampicillin conjugates compared to ampicillin in pM.

Compounds Core Linker — Siderophore Payload | g coliwt E. coli AentA E.coli AentB  E. coli AfepA
Ampicillin 4.3 2.1 6.2 3.8
24 DOTAM  GABA catAc Ampicillin 30.2 2.1 3.3 7.2
25 CuDOTAM  GABA catAc Ampicillin >50 1.9 2.1 >50

The ICs value of the E. coli AentA and E. coli AentB were slightly improved with the use of
the Cu(ll) version 25, presumably due to the Cu(ll) antimicrobial properties. However, 25 also led to
a drop in activity against E. coli wt and AfepA. This effect could be explained by the competitive

presence of endogenous enterobactin.

3.4.2. The ciprofloxacin conjugates

In the second step, synthetic sideromycins having cytoplasmic targets were chosen.
Ciprofloxacin inhibits the cytoplasmic bacterial type IIA topoisomerase “DNA gyrase”. Until now the
Torjan horse strategy applied to ciprofloxacin rarely improved its activity against Gram-negative
bacteria,!”® 8% 1930 131 gr only showed improved selectivity towards S. aureus./™ Moreover, the co-
crystal structure of ciprofloxacin with gyrase and DNA in S. aureus shows some hindrance at the
piperazine side chain of ciprofloxacin. However, ciprofloxacin is a well-suited candidate for the
establishment of a Trojan horse concept and the study of cleavable linkers: the piperazine moiety
is directed towards the exit of the DNA gyrase inhibition pocket. Moreover, ciprofloxacin is small,
cheap and its reactivity and its mode of action are well-established. (Figure 50).

Indeed, due to the limited free space of the pocket at the target location, one conjugate
containing a long, soluble and flexible linker and another one containing a cleavable linker were
synthesized. In order to explore the different possibilities of the siderophore system, hydroxamates

and catecholates were chosen to be linked to the DOTAM center.
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C. -

Figure 50 Co-crystal structure of the twinned 3.35 A structure of S aureus gyrase complex with ciprofloxacin
and DNA."*¥ A_ Global view B. zoom of global view C. Side zoom with ampicillin in balls and sticks and
protein in chain surface representation.

Several investigations showed the possibility to derivatize the secondary amine by N-
acylation without significantly harming the activity of the antibiotic."*® Thus, a cleavable linker
attached to ciprofloxacin was chosen in order to minimize steric hindrance by the linker and the
carrier. A disulfide linker was selected due to differences of reducing conditions between the
cytoplasm and the extracellular environment (Figure 51). The higher concentration of intracellular
antioxidants such as glutathione (0.5-10 mM vs 2-10 pM) or of reducing enzymes such as
glutathione reductases induces a selective intracellular disulfide bond cleavage and release of the

134]

payload.!
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Figure 51 General cleavage mechanism for disulfide containing conjugates.

3.4.2.1. Synthesis of ciprofloxacin conjugates

Two ciprofloxacin conjugates were designed (Figure 52). The first one is a non-cleavable
conjugate between ciprofloxacin and a hydroxamate-type siderophore, whereas the second one is
a cleavable conjugate between ciprofloxacin and a catechol-type siderophore. The PEG3; linker
was selected for the design of the non-cleavable conjugate in order to limit negative interactions
between the conjugate and the target protein. The synthesis of the conjugate 26 was performed by
the MSc student Isabell Schneider.
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Figure 52 Design of the ciprofloxacin conjugates.

For the synthesis of the cleavable ciprofloxacin conjugate 29, two strategies are available to
access the final disulfide-containing probe (Figure 53). The first one consists of preparing an
electron-poor thiol by adding a thiopyridyl group to a thiol group. This strategy implies the synthesis
of a carrier with an electron-rich thiol. The second path follows the opposite strategy with an

electron-rich thio-containing ciprofloxacin and an electron poor thio-containing siderophore.
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Flgure 53 Retrosynthetic analysis of the cleavable C|profloxacm conjugate.

The second strategy involves more parallel steps, which would lead to a more efficient
synthetic route. However, the prices of the available starting materials for each strategy differ, and
the first one is more economical in that respect. As a matter of fact, for the strategy 1, the most
expensive starting material succinimidyl 3-(2-pyridyldithio)propionate (SPDP) costs 130 €/100 mg
and is two steps away from the end product. In comparison, the (S)-2-pyridylthio cysteamine
hydrochloride which costs 60 €/100 mg but which is 5 steps away from the expected probe.
Moreover, due to up to 5 times lower experimental yields to obtain the free thiol-containing
ciprofloxacin version and the difficulty to isolate the complementary siderophore, the first strategy
was preferred. The direct coupling between ciprofloxacin and the SPDP led to almost quantitative
yields (Figure 54).
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Figure 54 Synthesis of ciprofloxacin derivative 27 and 28.

On the other end, the free thiol-containing ciprofloxacin was also synthesized over two steps
starting from the HATU-activated 3-(tritylthio)propanoic acid and followed by the acidic trityl
deprotection in presence of TIPS. The resulting ciprofloxacin derivative 28 is an important control
molecule since it represents the theoretical delivered antibiotic after disulfide cleavage.

The alkylations using the prepared linkers 39 and 65 followed by the Boc deprotection led to
the isolation of 66. The Schotten-Baumann strategy was chosen between the catechol 40 and the
S-trityl protected 66. The trityl deprotection was obtained in acidic conditions and TIPS as a

carbocation scavenger to yield 67 (Figure 55).
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After optimization of the reaction, the 2-day-long disulfide coupling between the nucleophile
67 and the electrophile 27 was achieved to afford 29 with a low overall yield of 2 % over 6 steps.

The yield losses could be trackd back to partial deacetylation all along the synthetic process.

3.4.2.2. The growth inhibition assay on ciprofloxacin conjugates

The main purpose of this case study was to verify whether the use of disulfide bonds could

improve the activity of the released antibiotics against E. coli and P. aeruginosa (Table 7).

Table 7 I1Csq values of antibiotics and synthetic derivates against E. coli and P. aeruginosa in uM.

Compounds Core Linker Siderophore Payload E. coli P. aeruginosa
Ciprofloxacin 0.01 0.27
26 DOTAM PEG3/suc HydrH Ciprofloxacin 100 >100
28 Ciprofloxacin-SH 6 64
29 DOTAM EthylS catAc Ciprofloxacin-S 15 15

The results reveal a clear loss of activity when ciprofloxacin is derivatized. More precisely,
the compound 26 showed no growth inhibition, although the ciprofloxacin is still present in the
conjugated structure. In the same direction, the ciprofloxacin conjugate 29 did not show as
effective growth inhibition as its parent drug. However, when compared to its released drug form
28, the cleavable conjugate showed a slight improvement in antibacterial activity against
P. aeruginosa. These results support the conclusion that either a cleavable linker and/or the use of
acetylated catechols improve the activity of a drug. This report is one of the few of an active
ciprofloxacin conjugate showing successful delivery to the cytosol. Moreover, the antimicrobial
properties of the conjugate 29 shows the possibility to use cleavable linkers such as disulfide
bonds in order to form active conjugates for antibiotics which have specific cytoplasmic targets.
However, the drop of activity while modifying ciprofloxacin with a short thiolated linker raises the
guestion of the usefulness of such as derivatization for other antibiotics. Indeed, the addition of a
free thiol function triggers more reactivity towards Michael acceptors and undesired reactions may

occur, leading to a loss in antibacterial activity.

3.4.3. The sorangicin A conjugate

In a third step, the cleavable linker has been applied to antibiotics whose antibacterial
potency needs to be improved. As mentioned earlier, it can be antibiotics presenting a lower
activity against Gram-negative bacteria compared to Gram-positive ones. For this purpose, this

study focused on the development of novel sorangicin A conjugates. Sorangicins are RNA
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polymerase inhibitors.**! However, their binding pockets are located deeply in the RNA

polymerase from Thermus aquaticus (Figure 56).

Figure 56 Co-crystal structure of Thermus aquaticus taq RNA polymerase-sorangicin complex.llse] A. Global
view B. zoom of global view C. Side zoom with ampicillin in balls and sticks and protein in chain surface
representation.

Therefore, the design of a cleavable linker for sorangicin conjugates is adapted. Moreover,
the co-crystal structure shows free space in the direction of the side chain carboxylic acid (Figure
57).
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Figure 57 General structure of sorangicin A and points of derivatization (adapted from

As a first observation, sorangicin A presents high activity towards the Gram-positive
bacterium S. aureus. However, the activity against the Gram-negative bacterium E. coli is 1000
fold worse (Table 8). Although the cause for such a difference is still unknown, it was hypothesized
that it is partly due to the difficulty to translocate sorangicin A through the Gram-negative bacterial
cell membrane. Consequently, derivatives via simple amide couplings were designed with
expectations not to worsen interactions with the target protein.

The derivatization of sorangicin A was already widely investigated, especially on the side
carboxylic acid function via amide coupling reactions.™®” Although the activity was slightly
modulated by the modifications, the differences between Gram-negative and Gram-positive
bacteria were still reaching 1000 fold in several cases of alkylamide derivatives. Indeed, even
higher ratios were obtained when sorangicin A was transformed into a N-methoxy-N-methylamide

derivative.

Table 8 Biological activity of sorangicin A amide derivatives (adapted from **7).

Abbreviated name R MIC against S. MIC against E.
aureus (ug/mL) coli (ug/mL)

sorangicin A OH 0.016-0.031 6-12
amide NH, 0.125 -
N-methylamide NHMe 0.062 =
N-dimethylamide N(Me), 0.016 25
N-isopropylamide N(iPr), 0.060 50

N-hexylamide NH(CH,)sCHs 1 1000
N-benzylamide NHBnN 0.065-0.125 -
N-methoxyamide NHOMe 0.008-0.016 25

N-methoxy-N-methylamide NMe(OMe) 0.000125 >200
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These results suggest the possibility to use cleavable conjugates, whose released drug
could be slightly modified on the carboxylic side chain without lowering its activity. Since the
disulfide chemistry tool was established in the ciprofloxacin project, it was decided to work on

similar cleavable linkers for the design of sorangicin conjugates (Figure 58).
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Figure 58 Design and retrosynthetic pathway of the cleavable sorangicin conjugate 31, and structure of
control compounds 30 and 67.

This strategy offers two advantages. First of all, it enables the use of a common intermediate
already synthesized for the ciprofloxacin conjugate, 67. Moreover, it allows the use of optimized
and robust conditions for the disulfide coupling as last step of the synthesis. Additionally, the
intermediate 30 can be obtained from sorangicin A in a straightforward manner. The natural
product was formerly isolated from the bacteria Sorangium cellulosum ™* **® and was supplied
from the MWIS department of the Helmholtz Centre for Infection Research.

3.4.3.1. Synthesis of the sorangicin A conjugate for inhibitory

concentration (ICsq) assay

After optimization, 30 was obtained with a HATU coupling with a good yield of 75 % (Figure
59).

HATU, DIPEA
DMF, 23 °C, 30 min

Y

75 %
CO,H

o

HO™
Sorangicin A

Figure 59 Synthesis of the sorangicin A derivative 30.

The synthesis of the deprotected form of 30 was attempted as a control compound to be

directly compared to the antibiotic conjugate, since it corresponds to the released drug after
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cleavage. However, the derivate could not be isolated due to stability issues. It was hypothesized
that a possible Michael addition occurs during the deprotection of the thiol, although no side-
product of cyclization or dimerization was observed by LCMS.

After the successful preparation of the sorangicin derivative 30, the sorangicin conjugate 31
was synthesized by using the intermediate 30 and the thiolated carrier 67 which was previously
described. Using the optimized mild conditions of the ciprofloxacin conjugate procedure, the
cleavable sorangicin conjugate was obtained with a yield of 25 % (Figure 60).
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Figure 60 Synthesis of the sorangicin A/catechol DOTAM conjugate 31.

It is noteworthy that in several cases, the protection of alcohols in sorangicin and other
activating agents are described as beneficial in the literature."®” Nevertheless, HATU coupling
showed better yields on an unprotected sorangicin A. Moreover, the unprotected route was
preferred due to its more straightforward, two step synthesis to the desired product with a two step

synthesis starting from sorangicin A.

3.4.3.2. The inhibitory concentration (ICsy) assay on sorangicin A

conjugates

After the successful synthesis of the sorangicin conjugate, the product was tested on a panel
of Gram-negative bacteria included in the ESKAPE panel. As a control, the Gram-positive
S. aureus was also added. In addition to the non pathogenic E. coli K12, three clinically relevant
uropathogenic E. coli (UPEC) strains and one clinically relevant enteropathogenic E. coli (EPEC)
strains were tested.

The sorangicin conjugate was tested as well as three control compounds. First of all, the

sorangicin A and the released siderophore 67 were added to the experiment. However, the exact
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released thiolated sorangicin could not be synthesized, and therefore its thiopyridyl-protected

version 30 was tested instead (Table 9).

Table 9 ICsy values of sorangicin derivatives and siderophores against Gram-negative bacteria of the
ESKAPE panel and MRSA in uM.

E. coli E. coli E. coli E. coli E. coli

Compounds Core Linker  Siderophore Payload K12 E2348 UPEC UPEC  UPEC P. A Ko MRSA
MG 1655 169 700928 396 536 aeruginosa baumanii pneumoniae RKI
sorangicin A <13 22 58 2 <4 6 6 6 <0.2
sorangicinS-
30 . 61 >100 >100 87 >100 >100 >100 >100 <0.2
Spyridyl
67 DOTAM  EthylSH catAc 59 >100 >100 60 >100 75 >100 >100 >100
31 DOTAM EthylS catAc sorangicinS >100 >100 >100 >100  >100 >100 >100 >100 0.7

Results were obtained with an experimental duplicate

As mentioned earlier, the activity of sorangicin A is much higher against multi-drug-resistant
S. aureus (MRSA) RKI compared to the tested Gram-negative bacteria. However, the thiolated
version 30 shows a much weaker activity towards Gram-negative bacteria. Nevertheless, the ICsq
against MRSA is below 0.2 uM and therefore, it is suggested that the derivatives can still strongly
bind to its target in order to perform an antibacterial effect. The activity of the theoretically released
carrier is relatively weak against the whole panel of bacteria which is expected since the carrier is
not supposed to show any antimicrobial effect. Surprinsingly, the pattern shown by the conjugate is
similar to that of the sorangicin derivate. These results open several questions regarding the
design of the conjugate and the hypotheses which were taken into account. The first possibility is
that the initial difference of activity between Gram-positive and Gram-negative bacteria is not due
to a translocation issue. On the other hand, if the translocation of sorangicin A is the fundamental
issue inducing moderate-low activities towards Gram-negative bacteria, a few explanations are
possible. The sorangicin conjugate could be too large to be taken up by Gram-negative bacteria
but this scenario would not explain the low efficacy of the conjugate against MRSA. The second
possibility is that an early extracellular cleavage could happen and no active transport via Fe(lll)
uptake systems would be possible. This case would also explain why the conjugate similar
activities showed to the thiolated sorangicin 30. In any case, the design of disulfide sorangicin
siderophore conjugate is inappropriate for the improvement of activity against Gram-negative

bacteria.

3.4.4. Toxicity studies

Considerable amount of work was invested on the studies of siderophore uptake and on the
efficacy of siderophore conjugates for the detection and the treatment of bacterial infections.

However, although a few probes were shown to translocate into bacteria and contain a labelling
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agent, selectivity towards bacteria compared to eukaryotic cells must be achieved. Several
compounds were tested to verify their toxicity towards eukaryotic cells, so that the designed
molecules would be applicable for pre-clinical and clinical studies with limited undesired side
effects. The cytotoxicities of the compounds were determined via the WST-1 assay.

For this purpose, it was decided to test a selected panel of compounds on 4 different
eukaryotic cells: the mouse fibroblast L929, the epidermoid carcinoma line KB-31, the breast
cancer MCF-7 and the conditional immortalization human fibroblast FS4-LTM. After a 5-day-long
incubation of the cells in presence of the synthetic compounds at concentrations ranging from 0.2
to 100 uM, the ICs, value of each compound in each condition was assessed (Table 10).

Table 10 ICs value of compounds for the eukaryotic cells L929, KB-31, MCF-7 and FS4-LTM in uM.

Sider IC50 with IC50 with IC50 with IC50 with
Compounds Core Linker ophor Payload L929 (uM) KB-31 (uM) MCF-7 (uM) FS4-LTM (M)
e

Staurosporine <0.2 <0.2 0,3 <0.2

Auranofin 2,6 1,9 2,2 12,5

Ciprofloxacin >100 >100 >100 >100

Ampicillin >100 >100 >100 >100

15 DOTAM PEG /suc HydrH >100 >100 >100 >100

26 DOTAM PEG, /suc HydrH  Ciprofloxacin >100 >100 >100 >100

5) DOTAM GABA catAc >100 >100 94 >100

24 DOTAM GABA catAc Ampicillin >100 79 >100 >100

25 CuDOTAM GABA catAc Ampicillin >100 >87 88 >100

9 CuDOTAM GABA catAc >100 >100 43 >100
7 DOTAM OH catAc >100 71 45 73

Staurosporine, auranofin, ciprofloxacin and ampicillin were used as standard compounds
for toxicity studies. The two first compounds are toxic antibiotics against the 4 cell lines of interest,
whereas the two last ones are non-toxic ones. A set of compounds was chosen according to their
specific properties. As an example the ciprofloxacin and ampicillin conjugates 26 and 24 showed
no significant toxicity as well as their corresponding carrier moieties 15 and 5. However, the
modification of the 4™ arm from a GABA to a short carboxylic acid or the addition of Cu(ll) into the
DOTAM center slightly worsened the toxicity properties of the molecule, especially against MCF-7.
To conclude, the selected set of compounds showed relatively low toxicity towards the cells L929,
KB-31, MCF-7 and FS4-LTM. These results were expected by the fact that marketed antibiotics

such as ciprofloxacin and ampicillin should show low toxicity properties and that the DOTA core
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was already proven to be nontoxic, as it is part of several marketed products such as gadoteric

acid, an approved drug for the detection of disruption areas of abnormal vascularity.**

96



4. Summary

4.Summary

The goal of the thesis was to study the Fe(lll) affinity of designed synthetic siderophores.
Besides, it was important to assess the internalization of compounds into bacterial cells. One
addtitional objective was to improve the antibacterial activity of antibiotics selectively towards

bacteria of the ESKAPE panel by conjugation to siderophores.

In a first step, the study of Fe(lll) affinity towards the synthetic siderophores was
investigated. Similar Fe(lll) affinity as the natural siderophore enterobactin was observed in the
Fe(CAS) assay due to the free tris catechol form. Moreover, a complexed metal into a DOTAM
center such as Eu®* did not show any disturbance on the Fe(lll) complexation capacity of the
molecule. The deacetylation process of catechols was observed as well as the Fe(lll) complexation

in medium and in presence of bacteria.

Secondly, the uptake of the synthetic siderophores was assessed. Growth recovery assays
enabled the comparison of the siderophoric properties of the molecules compared to enterobactin
and ferrichrome. A series of parameters were modified in order to optimize and understand the
siderophoric effect of molecules (Figure 61). As a highlight, DOTAM-cored molecules presenting
acetylated catechols showed similar growth recovery as natural siderophores in E. coli and P.
aeruginosa. BODIPY siderophore conjugates labelled all the tested Gram-negative bacteria of the
ESKAPE panel and the FAP system proved the internalization of the fluorogen conjugate into

E. coli.

Eventually, ampicillin siderophore conjugates showed activities in the same range as the
parent drug against E. coli. Moreover, the synthesis of ciprofloxacin conjugates illustrated the
compatibility of using cleavable disulfide linkers. However, the translation of the similar design to a
sorangicin conjugate showed a significant loss in activity in all of the tested Gram-negative
bacteria. In parallel, the selected siderophores and siderophore conjugates showed low or no

toxicity properties.
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Figure 61 General structure of hexavalent siderophore conjugates of interest.
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5. Outlook

The general structure of siderophore conjugates offers various possibilities for the
improvement of labelling or antibacterial properties (Figure 62).

First of all, the modification of the core although not essential can show significant alterations
in the siderophoric properties of the molecule. Since MECAM siderophores showed high affinitiy
towards Fe(lll), working on phenylic cores is an alternative to investigate.® Using more natural
cores like trilactones from enterobactin or corynebactin is another option to capture ferric iron from
the medium and be translocated into bacteria.!’” Finally, the use of metals into the DOTAM
molecule must be further investigated to explore the potential of this design towards theranostic
applications.

A considerable amount of research was investigated in the development of catechols as
siderophore moieties. However, other siderophore functionalities such as a-hydroxycarboxylic
acids and hydroxamates are present in natural siderophores and are actively transported through
the bacterial membrane. More recently, hydroxypyridinone functionalities were used in advanced
3-lactam conjugates to extend the antimicrobial properties of the drug. The possibility to attach
different Fe(lll) chelators could be investigated. Besides, mixed siderophores could be designed
from natural siderophores, synthesized and tested in order to study the effect of different Fe(lll)
chelators.

Disulfide linkers were essential tools for the design of selective cleavable conjugates.
However, due to little information in the literature about selective bacterial intracellular cleavable
linkers, self immolative linkers are to be designed in order to have access to the selective
cleavable properties of the disulfide bonds and liberate the original parent drug instead of a
thiolated derivate.*

Finally, the antibiotic is a critical element for the efficacy of antibiotic transport into the
bacteria. Rifampicin might be a well-suited candidate, since its activity against E. coli is in some
cases more than 10° times worse than in Gram-positive bacteria such as S. pneumoniae.™ If the
size of the conjugate is too large to expect any improvement of antibiotic uptake, smaller molecules
such as fosfomycin could be chosen which also presents translocation issues.

More and more research is invested in the field of bioconjugation and the design of
siderophore conjugates. Several R-lactam-siderophore conjugates are currently in late stage of
clinical trials. In parallel, the DOTA-type molecules already proved benefic effects for imaging

applications. In a nutshell, together with the data described in this thesis, the use of DOTA-based

99



5. Outlook

siderophore conjugates is a promising research towards the diagnosis and the treatment of

bacterial infections.
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6. Materials and methods

6.1.Chemical synthesis

6.1.1. Chemical synthesis

Unless otherwise noted, all reagents were purchased from commercial suppliers and used
without further purification. All solvents used for workup and purification were of HPLC grade.
Moisture sensitive reactions were performed under argon atmosphere in dried glassware.
Reactions were monitored by TLC, LCMS or NMR.

6.1.1.1. Flash chromatography

Flash chromatography was done either manually using appropriate glass columns filled with
silicagel (Merck, Silicagel 60, 1.15111.1000, 15-40 pm) or using the Reveleris® X2 flash
chromatography system and prepacked cartridges (Reveleris® Flash Cartridges Silica 40um) from
the company Biichi.

6.1.1.2. Preparative HPLC

Preparative RP high pressure liquid chromatography (HPLC) was performed on a
Phenomenex Gemini C18 RP-column 00G-4436-NO, 10 pum, 110 A, 250%10.00 mm (5 mL/min) or
on a Phenomenex Gemini C18 RP-column 00G-4435-PO-AX, 5pum, 110 A, 250%x21.20 mm
(10 mL/min) or on a Thermo Fisher Scientific BDS Hypersil C18 RP-column 28105-259370, 5 um,
250x30 mm, (25 mL/min) or a Macherey-Nagel Nucleosil 100-7 VP C18 RP column715691-
1116949, 250x40 mm (from 25 to 50 mL/min) using a Thermo Fisher Scientific Dionex Ultimate
3000 HPLC system. Eluents, gradients and additives are given in parentheses. Product containing

fractions were combined, diluted with milliQ H,O (min. 1:1/solvent:H,0), frozen and lyophilized.

6.1.1.3. Thin layer chromatography

Thin layer chromatography was performed on TLC Silica gel 60 F,s, and stained according to

the different staining solutions reported in Table 11.
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Table 11 Description for the preparation of the TLC staining solutions.

Staining solution formulation
KMnO, 1.5 g KMnQy, 10 g K,COs3, and 1.25 mL 10 % NaOH in 200 mL H,O.
PMA 10 g phosphomolybdic acid in 100 mL abs. EtOH.
CAM 1 g Ce(lV)(SO4)2, 2.5 g (NH4)6M0407 in 100 mL 10 % H,SO,
Anisaldehyde 135 mL abs. EtOH, 5 mL conc. H,SOy4, 1.5 mL HOAc and 3.7 mL p-anisaldehyde.
Ninhydrin 1.5 g ninhydrin in 100 mL abs. EtOH and 3.0 mL HOAc.
Vanillin 15 g vanillin in 250 mL abs. EtOH and 2.5 mL conc. H,SO.,.

6.1.1.4. Preparative thin layer chromatography

Preparative thin layer chromatography was performed on pre-coated glass plates (Merck
TLC Silicagel 60 Fs4, 1.05715.0001, 20x20 cm, max. 10-15 mg/plate and Analtech Uniplate Silica
gel GF Z51305-9, 20x20 cm x 2 mm, max 100-150 mg/plate). Eluent or eluent-mixtures used and
number of developments are reported in parentheses. Compounds were visualized by observation
under UV light (A = 254 or 366 nm). Compound containing silica gel fractions were scratched from
the plate with a scapell, crushed to small pieces and compounds were dissolved by appropriate

solvent mixtures.

6.1.1.5. Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker Avance lll or a
Bruker Avance Ill HD with cryoprobe system. *H NMR spectra were recorded at 500 MHz and 700
MHz. *C NMR spectra were recorded at 126 MHz and 176 MHz. Chemical shifts are reported in
ppm relative to solvent signal. Multiplicity is indicated as follows: s (singlet); bs (broad singlet); d
(doublet); t (triplet); g (quartet); m (multiplet); dd (doublet of doublets), etc.

6.1.1.6. Low resolution mass spectrometry

Low resolution mass spectrometry (LRMS) data were recorded using an Agilent 1100 HPLC
system equipped with DAD detector and an APl 150 EX quadrupole mass detector with
electrospray ionization (ESI) (ACN-H,O + 0.05 % TFA) or a Dionex Ultimate 3000 HPLC system
equipped with a DAD detector and a Bruker amazon ion trap mass detector with electrospray

ionization (ESI).

6.1.1.7. High resolution mass spectrometry
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High resolution mass spectrometry (HRMS) data were recorded using a Dionex Ultimate
3000 HPLC system equipped with a DAD detector and a Bruker maXis HD QTOF mass detector

with electrospray ionization (ESI).

6.1.2. Synthesis of compounds

e e e e — o —

i o) |
i NH E
HN—/_ BnO OBn
l BY’ ;o 33

_____________________________

142 To a solution of 32

32 was prepared according to the procedure reported by Leydier et al.
(100 mg, 266 pumol) in DCM (250 pL) cooled to 0°C were added a solution of K,CO; (44 mg,
319 umol) in water (250 pL), and a solution of bromoacetyl bromide (28 pL, 319 pumol) in DCM
(500 pL). The reaction mixture was stirred at 26 °C for 1 h. The phases were separated, and the
AL was washed with DCM (2x10 mL). The OL was dried over magnesium sulfate, filtered and
concentrated to yield 33 as a white solid (120 mg, 91 %). *"H NMR (500 MHz, CDCl,). 5 8.19 (bt,
1H, J = 5.7 Hz, NH), 7.72 (dd, J = 2.8, 6.7 Hz, 1H), 7.47 (m, 2H, Ar-H), 7.44-7.31 (m, 9H, Ar-H),
7.19-7.14 (m, 2H, Ar-H), 5.17 (bs, 2H, ArOCH,CgHs), 5.11 (bs, 2H, ArOCH,CgHs), 3.76 (s, 2H,
BrCH,), 3.38 (m, 2H), 3.29 ppm (m, 2H). **C NMR (125 MHz, CDCl,).  166.6, 166.1, 151.7, 146.9,
136.3, 136.2, 128.9, 128.8, 128.7, 128.3, 127.6, 126.6, 124.5, 123.2, 117.4, 76.6, 71.3, 41.6, 38.7,
28.8 ppm. ESI-HRMS: C,sH,sN,O,Br" m/z = 497.1076 (calculated: 497.1070) [M+H]*, error =

1.2 ppm.

| Br!
;BnOZC/\/\N)K/ g

_________________________

34 was prepared according to the procedure reported by Petrosyan et al.'*. To a solution of
34 (6.00 g, 16 mmol) in DCM (50 mL) cooled to 0°C were added over 1 h a solution of K,COs
(4.99 g, 36 mmol) in water (50 mL) and a solution of bromoacetyl bromide (1.72 mL, 20 mmol) in
DCM (50 mL). The reaction mixture was stirred at 21 °C for 1.5 h. The phases were separated and
the OL was washed with water (2x100 mL), brine (2x100 mL), dried over MgSQ,, filtered and
concentrated to yield 19 as colorless oil (4.66 g, 90 %). *H NMR (500 MHz, CDsCN). & 7.42-7.31
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(M, 5H, CeHs), 6.95-6.74 (bs, 1H, NH), 5.09 (s, 2H, CO,CH,CeHs), 3.77 (s, 2H, CH,Br), 3.20 (m,
2H, J = 6.9, 6.0 Hz, CH,), 2.37 (t, 2H, J = 7.4 Hz, CH,), 1.72 ppm (m, 2H, CH,). *C NMR
(125 MHz, CD3CN). 6 173.7, 167.1, 137.5, 129.5, 129.0, 128.9, 66.7, 39.7, 31.9, 30.0, 25.3 ppm.
ESI-HRMS: C,3H;6NO3sNa* m/z = 336.0208 (calculated: 336.0206) [M+Na]", error = 0.6 ppm.

0
HO,C
NH
NH HN—/_ HO  OH
o; [N N] ;o
o N N o
HO  OH NH HN HO  OH
HN—/_ 1 _\—NH
o) o)

To a stirred suspension of cyclen (1.0 mg, 6 umol) and sodium acetate (1.6 mg, 19 umol) in
DMA (100 pL) at 26°C under Ar conditions was added dropwise a yellow solution of 33 in DMA
(150 uL). The reaction was stopped after 19 h stirring at 26 °C. The yellow solution was diluted in
DCM (10 mL) and washed with KHCO; (10 mL) and water (10 mL), dried over Na,SO,, filtered and
concentrated to yield yellow oil (10 mg). The crude material and K,CO;3; (3.2 mg, 23 umol) were
suspended in ACN (250 pL), and a solution of 35 (2.4 mg, 8 umol) in ACN (250 uL) was added
dropwise for 5 min under Ar conditions at 0 °C. The suspension was stirred for 4 h at 31 °C. The
yellow suspension was filtered and concentrated to yield yellow oil (15 mg). The crude material
was set to a hydrogen atmosphere over 10 % Pd/C (2 mg, 2 pmol) in MeOH (500 pL) at 26-32 °C
for 15 h. The black suspension was filtered through celite, washed with MeOH and concentrated to
yield yellow oil, which was partially dissolved in ACN/H,O (1000 pL), filtered and purified by RP
column chromatography (25010 mm, 40-min-long gradient from 10 to 25 % ACN in H,O) to yield
pure 1 (3.0 mg, 51 %). *H NMR (500 MHz, CDsCN). & 12.48 (bs, 3H), 9.19 (bs, 2H), 8.77 (m, 3H),
8.42 (bs, 2H), 8.27 (bs, 1H), 7.90 (bs, 1H), 7.23 (m, 3H, Ar-H), 6.91 (m, 3H, Ar-H), 6.67 (m, 3H, Ar-
H), 3.63 (bs, 7H), 3.40 (bs, 7H), 3.28 (m, 13H), 3.13 (m, 9H), 2.23 (t, 2H, J = 7.5 Hz, CH,CO,H),
1.65 ppm (m, 2H, CH,CH,CO,H). *C NMR (125 MHz, CD;CN). & 174.2, 169.9, 149.4, 146.2,
118.8, 118.0, 117.3, 115.1, 54.7, 54.5, 49.4, 38.4, 38.4, 38.2, 31.0, 24.2 ppm. ESI-HRMS:
C47He7N11015°* m/z = 512.7403 (calculated: 512.7404) [M+2H]**, error = 0.2 ppm.
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To a stirred suspension of cyclen (1.4 mg, 8.1 umol) and sodium acetate (2.5 mg, 30.5 umol)

in DMA (100 pL) at 22 °C under Ar conditions was added dropwise a colorless solution of 33 (13.8
mg, 27.7 umol) in DMA (150 pL). The reaction was stopped after stirring for 26 h at 23 °C. The
yellow solution was diluted in DCM (10 mL), washed with KHCO; (0.5 M in water, 10 mL) and
water (10 mL), dried over Na,SQy,, filtered and concentrated to yield yellow oil. The yellow oil was
diluted in DCM (5 mL), washed with KHCO; (0.5 M in water, 6 mL) and water (10 mL), dried over
Na,SO,, filtered and concentrated to yield yellow oil (12.4 mg). The crude material, 35 (3.4 mg,
10.8 pumol) and K,CO;3 (5.8 mg, 42.0 umol) were suspended in ACN (0.5 mL) for 5 min under Ar
conditions at 0 °C, and the colorless suspension was stirred for 4.5 h at 22 °C. The precipitate was
filtered and the filtrate was concentrated. More 4KFO9CR (3.3 mg, 10.5 pumol) and K,CO; (5.9 mg,
42.7 umol) were added, suspended in ACN (250 pL) for 3 min under Ar conditions at O °C and the
pale yellow suspension was stirred for 18.5 h at 22 °C. The precipitate was filtered, and the filtrate
was concentrated. The resulting yellow oil was dissolved in DCM (10 mL), washed with K,CO3
(3x10mL), dried over Na,SO,, filtered and concentrated to yield colorless oil (12 mg). The crude
material was dissolved in THF (375 pL), NaOH solution (1 M in water, 125 pL) was added and RM
was stirred for 4 h at 22 °C. The RM was concentrated to yield a yellow solid, then diluted in ACN
(1 mL) and filtered to yield a colorless solution. A few drops of DMSO were added. The solution
was purified by RP column chromatography (column: Gemini, C18, 250x10.0 mm, eluent:
ACN/H,0/0.1 % TFA, 40-min-long gradient from 20 % to 80 % ACN). The fraction of the main peak
was concentrated to yield colorless oil. The resulting colorless oil was dissolved in ACN/H,0O (1/1,
0.1 % TFA, 700 pL) and filtered to yield a colorless solution. The solution was purified by RP
column chromatography (column: Gemini, C18, 25010 mm, eluent: ACN/H,0/0.1 % TFA, 40-min-
long gradient from 40 % to 70 % ACN). Fractions containing the expected product were lyophilized
overnight to yield 2 as colorless oil (1.17 mg, 10 %). '"H NMR (500 MHz, CDsCN). & 8.01-7.90 (m,
4H), 7.54-7.46 (m, 6H), 7.46-7.34 (m, 10H), 7.34-7.26 (m, 15H), 7.25-7.16 (m, 5H), 7.16-7.02 (m,
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4H), 5.19-5.01 (m, 11H), 3.94-3.38 (m, 10H), 3.35 (q, 4H), 3.30 (q, 2H), 3.27-3.22 (m, 1H), 3.22-
3.16 (m, 4H), 3.16-3.10 (m, 6H), 3.10-2.82 (bs, 11H), 2.30-2.22 (m, 2H), 1.73-1.63 ppm (m, 2H).
3C NMR (125 MHz, CDsCN). & 175.0, 167.0, 166.9, 152.9, 146.9, 137.8, 137.7, 129.9, 129.9,
129.8, 129.6, 129.4, 129.2, 129.2, 129.0, 125.3, 125.3, 122.8, 76.6, 76.6, 71.7, 56.1, 56.0, 50.9,
40.5, 39.5, 39.4, 31.8, 25.2 ppm. ESI-HRMS: CgH;0sN:;0:5”" m/z = 782.8838 (calculated:
782.8812) [M+2H]**, error = 3.3 ppm.

BnO,C—  / \ —CO,H
()
N N
HO,.C—" " “—CO,H
37

36 was prepared according to the procedure reported by N. Raghunand et al.*** To a stirred
solution of 36 (2.00 g, 3.9 mmol, dissolved for 10 min) and K,CO3; (2.15 g, 15.6 mmal) in ACN (40
mL), benzyl-2-bromoacetate (0.80 mL, 5.1 mmol) was added dropwise in the suspension under Ar
conditions at 0 °C.The reaction mixture was stirred for 3 h at 25 °C. The reaction was monitored by
TLC (CH.CI;:MeOH/4:1) and LC-MS. The suspension was filtered, and the filtrate was
concentrated to yield a white foaming solid (2.58 g). ESI-MS: CssHsgN4Og” m/z = 663.5 [M+H]*. The
crude material (2.58 g, 3.9 mmol) was dissolved in TFA (10 mL) at O °C under Ar atmosphere and
stirred at 25 °C for 26 h. The reaction mixture was co-evaporated with toluene (3x10 mL) to yield a
green sticky solid (4.19 g). The crude material was dissolved in an HCI solution (0.1 M in H,O,
75 mL) and lyophilized to yield a yellow solid (3.11 g). A part of the crude material (1.00 g) was
diluted in ACN/H,0 (1/1), filtered and purified by RP column chromatography (column: Macherey-
Nagel, C18, 250x40 mm, eluent: ACN/H,0/0.1 % HCOOH) to yield 37 as a white solid (250 mg,
40 %). '"H NMR (500 MHz, D-DMSO0). 5 7.38-7.30 (m, 5H, Ar-H), 5.11 (s, 2H, OCH,), 3.65 (bs, 2H,
CH,COOBN), 3.49 (2xbs, 6H, CH,COOH), 2.96 (bs, 8H), 2.82 ppm (bs, 4H). *C NMR (125 MHz,
De-DMSO). 6 170.9, 170.3, 163.3, 136.0, 128.5, 128.1, 128.0, 65.4, 55.3, 55.0, 54.0, 51.4, 50.4,
49.8, 49.3 ppm. ESI-HRMS: Cy3H3sN,Og" m/z = 495.2449 (calculated: 495.2449) [M+H]", error =
0.2 ppm.
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To a solution of 37 (5 mg, 10 umol) in DMF (200 L) were added DIPEA (6.2 pL, 36 umol)
and HATU (13 mg, 34 umol). The reaction mixture was stirred for 15 min. 32 (16 mg, 43 umol) was

added, and the pale yellow solution was stirred at 25 °C for 1 h. The reaction mixture was directly
filtered and purified by RP column chromatography (column: Phenomenex, C18, 25021 mm,
eluent: ACN/H,0/0.1 % TFA) to yield 38 as a crystalline solid (14.5 mg, 91 %). A bigger scale of
this reaction (0.25 g of 37) led to a diminished yield (0.47 g, 59 %). *H NMR (500 MHz, Dg-DMSO).
5 8.65 (bs, 2H, CONH), 8.26 (t, J = 5.7 Hz, 3H), 8.22 (t, J = 5.8 Hz, 1H), 8.10 (bs, 1H, CONH), 7.74
(bs, 2H, CONH), 7.50-7.45 (m, 6H, Ar-H), 7.43-7.22 (m, 32H, Ar-H), 7.15-7.05 (m, 6H, Ar-H), 5.20-
5.15 (2xbs, 6H, ArOCH,CgHs), 5.13-5.05 (2xbs, 2H, CH,COOCH,CsHs), 5.02-4.96 (2xbs, 6H,
ArOCH,CgHs), 3.93 (m, 4H), 3.73 (s, 2H), 3.68-2.91 ppm (m, 32H). *C NMR (126 MHz, D6-DMSO)
0171.4, 1704, 166.1, 166.0, 165.1, 151.6, 145.2, 145.1, 137.1, 137.0, 136.8, 135.6, 130.8, 130.7,
128.5, 128.4, 128.3, 128.3, 128.2, 128.1, 128.1, 128.0, 127.8, 124.2, 120.9, 120.8, 119.5, 116.0,
75.2, 75.1, 70.2, 65.9, 54.6, 50.9, 50.7, 48.1, 47.7, 38.5, 38.4, 38.1 ppm. ESI-HRMS:
Co2H101N10014" M/z = 1569.7502 (calculated: 1569.7493) [M+H]", error = 0.5 ppm.
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38 (100 mg, 64 umol) was hydrogenolyzed (1 atm) over 10 % Pd/C (1 mg, 0.9 umal) in

MeOH (5 mL) for 14 h. The black suspension was filtered through celite, washed and concentrated

to yield purple solid which was purifiedin by RP column chromatography (ACN/H,O/0.1 % TFA,
linear gradient 10 %-30 % ACN) to yield 3 as a pale yellow solid (54 mg, 90 %). ‘*H NMR
(500 MHz, Dg-DMSO). 6 12.51 (bd, 3H), 9.21 (bs, 2H), 8.80 (m, 3H) 8.16 (bs, 2H), 8.26 (bs, 1H),
7.24 (t, J =7.9 Hz, 3H, Ar-H), 6.91 (t, J = 6.7 Hz, 3H, Ar-H), 6.67 (m, 3H, Ar-H), 4.00-3.76 (bs, 4H),
3.65 (bs, 2H), 3.57-2.91 ppm (m, 29H). *C NMR (125 MHz, Dg-DMSO). 5 170.1, 149.9, 146.2,
118.9, 117.9, 117.4, 115.0, 54.7, 50.5, 50.4, 48.6, 48.5, 38.6, 38.5, 38.3 ppm. ESI-HRMS:
Cu3HsoN10014" m/z = 939.4207 (calculated: 939.4207) [M+H]", error < 0.1 ppm.
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A solution of Eu(SO3CF3); (19 mg, 32 umol) in MeOH (250 uL) was added to 38 (25 mg,
16 pmol), and the resulting mixture was stirred for 48 h at 29 °C. The reaction mixture was
concentrated and hydrogenolyzed (1 atm) over 10 % Pd/C (1.0 mg, 0.9 pmol) in MeOH (200 pL)

for 41 h at 22 °C. The black suspension was filtered through celite, washed and concentrated to

yield yellow solid, which was purified in by RP column chromatography (ACN/H,O/ 0.1 %TFA) to
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yield 4 as a white solid (12.0 mg, 69 %). ESI-HRMS: Cu3Hs7N1gO1.Eu* m/z = 544.1618 (calculated:
544.1622) [M-H]*, error = 1.3 ppm.
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39 was prepared according to the procedure reported by Wickramaratne et al.*! To a stirred
white suspension of cyclen (371 mg, 2.2 mmol) and sodium acetate (584 mg, 7.1 mmol) in DMA
(3 mL) at 21 °C under Ar conditions was added a solution of 39 (2.00 g, 7.1 mmol) in DMA (7 mL,
1.2 mL/h). The reaction was stopped after stirring for 20 h at 21 °C. Potassium bicarbonate solution
(350 mL, 0.2 M in H,0O) was then added to the yellow solution, which was extracted with DCM
(3x100 mL). The combined OLs were washed with brine (150 mL), dried over MgSQ,, filtered,
concentrated and co-evaporated with ACN (20 mL) to yield a pale yellow solid. 35 (264 mg,
0.8 mmol) and K,CO; (358 mg, 2.6 mmol) were added and suspended in ACN (5.0 mL) for 5 min
under Ar conditions at 0 °C, and the yellow suspension was stirred for 3 h at 21 °C. The precipitate
was filtered and the filtrate was concentrated. The resulting yellow oil was dissolved in DCM (50
mL) and washed with H,O (3x50 mL), dried over MgSQ,, filtered and concentrated to yield pale
yellow oil. The crude material was dissolved in DCM (4.0 mL), TFA (1.3 mL, 11.6 mmol) was
added at 0 °C under Ar conditions and the yellow solution was stirred at 21 °C for 2 h and
concentrated to yield yellow oil. The crude material was dissolved in ACN/H,O (1/1, 0.1 % TFA,
1250 pL) purified by RP column chromatography (column: Phenomenex, C18, 250x40 mm, eluent:
ACN/H,0/0.1 % TFA, 40-min-long gradient from 10 % to 20 % ACN). Fractions containing the
expected product were lyophilized overnight to yield 41 as pale yellow oil (403 mg, 75 %). *H NMR
(500 MHz, CD3CN). & 7.87 (bs, 2H), 7.52 (m, 5H), 7.44-7.23 (m, 11H), 5.11 (s, 2H, CH,Cg¢Hs), 3.94
(bs, 2H), 3.83 (bs, 2H), 3.54 (g, J = 5.5 Hz, 2H), 3.52-3.38 (m, 8H), 3.39-3.19 (m, 10H), 3.19-3.06
(m, 8H), 3.06-2.93 (m, 6H), 2.41 (t, J = 7.3 Hz, 2H, CH,CH,CO,Bn), 1.80 ppm (m, 2H,
CH,CH,CO,Bn). **C NMR (125 MHz, CDsCN). d 174.0, 137.3, 129.4, 129.0, 128.9, 66.9, 56.0,
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55.9, 54.9, 52.1, 49.6, 41.5, 39.7, 38.1, 37.8, 31.7, 24.9 ppm. ESI-HRMS: Cs3HgN;:06" m/z =
706.4723 (calculated: 706.4723) [M+H]", error < 0.1 ppm.
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To a yellow solution of 40 (249 mg, 1.0 mmol) in DCM (2.5 mL) and DMF (0.25 mL) was
added oxalyl chloride (177 pL, 2.1 mmol), and the orange solution was stirred at 20 °C for 1 h. The
reaction mixture was concentrated and dried under the vacuum line for 1 h to yield brown oil. To a
solution of 41 (300 mg, 0.3 mmol) in KHCO; (7.8 mL, 0.5 M in H,O) was added dropwise an
orange suspension of the acyl chloride in dioxane (7.8 mL) for 1 min in a 0 °C bath. After addition,
the mixture was stirred at 20 °C for 0.5 h. After concentration the orange solid was suspended in
ACN, filtered and concentrated in the vacuum line for 30 min to yield an orange solid. The crude
material was set to a hydrogen atmosphere over 10 % Pd/C (32 mg, 0.03 mmol) in MeOH (5.0 mL)
at 21 °C for 2 h. The black suspension was filtered through celite, washed and concentrated to
yield colorless oil, which was purified by RP column chromatography (column: Phenomenex, C18,
250x40 mm, eluent: ACN/H,0/0.1 % HCOOH, 40-min-long gradient from 20 to 50 % ACN) to yield
5 as a white solid (135 mg, 35 %). '"H NMR (500 MHz, Dg-DMSO). & 8.39 (m, 3H), 8.19 (m, 2H),
8.13 (m, 1H), 7.47 (dd, J = 5.3, 1.3 Hz, 3H, Ar-H), 7.39-7.33 (m, 6H, Ar-H), 3.40-3.35 (m, 8H),
3.29-3.21 (m, 14H), 3.12-3.09 (m, 2H), 2.92-2.83 (m, 14H), 2.28 (s, 9H, CH3CO.,), 2.22 ppm (s, 9H,
CH3CO,). *C NMR (125 MHz, D&-DMSO). & 174.2, 172.0, 168.4, 168.3, 167.8, 164.8, 142.8,
140.1, 130.7, 126.2, 126.1, 125.5, 124.5, 56.2, 51.0, 38.3, 38.0, 31.1, 24.5, 21.0, 20.4, 20.3, 20.2
ppm. ESI-HRMS: CsgHgN110,1" m/z = 1276.5382 (calculated: 1276.6368) [M+H]", error = 1.1 ppm.
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40 was prepared according to the procedure reported by Albrecht et al.*®! 40 (1190 mg,
5 mmol), HATU (2090 mg, 5.5 mmol) and DIPEA (1.7 mL, 10 mmol) were dissolved in DMF
(25 mL). After 10 min, N-Boc-ethylenediamine (790 pL, 5 mmol) was added to the reaction mixture
and stirred for 30 min under argon at room temperature. Ethyl acetate (50 mL) was added into the
reaction mixture followed by aqueous work up. The OL was washed 3 times with 1N HCI and brine
then dried over anhydrous sodium sulfate. After filtration and removal of the solvent, the crude
compound was purified by flash silica gel column chromatography (eluent: PE : EtOAc = 1:1-1:3) to
yield 42 as a white powder (580 mg, 31 %). *H NMR (500 MHz, Dg-DMSO) & 8.34 (t, J = 5.5 Hz,
1H, NH), 7.48 (dd, J = 6.6, 2.7 Hz, 1H, Ar-H), 7.39-7.33 (m, 2H, Ar-H), 6.84 (t, J = 5.7 Hz, 1H), 3.21
(dd, J=12.4, 6.3 Hz, 2H, CH,), 3.06 (dd, J = 12.4, 6.3 Hz, 2H, CH,), 2.28 (s, 3H, CHs), 2.22 (s, 3H,
CHa), 1.38 ppm (s, 9H, C(CHa)s). *C NMR (126 MHz, D-DMSO) & **C NMR (126 MHz, DMSO) &
168.3, 167.8, 164.7, 155.7, 142.8, 140.0, 130.9, 126.1, 125.4, 77.7, 28.2, 20.3, 20.3 ppm. ESI-
HRMS: Cy5H24N,0O;Na*" m/z = 403.1476 (calculated: 403.1476) [M+Na]", error < 0.1 ppm.
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Tert-butyl(2-hydroxyethyl)carbamate (21.7 mmol, 3.50 g) was dissolved in dry EtOAc
(175 mL). IBX (43.4 mmol, 12.2 g) was added and the reaction stirred to reflux at 60 °C for 2 h 15
min. The reaction was monitored via TLC (PE/EtOAc 1:1, R¢(Prod) = 0.51). Then, the mixture was
cooled to 33 °C and the precipitate filtered. The filter cake was washed with EtOAc and the filtrate
was concentrated to yield slightly yellow oil. The crude was immediately used to synthesize the
oxime with optimized conditions. Tert-butyl-N-(2-oxoethyl)carbamate (21.7 mmol) and O-
benzylhydroxylamine (28.2 mmol, 3.47 g) were dissolved in dry pyridine (15 mL) at 10 °C. The
mixture was stirred for 2.5 h warming up to 31 °C and the reaction was monitored by TLC. The
solvent was removed by co-evaporation with toluene (2x30 mL), and the crude oil was further
concentrated under reduced pressure. The crude was used without further purification to

synthesize the reduced intermediate with optimized conditions. To a solution of crude oxime
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(21.7 mmol) in glacial acetic acid (28 mL) NaBHsCN (36.9 mmol, 3.32 g) was added at 10 °C. A
pale orange suspension formed, which cleared after 30 min. The reaction was stirred for 3 h
warming up to 26 °C and monitored by TLC (Hexanes/Et,O 3:2, R{Prod) = 0.39, R{(SM) = 0.65)
and LC-MS analysis. Water (100 mL) was rinsed into the mixture to quench the reducing agent,
and the product was extracted with Et,O (3x100 mL). The combined OLs were washed with brine
(2x50 mL), dried over MgSOQ,, filtered and concentrated to yield the crude product as yellow oil. To
a solution of the crude product (21.7 mmol) in pyridine (20 mL, 11.4 eq) under argon-atmosphere,
acetic anhydride (20 mL, 9.8 eq) was added and the mixture stirred for 15 h at 26 °C. The reaction
was monitored by LC-MS analysis. The solution was neutralized with saturated NaHCO3 -solution,
and the product was extracted with Et,O (3x50 mL). The OLs were combined and washed with sat.
CuSO0y4-solution (40 mL) and then dried with MgSO, and filtered. The solvent was removed under
reduced pressure for 24 h to yield yellow oil (7.89 g). The oil was purified by flash chromatography
(Mmsio2 = 120 g, 45-min-long gradient from EtOAc/PE:1/4 to EtOAc/PE:1/3) to yield clear viscous oil
43 (4.27 g, 64 % over 4 steps). "H NMR (400 MHz, CDCl;) & 7.57-7.32 (m, 5H, Ar-H), 4.90 (bs, 1H,
NH), 4.84 (s, 2H, CH,C¢Hs), 3.76 (bs, 2H, CH,CH,), 3.37 (s, 2H, CH,CH,), 2.10 (s, 3H, CH3CO),
1.43 ppm (s, 9H, C(CHs)s). **C NMR (176 MHz, CDCl,) & 173.4, 171.3, 156.1, 134.4, 129.5, 129.2,
128.9, 79.6, 76.8, 46.1, 39.1, 28.5, 20.7. ppm. ESI-HRMS: CycHsN,O4" m/z = 309.1814
(calculated: 309.1809) [M+H]", error = 1.6 ppm.

Ac |
' Br N. :
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43 (635 mg, 2.06 mmol) was dissolved in DCM (36 mL, 312 mmol) and TFA (24 mL) was
added at 0 °C under argon atmosphere. The mixture was stirred for 0.5 h warming up to 23 °C.
The reaction was monitored by LC-MS analysis. Excess TFA was removed by co-evaporation with
toluene (2x100 mL) to yield a white solid (780 mg). To a solution of crude salt 5 in DCM (13 mL) at
0 °C, a solution of K,CO3; (640 mg, 4.63 mmol) in water (6.5 mL) was added dropwise, followed by
a solution of bromoacetyl bromide (499 mg, 2.47 mmol) in DCM (6.5 mL). The reaction mixture
was stirred for 1.5 h warming to 22 °C. The reaction was monitored by TLC (pure EtOAc, R¢(Prod)
= 0.35). The phases were separated and the OL was washed with brine (3x20 mL), dried over
MgSQ,, filtered and concentrated to yield a pale yellow solid (730 mg). The crude material was

purified by flash chromatography (msio, = 24 g, 15-min-long gradient from pure DCM to
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DCM/EtOAc:1/1) to yield 44 as a white solid (530 mg, 78 % over two steps). '*H NMR (500 MHz,
CD;0OD) 8 7.53-7.34 (m, 5H, Ar-H), 4.91 (s, 2H, CH,CsHs), 3.82 (bt, 2H, NHCH,CHy), 3.77 (s, 2H,
CH,Br), 3.45 (t, J = 5.9 Hz, 2H, NHCH,CH,), 2.07 ppm (s, 3H, CH;CO). *C NMR (126 MHz,
CD;0OD) 6 175.1, 169.7, 136.0, 130.8, 130.0, 129.7, 77.3, 45.4, 38.3, 28.7, 20.5 ppm. ESI-HRMS:
C13H1sBrN,O3" m/z = 329.0500 (calculated: 329.0495) [M+H]", error = 1.5 ppm

O
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47

Succinic acid monobenzyl ester 45 and the mono N-Boc PEG; diamine linker 46 were
prepared according to the procedure reported by S. Isomura et al.’® and Iwaso et al**”
respectively. To a colorless solution of succinic acid monobenzyl ester 45 (0.50 g, 2.4 mmol) in
DMF (10 mL) were added Et;N (1.07 mL), 46 (0.90 g, 2.8 mmol) and pentafluorophenyl
trifluoroacetate (578 pL). The pink solution was stirred for 6 h at 22 °C. The volatiles were co-
evaporated with toluene (3 x 15 mL) and lyophilized overnight to yield orange oil. The compound
was adsorbed on SiO, (5 g) and purified by NP column chromatography (msjo> = 40 g, 30-min-long
gradient from neat DCM to 2.5 % MeOH in DCM to yield yellow oil 47 (1.20 g, 98 %). ‘H NMR
(500 MHz, CDClg) & 7.38-7.28 (m, 5H, CH,CgHs), 5.12 (s, 2H, CH,C¢Hs), 3.66-3.61 (m, 4H), 3.61-
3.54 (m, 6H), 3.51 (t, J = 6.0 Hz, 2H), 3.36 (bs, 2H), 3.20 (t, J = 6.5 Hz, 2H), 2.73 (t, J = 7.0 Hz,
2H), 2.49 (t, J = 7.0 Hz, 2H), 1.79-1.70 (m, 4H),1.43 ppm (s, 9H, CH;C). *C NMR (126 MHz,
CDCl;) 6 172.9, 171.8, 156.3, 136.0, 128.7, 128.4, 128.3, 79.3, 70.6, 70.3, 70.2, 70.1, 69.6, 66.6,
38.8, 38.4, 30.9, 29.8, 28.8, 28.6 ppm. ESI-HRMS: C,sH,3N,0" m/z = 511.3018 (calculated:

511.3014) [M+H]", error = 0.8 ppm

E 0 0 E
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TFA (1.5 mL, 21.6 mmol) was added to a pale yellow solution of 47 (1.10 g, 2.2 mmol) in
DCM (4.5 mL) at 0 °C and the pale yellow solution was stirred for 1 h at 28 °C. The pale yellow
solution was co-evaporated with toluene (3x15 mL) to yield pale yellow oil (1.80 g). A solution of
the crude material in DCM (10 mL) was cooled to 0°C. A solution of K,CO3 (1.82 g) in water (2.5

mL) then bromoacetyl bromide (958 pL, 11 mmol) were slowly added. The pale yellow biphasic
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solution was stirred for 0.5 h at 28 °C. The solution was diluted in DCM (50 mL) and water (10 mL).
The OL was separated, dried over MgSQ,, filtered and concentrated overnight to yield pale yellow
oil (1.80 g), which was adsorbed on SiO2 (5 g) and purified by NP flash column chromatography
(Msio2 = 40 g, 30-min-long gradient from neat DCM to 95:2.5/DCM:MeOH) to yield the expected
product 48 (930 mg, 82 %). *H NMR (500 MHz, CDsCN) & 7.45-7.28 (m, 5H, Ar-H), 7.13-6.91 (bs,
1H, NH), 6.61-6.40 (bs, 1H, NH), 5.09 (s, 2H, CH,C¢Hs), 3.78 (s, 2H, CH,Br), 3.58-3.55 (m, 4H,
CH,CH,), 3.54-3.50 (m, 4H), 3.48 (t, J = 6.0 Hz, 2H), 3.45 (t, J = 6.5 Hz, 2H), 3.24 (dd, J = 12.4,
6.7 Hz, 2H), 3.19 (dd, J = 12.5, 6.7 Hz, 2H), 2.59 (t, J = 6.8 Hz, 2H), 2.40 (t, J = 6.8 Hz, 2H), 1.73-
1.68 (m, 2H), 1.68-1.63 ppm (m, 2H). *C NMR (126 MHz, CDsCN) & 173.5, 172.0, 166.9, 137.5,
129.4,128.9, 128.9, 71.1, 71.0, 70.8, 70.8, 69.7, 69.6, 66.7, 49.8, 38.5, 37.6, 31.1, 30.2, 30.1, 29.8
ppm. ESI-HRMS: C,3HsBrN,0," m/z = 531.1705 (calculated: 531.1700) [M+2H]**, error = 0.9 ppm

EB HN N
| oC \/\O/\/ \H/\Br :
: 9] I

To a solution of t-Boc-N-amido-PEG;-amine (496 mg, 2.4 mmol) in DCM (1.0 mL) cooled to
0°C were added a solution of K,COs; (497 mg, 3.6 mmol) in water (1.0 mL) and a solution of
bromoacetyl bromide (277 pL, 3.2 mmol) in DCM (2.5 mL). The reaction mixture was stirred at 22
°C for 3.5 h. DCM (60 mL) and H,O (100 mL) were added to the reaction mixture. The layers were
separated and the AL was washed with DCM (2x50 mL). The combined OLs were dried over
sodium sulfate, filtered and concentrated to yield yellow oil 49 (760 mg, 95 %). *H NMR (500 MHz,
CDCl). 6 7.11-6.85 (bs, 1H), 5.42-5.29 (bs, 1H), 3.82 (s, 2H, CH,Br), 3.54-3.40 (m, 4H), 3.33 (q, J
= 5.5 Hz, 2H), 3.18 (g, J= 5.6 Hz, 2H), 1.41 ppm (s, 9H, C(CHz)s). *C NMR (125 MHz, CDCl;) &
167.1, 157.0, 79.2, 70.5, 69.6, 40.9, 40.4, 30.0, 28.6 ppm. ESI-HRMS: C;;H2.BrN,O4,Na" m/z =
347.0581 (calculated: 347.0577) [M+Na]", error = 1.2 ppm.

BnO,C— / \ /COzH
o
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To a stirred suspension of 36 (2.00 g, 3.9 mmol, dissolved for 10 min) and K,CO; (2.15 g, 16
mmol) in ACN (40 mL). Benzyl-2-bromoacetate (0.80 mL, 5.1 mmol) was added dropwise in the
suspension under Ar conditions at 0 °C and the RM was stirred for 3 h at 25 °C. Reaction was
monitored by TLC (DCM/MeOH 4/1) and LCMS. Precipitate was filtered and the filtrate was
concentrated to yield a white foaming solid (2.58g). The tris tert-butylated intermediate was
dissolved in TFA (10 mL) at 0°C under Ar conditions and stirred (500RPM) at 25 °C for 26 h.
Toluene (3x10 mL) was added to the RM which was concentrated to yield a green solid (4.19 g).
CR was dissolved in HCI solution in water (0.1 M, 3 x 25 mL), and lyophilized to yield yellow solid
(3.11 g). Part of the crude material (1.00 g of it) was diluted in ACN/H,O (1/1), filtered and purified
by RP column chromatography (column: 250x40 mm, eluent: ACN/H,0/0.1 % HCOOH) to yield a
white solid (250 mg, 40 %). 'H NMR (500 MHz, De&-DMSO). & 8.20 (s, 1H), 7.39-7.31 (m, 5H,
CH,C¢Hs), 5.11 (s, 2H, CH,CgHs), 3.65 (bs, 2H), 3.50 (m, 6H), 3.11-2.89 (m, 12H), 2.82 ppm (bs,
4H). 3C NMR (126 MHz, D¢-DMSO0). 8 170.9, 170.3, 163.3, 136.0, 128.5, 128.1, 128.0, 65.4, 55.3,
55.0, 54.0, 51.4, 50.4, 49.8, 49.3 ppm. ESI-HRMS: C,3H3sN,Og" m/z = 495.2449 (calculated:
495.2449) [M+H]", error = 0.2 ppm.
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To a 42 (30 mg, 79 pmol) solution in DCM (750 pL) was added TFA (250 pL) at 0°C under Ar
conditions and stirred (500RPM) at 25 °C for 0.5 h. RM was co-evaporated with Toluene (3x20 mL)
to yield colorless viscous oil (39 mg). The triscarboxylic acid 50 (12 mg, 24 pumol), DIPEA (28 pL)
and HATU (54 mg) were added in DMF (1.0 mL) and stirred (500RPM) for 10 min. The crude

amine was added and the RM was stirred at 25 °C for 1.5 h. The suspension was filtered and
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6. Materials and methods

purified by RP column chromatography (ACN/H20/0.1 % HCOOH) to yield white hygroscopic solid
(9 mg, 29 %). Fractions of mainly monohydrolyzed byproduct were collected and lyophilized to
yield white hygroscopic solid (13 mg). The purified material (12 mg, 9.4 umol) was dissolved in
MeOH (400 pL). DIPEA (100 pL, 574 umol) was added to the RM which was stirred for 30 min at
25 °C. The RM was filtered and purified by RP column chromatography (ACN/H,0/0.1 % TFA) to
yield a white hygroscopic solid (7.4 mg). *"H NMR (500 MHz, Dg-DMSO). & 12.54 (bs, 1H), 12.46
(bs, 1H), 9.20 (bs, 2H), 8.78 (m, 5H), 8.16 (bs, 1H), 7.75 (bs, 1H), 7.38-7.26 (m, 5H, CH,C¢Hs),
7.26-7.20 (m, 3H, Ar-H), 6.91 (m, 3H, Ar-H), 6.66 (m, 3H, Ar-H), 5.09 (s, 2H, CH,CsHs), 4.05-3.88
(m, 6H), 3.79-3.70 (bs, 2H), 3.57-3.21 (m, 22H), 3.15-2.96 ppm (m, 6H). **C NMR (126 MHz, Ds-
DMSO) & 170.0, 169.9, 165.2, 149.5, 146.2, 146.2, 135.6, 128.4, 128.1, 128.1, 118.8, 117.9,
117.2, 115.1, 65.8, 55.0, 54.7, 54.0, 52.3, 50.9, 48.6, 48.1, 47.5, 38.7, 38.5, 38.1 ppm. ESI-HRMS:
CeoHggN1g014>" M/z = 515.2374 (calculated: 515.2374) [M+2H]*, error < 0.1 ppm.
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39 was prepared according to the procedure reported by Wickramaratne et al.**! To a stirred
white suspension of cyclen (371 mg, 2.2 mmol) and sodium acetate in DMA (3 mL) at 21 °C under
Ar conditions was added a solution of 39 (2.00 g, 7.1 mmol) in DMA (7 mL, 1.2 mL/h). The reaction
was stopped after 20 h stirring at 21 °C. Potassium bicarbonate solution (350 mL, 0.2 M in H,0)
was then added to the yellow solution which was extracted with DCM (3x100 mL). The combined
OL were washed with brine (150 mL), dried over MgSO4, filtered, concentrated (2.50 g). The crude
material was co-evaporated with ACN (20 mL) to yield a pale yellow solid (2.02 g). To a stirred
suspension of the crude material (612 mg) and K,CO3 (359 mg, 2.6 mmol) in ACN (5.0 mL) was
added benzylbromoacetate (268 pL, 1.9 mmol) dropwise for 1 min under Ar conditions at 0 °C and
the suspension was stirred for 3 h at 21 °C. The precipitate was filtered and the filtrate was
concentrated. The resulting yellow oil was dissolved in DCM (50 mL) and washed with H,O
(3x50 mL), dried over MgSQy,, filtered and concentrated to yield pale yellow oil (803 mg). To a
stirred yellow solution of the crude material (740 mg) in DCM (4.0 mL) was added TFA (1.3 mL) at

116



6. Materials and methods

0 °C under Ar conditions and the yellow solution was stirred at 21 °C for 2 h. The yellow solution
was concentrated to yield yellow oil, which was dissolved in ACN/H,O (1/1, 0.1 % TFA, 1300 L)
purified by RP column chromatography (column: Phenomenex, C18, 250x40 mm, eluent:
ACN/H,0/0.1 % TFA, 40-min-long gradient from 5 % to 20 % ACN) to yield pale yellow oll
(510 mg, 82 %). '"H NMR (500 MHz, CDsCN). & 7.83 (bs, 2H), 7.47(bs, 2H), 7.44-7.31 (m, 9H),
5.19 (s, 2H, CH,CgHs), 4.30-2.67 ppm (m, 36H). *C NMR (126 MHz, CDsCN) & 136.3, 129.6,
129.5, 129.2, 68.2, 55.5, 54.5, 51.1, 41.1, 38.2, 38.0 ppm. ESI-HRMS: CyHssN;0s%" m/z =
621.4195 (calculated: 621.4195) [M+2H]**, error < 0.1 ppm.
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To a yellow solution of 40 (104 mg, 436 pumol) in DCM (400 uL) and DMF (100 uL) was
added oxalyl chloride (74 L, 872 umol) and the orange solution was stirred at 20 °C for 1 h. The

reaction mixture was concentrated and dried under the vacuum line for 30 min to yield brown oil.
To a solution of 51 (100 mg, 104 pmol) in KHCO; (3.0 mL, 0.5 M in H,0) was added dropwise a
solution of the acyl chloride in dioxane (3.0 mL) at 21 °C for 1 min. After addition, the mixture was
stirred at 20 °C for 0.5 h. After concentration the orange solid was suspended in ACN, filtered and
concentrated in the vacuum line for 30 min to yield an orange solid (220 mg). The benzylated ester
(210 mg) was set to a hydrogen atmosphere over 10 % Pd/C in MeOH (1.0 mL) at 21 °C for 1 h.
The black suspension was filtered through celite, washed and concentrated to yield colorless oil.
The crude material was purified by RP column chromatography (column: Phenomenex, C18,
250x10 mm, eluent: ACN/H,0/0.1 % HCOOH, 40-min-long gradient from 15 to 25 % ACN) to yield
a white solid (45 mg, 36 %). "H NMR (500 MHz, CDs;CN). & 8.08 (s, 2H), 7.84-7.77 (bs, 2H), 7.77-
7.73 (bs, 1H), 7.67-7.59 (bs, 3H), 7.54 (m, 3H, Ar-H), 7.30 (m, 6H, Ar-H), 3.51-3.46 (bs, 2H), 3.45-
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3.33 (m, 10H), 3.26-3.03 (M, 12H), 2.90-2.77 (bs, 3H), 2.67-2.57 (bs, 8H), 2.26 (s, 9H, CH,CO,),
2.24 (s, 3H, CHsCO,), 2.23 ppm (s, 6H, CH3CO,). *C NMR (176 MHz, CDsCN) & 171.8, 169.8,
169.7, 169.5, 169.4, 166.3, 166.3, 163.0, 144.4, 141.6, 141.6, 140.8, 131.9, 131.7, 127.6, 127.5,
127.4, 127.3, 126.8, 126.6, 62.4, 62.2, 59.2, 57.9, 54.5, 52.8, 51.7, 49.5, 41.3, 40.6, 39.9, 39.7,
21.0, 20.9, 20.9, 20.8 ppm. ESI-HRMS: CssH7N1Ox02" miz = 596.2458 (calculated: 596.2457)
[M+2H]**, error = 0.2 ppm.

O

el
HN AcO  OAc
HO,C—. /—\

N N o)
Of N N o)
AcO OA NH 8 :
c c HN AcO OAc
i -\ wn

O o)

To a solution of 7 (10 mg, 8.4 umol) in MeOH (2.0 mL) was added GdCl;, 6H,0O (4.1 mg,
10.9 uymol). The colorless solution was stirred for 5 h at 20 °C. The RM was concentrated and
diluted in ACN/H,O (1/1, 700 pL), purified by RP column chromatography (ACN/H,O without any
acid, linear gradient 5 %-20 % ACN for 40 min) to yield a white solid (2.8 mg, 25 %). ESI-HRMS:
GdCssHesN10020°" m/z = 673.6975 (calculated: 673.6967) [M-H]*, error = 1.2 ppm.
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To a solution of 6 (5.0 mg, 3.9 umol) in dried MeOH (200 pL) was added anhydrous CuSO,
(2.0 mg, 6.3 pmol) under Ar and the blue solution was stirred for 15 min at 26 °C. The blue solution
was concentrated, rediluted in ACN/H,O (500 pL), filtered and purified by RP column
chromatography (column: Phenomenex, C18, 250x10 mm, eluent: ACN/H,0, 40-min-long gradient
from 0 to 40 % ACN in water) to yield a blue solid (1.2 mg, 23 %). ESI-HRMS: CuCsoH7N1;0,,

m/z = 669.2291 (calculated: 669.2290) [M]**, error = 0.1 ppm.
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To a stirred suspension of cyclen (12 mg, 70 umol) and sodium acetate (19 mg, 232 umol) in
DMA (500 pL) at 22 °C under Ar conditions was added dropwise a colorless solution of 49 (68 mg,
209 pmol) in DMA (1.5 mL). The reaction was stopped after stirring for 24 h at 22 °C. The pale
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yellow solution was diluted in DCM (50 mL), washed with a KHCOj3; solution in water (0.5 M,
50 mL), dried over Na,SO,, filtered and concentrated to yield yellow oil (72 mg). The crude
material, 35 (32 mg, 53 pmol) and K,CO3; (56 mg, 203 pumol) were suspended in ACN (1.0 mL) for
5 min under Ar conditions at 0 °C and the colorless suspension was stirred for 6.5 h at 22 °C. The
precipitate was filtered and the filtrate was concentrated. The resulting yellow oil was dissolved in
DCM (10 mL), washed with H,O (3x5 mL), washed with KHCO; (1 M, 3x10 mL), dried over
Na,SO,, filtered and concentrated to yield yellow oil (81 mg). The crude material was dissolved in
DCM (150 pL), TFA (50 pL, 439 pmol) was added at 0 °C under Ar conditions and the yellow
solution was stirred at 22 °C for 6.5 h. More TFA (100 pL) and DCM (300 pL) were added and the
yellow solution was stirred at 22 °C for 17 h. The yellow solution was co-evaporated with toluene (2
mL) to yield yellow oil. The yellow oil was dissolved in ACN/H,O (1/1, 0.1 % TFA, 800 pL) purified
by RP column chromatography (column: Gemini, C18, 250x21.20 mm, eluent: ACN/H,0/0.1 %
TFA, 40-min-long gradient from 10 % to 90 % ACN). Fractions containing the expected product
were lyophilized overnight to yield colorless oil (22 mg, 27 %). *H NMR (500 MHz, CD3;CN). &
10.04-9.14 (bs, 4H), 8.07-7.72 (m, 2H), 7.67-7.16 (m, 17H), 5.10 (s, 2H, CO,CH,CgHs), 3.89-3.60
(m, 12H), 3.59-3.41 (m, 8H), 3.41-3.30 (m, 6H), 3.30-2.87 (m, 24H), 2.40 (t, J= 7.4 Hz, 2H,
CH,CO,Bn), 1.83-1.75 ppm (m, J = 7.2 Hz, 2H, CH,CH,CO,Bn). *C NMR (125 MHz, CD;CN). &
173.9, 137.4, 129.5, 129.1, 129.0, 70.5, 70.2, 66.9, 66.6, 66.4, 55.9, 40.6, 39.8, 39.4, 32.0, 25.1
ppm. ESI-HRMS: C3gH;1N3;O0gNa”™ m/z = 860.5341 (calculated: 860.5328) [M+Na]’, error = 1.5

ppm.
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To a colorless solution of 40 (14 mg, 59 umol) in DCM and DMF (minimum required to
dissolve 40) was added oxalyl chloride (10 L, 118 pmol) and the colorless solution was stirred at
20 °C for 20 min. The reaction mixture was concentrated and dried under the vacuum line for 2 h to
yield yellow oil, the acyl chloride. To a solution of 52 (20 mg, 17umol) in KHCO;3; (500 pL, 0.5 M in
H,0) was added dropwise a light yellow solution of the acyl chloride in dioxane (500 pL) at 20 °C.
After addition, the mixture was stirred at 20 °C for 40 min. A precipitate was observed. After
concentration the solid was suspended in ACN (250 pL), filtered and concentrated in the vacuum
line for 1.5 h to yield a light brown solid (35.5 mg). The crude material was set to a hydrogen
atmosphere over 10 % Pd/C (1.8mg, 1.7 pmol) in MeOH (1mL) at 20 °C for 17 h. Some 10 % Pd/C
(1.8 mg, 1.7umol) was added and the black suspension was stirred for 3 h. The black suspension
was filtered through celite, washed and concentrated to yield a purple oil. The purple oil was
purified by RP column chromatography (column: Gemini, C18, 250x21.20 mm, eluent:
ACN/H,0/0.1 % HCOOH, 40-min-long gradient from 20 % to 70 % ACN) Fractions containing the
expected product were lyophilized overnight to yield a white solid. The white solid was dissolved in
ACN/H,0 (3:7, 0.1 % HCOOH, 1200 pL) and was purified by RP column chromatography (column:
Gemini, C18, 250x21.20 mm, eluent: ACN/H,0/0.1 % HCOOH, 40-min-long gradient from 0 % to
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40 % ACN). Fractions containing the expected product were lyophilized overnight to yield a white
solid (7.4 mg, 37 %)."H NMR (500 MHz, D,0). & 8.44 (s, 1H), 7.24-7.11 (m, 3H), 7.06-6.95 (m,
3H), 6.85-6.72 (m, 3H), 3.78-3.60 (m, 8H), 3.60-3.48 (m, 14H), 3.47-3.24 (m, 12H), 3.24-2.78 (m,
16H), 2.19 (t, J = 5.4 Hz, 2H), 1.74-1.65 ppm (m, 2H). **C NMR (125 MHz, D,0). & 180.6, 170.5,
167.0, 147.2, 144.6, 144.6, 119.6, 119.5, 119.3, 119.3, 118.8, 118.7, 116.3, 116.2, 68.7, 68.4,
68.3, 54.9, 49.5, 38.9, 38.9, 33.5, 24.8 ppm. ESI-HRMS: Cs3H7oN1;;06%" m/z = 578.7801
(calculated: 578.7797) [M+2H]**, error = 0.7 ppm.
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To a colorless solution of 40 (3.5 mg, 15 pmol) in CH,CI, (100 pL) and DMF (25 pL) was
added oxalyl chloride (2.37 uL, 28 pmol) at 0°C under Ar condition and the colorless solution was

stirred at 20 °C for 1 h. The reaction mixture was concentrated and dried under the vacuum line for
2 h to yield yellow oil, which was directly used in the next step. To a solution of 52 (5 mg, 4 pumol)
in KHCO; (0.5 M in 120 pL H,0O) was added dropwise a light yellow solution of the acyl chloride in
dioxane (120 pL) at 20 °C. After addition, the mixture was stirred at 20 °C for 40 min. A precipitate
was observed. After concentration the solid was suspended in ACN, filtered and concentrated in
the vacuum line for 1 h to yield a light brown solid. The crude material was set to a hydrogen
atmosphere of 58 % Pd/C (2.4 mg, 2.3 umol) in MeOH (1 mL) at 20 °C for 1.5 h. The black

suspension was filtered through celite, washed and concentrated to yield purple oil. The crude
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6. Materials and methods

material was dissolved in ACN/H,O (1:1) and was purified by RP column chromatography (column:
Gemini, C18, 250x10 mm, eluent: ACN/H20/, 40-min-long gradient from 20 % to 70 % ACN).
Fractions containing the expected product were lyophilized overnight to yield a white solid (1.7 mg,
28 %). 'H NMR (700 MHz, CD5CN). & 7.87 (s, 2H), 7.53-7.51 (m, 3H), 7.41-7.22 (m, 12H), 3.57-
3.54 (m, 6H), 3.52-3.49 (m, 6H), 3.49-3.44 (m, 8H), 3.41-3.27 (m, 8H), 3.25-3.13 (m, 4H), 3.13-
2.82 (m, 18H), 2.32-2.30 (t, 3H), 2.27-2.26 (m, 18H), 1.75-1.71 ppm (m, 2H). **C NMR (175 MHz,
CD:CN). 6 175.1, 169.7, 169.6, 166.4, 144.2, 141.2, 132.0, 127.6, 127.3, 126.8, 70.0, 69.3, 55.7,
50.8, 40.2, 40.0, 39.4, 31.9, 25.3, 20.8 ppm. ESI-HRMS: CgsHgoN11024% m/z = 704.8117
(calculated: 704.8114) [M+2H]**, error = 0.4 ppm.
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39 was prepared according to the procedure reported by Wickramaratne et al.'*® To a stirred
pale yellow solution of 1,4,7-triazacyclononane, 3HCI (5 mg, 21 pumol) and 39 (18 mg, 65 pumol) in
DMA (200 pL) was added a KOH (8 mg, 147 umol) solution in H,O (200 uL) and the resulting pale
yellow solution was stirred for 1 h at 22 °C. The resulting solution was diluted in DCM (5 mL) and a
KHCO; (1 M in H,O, 20 mL). The layers were separated and the AL was washed with DCM (2x5
mL). The combined OLs were dried over Na,SO,, filtered and concentrated to yield pale yellow
viscous oil (21 mg). To a stirred pale yellow solution of crude material (21 mg) in DCM (150 pL)
was added TFA (50 uL) at 0 °C under Ar conditions and the yellow solution was stirred at 22 °C for
4 h. The yellow RM was co-evaporated with toluene (2 mL) to yield yellow oil. The resulting yellow
oil was dissolved in ACN/H,O (1/1, 0.1 % TFA, 800 pL) purified by RP column chromatography
(column: Phenomenex, C18, 25010 mm, eluent: ACN/H,0/0.1 % TFA, 40-min-long gradient from
10 % to 70 % ACN) to yield pale yellow oil (24 mg). The resulting yellow oil was dissolved in
ACN/H,0 (1/1, 0.1 % TFA, 800 pL) purified by RP column chromatography (column: Phenomenex,
C18, 250x10 mm, eluent: ACN/H,0/0.1 % TFA, 40-min-long gradient from 0 % to 20 % ACN) to
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yield pale yellow oil (15 mg, 94 %). *H NMR (500 MHz, CD;CN) & 8.10-8.06 (bt, 3H, NHCO), 7.83-
7.65 (M, 9H, CH,NH3"), 3.62 (s, 5H), 3.55-3.43 (m, 8H), 3.15-3.07 (bs, 7H), 2.96-2.90 ppm (s,
10H). C NMR (126 MHz, CD,CN) & 171.3, 58.6, 50.5, 40.6, 38.0, 29.6 ppm. ESI-HRMS:
Ci1gH3sNgO3Na™ m/z = 452.3061 (calculated: 452.3068) [M+Na]’, error = 1.5 ppm.

( A

To a colorless solution of 40 (19 mg, 78 pumol) in DCM (200 pL) and DMF (20 uL) was added
oxalyl chloride (13 pL, 156 umol) and the colorless solution was stirred at 21 °C for 1 h. The
colorless solution was concentrated and dried under the vacuum line for 2 h to yield orange oil. To
a solution of 53 (15 mg, 19 pumol) in KHCO;3; (500 uL, 0.5 M in H,O) was added dropwise a solution
of the crude acyl chloride in dioxane (500 uL) at 21 °C for 1 min. Exothermicity was observed. After
addition, the mixture was stirred at 21 °C for 0.5 h. After concentration the orange solid was
suspended in ACN/H,0, filtered and purified by RP column chromatography (C18, 250x21.2mm,
40-min-long gradient from 20 % to 70 % ACN in H,O) to yield a white solid (4.7 mg, 22 %). *H
NMR (700 MHz, CD3;CN) 6 7.77-7.73 (bt, J = 5.6 Hz, 3H, NHCO), 7.55-7.51 (dd, J = 6.3, 3.1 Hz,
3H, Ar-H), 7.49-7.45 (bt, J = 5.6 Hz, 3H, NHCO), 7.32-7.28 (m, 6H, Ar-H), 3.55 (s, 6H, CH,CONH),
3.43-3.39 (m, 6H, CH,NH), 3.34-3.28 (m, 6H, CH,;NH), 2.26 (s, 9H, CH3CO,), 2.23 ppm (s, 9H,
CH3CO,). *C NMR (176 MHz, CD5CN) & 170.3, 169.9, 169.3, 166.2, 144.3, 141.5, 131.6, 127.4,
127.1, 126.7, 58.7, 50.5, 40.1, 39.8, 20.8, 20.8 ppm. ESI-HRMS: Cs;HesNeO1g** m/z = 545.7229
(calculated: 545.7218) [M+2H]**, error = 2.0 ppm.
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40 (27 mg, 113 umol), DIPEA (42 uL, 241 umol) and HATU (52 mg, 137 pumol) were added in
DMF (500 pL) and stirred for 5 min. Tris(2-aminoethyl)amine (5.1 pL, 34 umol) was added and the
yellow solution was stirred at 25 °C for 15 min. The yellow solution was diluted in EtOAc (10 mL)
and washed with a LiCl solution (5 %, 3x10 mL), brine (3x10 mL), dried over MgSO, and
concentrated to yield pale yellow oil (22 mg). The crude material was diluted in ACN/H,O (1/1,
0.1 % HCOOH) purified by RP column chromatography (ACN/H,O without any acid, linear gradient
20 %-70 % ACN for 40 min) to yield a white solid (2.6 mg, 10 %). *"H NMR (500 MHz, MeOD) &
7.44 (dd, J=7.7, 1.5 Hz, 3H, Ar-H), 7.33 (dd, J = 8.1, 1.6 Hz, 3H, Ar-H), 7.24 (t, J = 8.0 Hz, 3H, Ar-
H), 3.70 (m, 6H, CH,), 3.45 (m, 6H, CH,), 2.29 (s, 9H, CHsCO,), 2.23 ppm (s, 9H, CH;CO,).
3C NMR (126 MHz, MeOD) & 169.9, 144.5, 141.7, 127.7, 127.4, 127.4, 55.4, 37.0, 20.6, 20.4 ppm.
ESI-HRMS: C39H43N4015" m/z = 807.2718 (calculated: 807.2719) [M+H]", error = 0.1 ppm.
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2,3-bis(benzyloxy)benzoic acid 54 (104 mg, 310 pumol), DIPEA (122 pL, 701 pmol) and
HATU (126 mg, 331 pmol) were added in DMF (1.0 mL) and stirred for 5 min. Tris(2-
aminoethyl)amine (15 pL, 100 pmol) was added and the yellow solution was stirred at 25 °C for 10
min. The yellow solution was diluted in EtOAc (25 mL), brine (3x50 mL), dried over MgSO, and

concentrated to yield pale yellow oil (162 mg). The crude material was dissolved in DCM (0.5 mL)
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and purified by NP flash column chromatography (msio> = 4 g, 20-min-long gradient from neat DCM
to DCM:EtOAc/1:1) to yield viscous oil (75 mg, 68 %). "H NMR (500 MHz, MeOD) & 7.47-7.40 (m,
6H, Ar-H), 7.38-7.29 (m, 9H, Ar-H), 7.28-7.22 (m, 9H, Ar-H), 7.22-7.15 (m, 12H, Ar-H), 7.07-7.02 (t,
J = 8.0 Hz, 3H, Ar-H), 5.09 (s, 6H, CH,C¢Hs), 4.98 (s, 6H, CH,CgHs), 3.14 (t, J = 6.2 Hz, 6H,
CH,CH,), 2.39 ppm (m, 6H, CH,CH,). *C NMR (126 MHz, MeOD) & 168.3, 153.3, 147.6, 138.3,
138.1, 129.7, 129.6, 129.5, 129.4, 129.2, 129.0, 125.5, 122.8, 118.0, 77.1, 72.1, 53.3, 38.9, 38.4
ppm. ESI-HRMS: CgoHs7N,Og™ m/z = 1095.4894 (calculated: 1095.4903) [M+H]", error = 0.8 ppm.
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2,3-bis(benzyloxy)benzoic acid 54 (38 mg, 113 umol), DIPEA (42 uL, 239 umol) and HATU
(52 mg, 137 umol) were added in DMF (500 pL) and stirred for 5 min. Tris(2-aminoethyl)amine
(5.1 yL, 34 pmol) was added and the yellow solution was stirred at 25 °C for 10 min. The yellow
solution was diluted in EtOAc (10 mL), washed with a LiCl solution (5 %, 3x10 mL), a HCI solution
(1 M, 3x10 mL), a Na,COj; solution (0.1 M, 3x10 mL), brine (3x10 mL), dried over MgSO, and
concentrated to yield pale yellow oil (45 mg). The crude material was set to a hydrogen
atmosphere over 10 % Pd/C (4 mg, 3.4 umol) in MeOH at 21 °C for 23 h. The black suspension
was filtered through celite, washed and concentrated to yield colorless oil (19 mg). The crude
material was diluted in ACN/H,O (1000 pL, 1/1) and purified by RP column chromatography
(column: Phenomenex, C18, 250x21 mm, eluent: ACN/H,0/0.1 % TFA, 40-min-long gradient from
10 to 70 % ACN) to yield brown oil (18 mg, 90 %). *H NMR (500 MHz, MeOD) & 7.10 (dd, J = 8.1,
1.5 Hz, 3H, Ar-H), 6.90 (dd, J = 7.8, 1.5 Hz, 3H, Ar-H), 6.64 (t, J = 8.0 Hz, 3H, Ar-H), 3.85 (t, J =
5.7 Hz, 6H, CH,CH,), 3.66 ppm (t, J = 5.7 Hz, 6H, CH,CH,). **C NMR (126 MHz, MeOD) & 172.8,
149.8, 147.3, 120.2, 120.1, 119.8, 116.7, 55.7, 36.2 ppm. ESI-HRMS: C,;H3;N,O4" m/z = 555.2077

(calculated: 555.2086) [M+H]", error = 1.6 ppm
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Tris(2-aminoethyl)amine (1.00 g, 6.83 mmol) was dissolved in a mixture of water and
dioxane (10 mL/ 20 mL). The colorless solution was cooled to 0 °C and NaOH (2.5 g, 62 mmol)
and Boc,0 (10.9 g, 50 mmol) were added and the colorless solution was stirred for 62 h at 22 °C.
The resulting white suspension was diluted in water (50 mL) and extracted with EtOAc (3x50 mL),
dried over MgSQ,, filtered and concentrated to yield a white solid (3.50 g). The crude material
(51 mg, 100 umol) was dissolved in dried acetonitrile and Mel (84 pL, 1344 umol) and K,CO; (31
mg, 224 pmol) were added to the colorless solution. The RM was stirred for 49 h. The solution was
diluted in ether (10 mL). The OL was extracted with water (3 x 10 mL). The aqueous phase was
concentrated to yield an orange solid (mcg = 28.0 mg).To a stirred crude (28 mg) light yellow
solution in DCM (400 pL) was added TFA (100 uL) at 0 °C under Ar conditions and the yellow
solution was stirred at 24 °C for 3 h. The RM was concentrated to yield a light white solid (m = 27
mg). To a colorless solution of 40 (46 mg, 195 pmol) in DCM (200 uL) and DMF (100 pL) was
added oxalyl chloride (32 L, 383 umol) and the colorless solution was stirred at 25 °C for 1 h. The
colorless solution was concentrated and dried under the vacuum line to yield yellow oil. To a
solution of the crude quarternary amine (28 mg, 48 pumol) in KHCO; (1340 uL, 0.5 M in H,0) was
added dropwise a yellow solution of the acyl chloride in dioxane (770 pL). After addition, the
orange mixture was stirred at 25 °C for 30 min and then lyophilized to yield a brown solid. The
brown solid was suspended in ACN, filtered and concentrated for 1 h to yield brown oil (110 mg)
which was purified by RP column chromatography (column: Phenomenex, C18, 250x40 mm,
eluent: ACN/H,O, 40-min-long gradient from 20 % to 45 % ACN) to yield a white solid (2.5 mg,
6 %). The yield was calculated based on I' as a counterion, although it was not determined.
'H NMR (500 MHz, CD5CN). & 8.71 (t, J = 5.5 Hz, 3H, NH), 7.49 (dd, J = 7.2, 1.8 Hz, 9H, Ar-H),
7.47-7.37 (m, 6H, Ar-H), 3.75-3.68 (m, 6H, CH,), 3.62-3.55 (m, 6H, CH,), 2.29 (s, 9H, CH3CO),
2.26 ppm (s, 9H, CH;CO). *C NMR (125 MHz, CDsCN). & 168.3, 167.9, 165.2, 142.9, 140.1,
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130.0, 126.4, 126.0, 59.5, 32.9, 20.3, 20.3 ppm. ESI-HRMS: C4H4sN4O:5° m/z = 821.2890
(calculated: 821.2876) [M]", error = 1.7 ppm.
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39 was prepared according to the procedure reported by Wickramaratne et al.*! To a stirred
white suspension of cyclen (61 mg, 0.4 mmol) and sodium acetate (96 mg, 1.2 mmol) in DMA
(0.5 mL) at 23 °C under Ar conditions was added a solution of 39 (330 mg, 1.2 mmol) in DMA
(1.0 mL, 250 pL/h). The reaction mixture was stirredfor 20 h at 23 °C. A KHCOs; solution (100 mL,
0.5 M in H,O) was then added to the yellow solution, which was extracted with DCM (3x50 mL).
The combined OLs were washed with brine (100 mL), dried over Na,SQ,, filtered and concentrated
to yield yellow oil. The crude material was suspended with K,CO3; (196 mg, 1.4 mmol) in ACN
(0.5 mL). 55 was prepared according to the procedure reported by Abedin et al.**®. A solution of
55 (81 mg, 0.5 mmol) in ACN (1.0 mL) was added for 1 min under Ar conditions at O °C, and the
suspension was stirred for 2 h at 23 °C. The precipitate was filtered and the filtrate was
concentrated. The resulting yellow oil was dissolved in DCM (50 mL) and washed with H,O
(3%25 mL), dried over MgSQ,, filtered and concentrated to yield a pale yellow solid (524 mg). The
crude material was dissolved in DCM, TFA (1.5 mL, 19.6 mmol) was added at O °C under Ar
conditions, and the yellow solution was stirred at 22 °C for 4 h. The yellow solution was
concentrated to yield brown oil, which was dissolved in ACN/H,O (1/1, 0.1 % TFA, 1300 pL),
purified by RP column chromatography (column: C18, 25030 mm, eluent: ACN/H,0/0.1 % TFA,
40-min-long gradient from 0 % to 25 % ACN) to yield 56 as yellow oil (193 mg, 60 %). ‘*H NMR
(500 MHz, CDCN). & 10.05 (bs, 7H, NH), 8.28-7.14 (m, 9H), 4.05-3.81 (m, 3H), 3.58-3.38 (m, 6H),
3.38 (bs, 4H), 3.21-3.09 (m, 5H), 3.01 (bs, 12H), 2.91 ppm (bs, 9H). *C NMR (125 MHz, CD5CN).
0 173.3,72.8,55.9,55.1,51.9, 50.1, 41.5, 40.7, 38.6, 38.2, 38.0, 35.8, 29.7, 20.7 ppm. ESI-HRMS:
CusHsoN1:04" m/z = 568.4042 (calculated: 568.4042) [M+H]", error < 0.1 ppm.
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To a colorless solution of 40 (46 mg, 192 umol) in DCM (200 pL) and DMF (25 uL) was
added oxalyl chloride (33 puL, 390 umol), and the pale yellow solution was stirred at 21 °C for 0.5 h.
The reaction mixture was concentrated and dried under vacuum for 0.5 h to yield a yellow solid. To
a solution of 56 (50 mg, 55 ymol) in KHCO; (1.5 mL, of a 0.5 M solution in H,O) was added
dropwise a pale yellow suspension of the acyl chloride in dioxane (1.5 mL) for 1 min at 0 °C. The
pale yellow solution was stirred at 22 °C for 30 min. The pale yellow solution was concentrated,
diluted in ACN (2 mL), filtered and concentrated to yield pale yellow oil (110 mg). The yellow oil
was diluted in ACN/H,O (600 uL) and purified by RP column chromatography (Phenomenex C18,
250%21.2 mm, 40-min-long gradient from 10 to 40 % ACN in H,O) to yield 57 as a white solid
(19 mg, 29 %). *H NMR (500 MHz, CDsCN). & 8.02 (bs, 1H), 7.68 (bs, 1H), 7.54 (m, 4H), 7.45 (bs,
1H), 7.33 (m, 9H), 3.92 (m, 2H), 3.79-3.49 (m, 7H), 3.49-3.38 (m, 7H), 3.38-3.27 (m, 7H), 3.27-3.00
(m, 15H), 2.49 (t, J = 1.8 Hz, 1H), 2.25 ppm (m, 18H). *C NMR (125 MHz, CD;CN). & 169.6,
169.4, 166.5, 166.5, 144.3, 141.4, 131.4, 127.5, 127.3, 126.8, 126.8, 80.8, 72.5, 56.0, 51.2, 50.8,
47.2, 40.3, 40.2, 29.4, 20.9, 20.8 ppm. ESI-HRMS: CsgH7sN11:010>" m/z = 614.7617 (calculated:
614.7615) [M+2H]**, error = 0.3 ppm.
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To a solution of 57 (2.5 mg, 2.0 umol) and BODIPY FL-azide (0.8 mg, 2.2 pmol) in DMSO
(40 pL) and tBuOH (25 pL) was added a solution of TBTA (0.4 mg, 8.1 pmol) in DMSO (10 pL).
Zn(OAc); (1.1 mg, 6.1 pmol) was added to the solution, which was stirred for 30 min. A premixed
yellow solution of CuSO, (0.36 mg, 2.2 umol) and Na ascorbate (0.44 mg, 2.2 umol) in water
(25 pL) was added to the orange solution, which was stirred for 15 min. The resulting orange
solution was diluted in ACN/H,O (700 pL) and purified by RP column chromatography
(Phenomenex C18, 250x10 mm, 2 runs of 40-min-long gradient from 10 to 40 % ACN in H,0) to
yield 21 as an orange solid (0.7 mg, 21 %). *H NMR (500 MHz, CDsCN). & 7.66 (m, 3H), 7.55 (m,
4H), 7.32 (m, 9H), 6.99 (s, 1H), 6.75 (m, 1H), 6.47-6.21 (m, 3H), 4.40 (s, 1H), 4.27 (s, 2H), 3.68-
3.20 (m, 20H), 3.14 (bt, 2H), 3.08 (bs, 3H), 3.00-2.80 (bs, 6H), 2.80-2.60 (bs, 6H), 2.53 (m, 3H),
2.49 (s, 3H), 2.26 (s, 12H, CH3CO,), 2.23 (s, 6H, CH;CO,), 1.00 (s, 4H), 0.21 ppm (m, 3H). **C
NMR (176 MHz, CD3CN). 6 173.1, 172.8, 172.4, 172.0, 169.8, 169.7, 169.5, 169.3, 166.6, 161.3,
158.4, 146.0, 144.7, 144.3, 144.2, 141.4, 141.3, 136.0, 134.2, 131.4, 131.3, 131.2, 129.5, 127.6,
127.5, 127.4, 127.0, 126.9, 125.8, 124.3, 121.5, 57.2, 56.8, 51.8, 51.4, 48.4, 40.8, 40.7, 39.5, 39.5,
36.9, 35.7, 35.0, 30.7, 25.1, 21.1, 20.9, 20.8, 15.1, 11.4, 11.4 ppm. **F NMR (CDsCN, 471 MHz). &

130



6. Materials and methods

-146.3 ppm (q, J = 33 Hz, 2F). ESI-HRMS: CsHeuN17O20BF,Zn® m/z = 832.8127 (calculated:
832.8107) [M]*, error = 2.4 ppm.

_____________________________

58 was prepared according to the procedure reported by Szent-Gyorgyi et al.*?? To a light
blue solution of 58 (200 mg, 462 pumol) in DCM (5 mL) was added p-chloranil (170 mg, 691 pmol).
The reaction mixture was stirred at 25 °C for 2 h and diluted in DCM (50 mL) and water (100 mL).
The AL was extracted with DCM (5%100 mL), and the combined OLs were washed with brine (100
mL), dried over MgSQ,, filtered and concentrated to yield a dark blue solid. The crude material was
dissolved in ACN:H,O (1:1) and purified by RP column chromatography (column: Phenomenex,
C18, 250x21 mm, eluent: ACN/H,0/0.1 % HCOOH). The fractions were lyophilized to yield 59 as a
dark blue solid (25 mg, 11 %). *H NMR (500 MHz, CD;OD). & 7.47 (d, J = 9.3 Hz, 4H, Ar-H), 7.41
(d, J = 8.9 Hz, 2H, Ar-H), 7.22 (d, J = 8.9 Hz, 2H, Ar-H), 7.08 (d, J = 9.4 Hz, 2H, Ar-H), 4.26 (t, J =
6.3 Hz, 2H, OCH,), 3.36 (s, 12H, CHs), 3.13 (s, 1H), 2.58 (t, J = 7.2 Hz, 2H, CH,CO,H), 2.19 ppm
(m, 2H, CH,CH,CH,). *C NMR (125 MHz, CD;0D). & 179.8, 176.8, 165.7, 158.4, 141.9, 138.9,
133.3, 128.3, 116.0, 114.4, 68.8, 40.8, 31.2, 25.6 ppm. ESI-HRMS: C,;H3;N,O3" m/z = 431.2335
(calculated: 431.2329) [M]", error = 1.4 ppm.
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60 was prepared according to the procedure reported by Szent-Gyorgyi et al.**%. To a light
blue solution of 60 (10.6 mg, 17 umol) in EtOAc (1.0 mL) was added p-chloranil (9.4 mg, 38 pumol).
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The reaction mixture was refluxed for 1 h, filtered and concentrated to yield dark blue oil. The
crude material was dissolved in EtOH:HCI (37 %) (1:1 mL) and stirred for 2 h at 25 °C. The
reaction was monitored by LC-MS. The dark solution was diluted in water (30 mL) and washed with
EtOAc (3x20 mL). The AL was lyophilized to yield a blue solid (8.0 mg). The crude material was
purified by RP column chromatography (column: Phenomenex, C18, 250x10 mm, eluent:
ACN/H,0/0.1 % TFA). The fractions were lyophilized to yield 61 as a dark blue solid (6.0 mg,
52 %). '"H NMR (500 MHz, Dg-DMSO). & 8.12 (br s, 1H, CONH), 7.83 (br s, 3H, NH5), 7.33 (dd, J =
9.2, 8.8 Hz, 6H, Ar-H), 7.20 (d, J = 8.8 Hz, 2H, Ar-H), 7.07 (d, J = 9.4 Hz, 4H, Ar-H), 4.17 (t, J = 6.4
Hz, 2H, OCHy,), 3.33-3.24 (m, 2H, CONHCH,), 3.28 (s, 12H), 2.87 (m, 2H, CH,NH3), 2.32 (t, J=7.4
Hz, 2H, CH,CONH), 2.02 ppm (m, 2H, CH,CH,CH,). **C NMR (125 MHz, D¢-DMSO). & 176.0,
172.4, 163.5, 156.3, 140.1, 137.4, 131.3, 126.3, 115.0, 113.6, 67.8, 38.7, 36.5, 31.5, 24.5 ppm.
ESI-HRMS: CyH37N,O," m/z = 473.2960 (calculated: 473.2911) [M-H]*, error = 10.4 ppm The
analyzed data showed accordance to previously published ones.™*!
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To a solution of 38 (50 mg, 32 umol) in THF (300 uL) was added a LiOH solution (1 M in
H,O, 100 pL). The reaction was monitored by TLC (CH,Cl,:MeOH/8:2, UV), and the solution was

stirred for 4 h at 25 °C. The reaction mixture was concentrated, rediluted in ACN (1.3 mL), filtered

(
L

and purified by RP column chromatography (column: Phenomenex, C18, 250x21 mm, eluent:
ACN/H,0/0.1 % TFA) to yield 62 as colorless oil (40.7 mg, 87 %). '"H NMR (500 MHz, Ds-DMSO).
5 8.52 (bs, 2H, CONH), 8.27 (t, J = 5.9 Hz, 2H, CONH), 8.23 (t, J = 5.9 Hz, 1H, CONH), 8.18 (bs,
1H, CONH), 7.80 (bs, 1H), 7.51-7.45 (m, 6H, Ar-H), 7.43-37 (m, 6H, Ar-H), 7.37-7.31 (m, 9H, Ar-
H), 7.31-7.24 (m, 12H, Ar-H),7.15-7.06 (m, 6H, Ar-H), 5.21-5.16 (2xbs, 6H, ArOCH,C¢Hs), 5.02-
4.97 (2xbs, 6H, ArOCH,Cg¢Hs), 4.07-2.94 ppm (m, 36H, DOTAM + NHCH,CH,NH). **C NMR
(125 MHz, De-DMSO). & 166.1, 166.0, 151.6, 145.2, 145.2, 137.0, 136.8, 130.8, 128.5, 128.4,
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128.2, 128.0, 127.7, 124.2, 120.9, 116.0, 75.2, 75.1, 70.2, 38.8, 38.1 ppm. ESI-HRMS:
CgsHosN10014" M/z = 1479.7032 (calculated: 1479.7024) [M+H]", error = 0.5 ppm.
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BnO OBn NH 22
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J

To a solution of 62 (10.0 mg, 6.8 umol) in DMF (200 uL) were successively added HATU
(4.4 mg, 11.6 pmol) and DIPEA (4.7 pL, 27.0 umol). The reaction mixture was stirred at 25 °C for
10 min. A solution of 61 (11.1 mg, 20.3 yumol) in DMF (50 yL) was added to the reaction mixture
and stirred for 1 h at 25 °C. More DIPEA (4.7 pL, 27.0 pumol) and HATU (4.4 mg, 11.6 umol) were

added to the reaction mixture, which was stirred for 3 further hours. The reaction mixture was

filtered and purified by RP column chromatography (column: Phenomenex, C18, 25010 mm,
eluent: ACN/H,0/0.1 % TFA, linear gradient from 30 % to 80 % ACN). The fractions were gathered
and lyophilized to yield 22 as a dark blue solid (8.5 mg, 13.8+0.6 % of water content assessed by
'H NMR, 56 %). *H NMR (700 MHz, Ds-DMSO). & 8.38 (bs, 3H, CONH), 8.26 (m, 3H, CONH),
8.00-7.81 (m, 2H, CONH), 7.46 (d, J = 7.3 Hz, 6H, Ar-H), 7.38 (t, J = 7.5 Hz, 6H, Ar-H), 7.36-7.31
(m, 9H, Ar-H), 7.31-7.24 (m, 18H, Ar-H), 7.15-7.07 (m, 8H, Ar-H), 7.03 (d, J = 9.3 Hz, 4H, Aryg-H),
5.21-5.14 (2xbs, 6H, ArOCH,C¢Hs), 5.01-4.96 (2xbs, 6H, ArOCH,C¢Hs), 4.07 (t, J = 6.3 Hz, 2H,
MG CH,NHCO), 3.77-3.53 (bs, 9H), 3.39-3.28 (m, 10H), 3.26 (s, 13H), 3.22-3.10 (m, 15H), 2.23 (t,
J = 7.5 Hz t, 2H, CH,CONH), 2.02 ppm (m, J = 7.0, 6.0 Hz, 2H, CH,CH,CH,). *C NMR (176 MHz,
Ds-DMSO). 6 176.0, 171.9, 166.1, 163.4, 156.3, 151.6, 145.1, 140.1, 137.3, 137.0, 136.7, 131.3,
130.8, 128.5, 128.3, 128.2, 128.0, 127.7, 126.2, 124.2, 120.9, 116.0, 114.9, 113.6, 75.1, 70.2,
67.8, 54.5, 49.6, 40.4, 40.0, 38.6, 38.4, 31.6, 24.6 ppm. ESI-HRMS: C114H131N14015>" miz =

645.3300 (calculated: 645.3301) [M+2H]**, error = 0.2 ppm.
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Into a flask were added THF (200 mL, 0.1 M), 4,7,10-trioxa-1,13-tridecanediamine (22.0 mL,
100 mmol), triethylamine (2.77 mL, 20.0 mmol), and MeOH (70 mL, 0.3 M). The flask was fitted
with a dropping funnel, maintained under a nitrogen atmosphere, and cooled in an ice bath (0 °C).
Benzyl chloroformate (2.84 mL, 20.0 mmol) was dissolved in THF (100 mL, 0.2 M) and added
dropwise (over 45 min) to the reaction mixture, which was allowed to warm to room temperature
and stirred (30 min). Volatiles were removed under reduced pressure. The crude mixture was
diluted with brine (200 mL) and sodium carbonate (10 % aqueous, 40 mL), extracted with ether
(150 + 2x100 mL), washed with brine (100 mL), and dried with sodium sulfate. Volatiles were
removed under reduced pressure, to yield a mixture (approximately 4:1) of monocarbamate and
dicarbonate, which was used directly for the next step. Crude monocarbamate: *H NMR (CDCl,
500 MHz) & 7.36—7.28 (m 5H, Bn), 5.58-5.52 (brs, 1H, NHZ), 5.09 (s, 2H, Bn), 3.65-3.45 (m, 12H,
6xCH,-0), 3.33-3.27 (m, 2H, CH,-NHZ), 2.77 (t, J = 6.8 Hz, 2H, CH,—NH,), 1.80-1.66 (m, 4H,
2xC—CH,—C)."%Bromoacetyl bromide (287 pl, 3.3 mmol) was added dropwise to the crude
material (1062 mg, 3 mmol) and TEA (837 ul, 6 mmol) in 12 ml dichloromethane at 0°C. The
reaction mixture was allowed to stir for 2 h, and the temperature gradually rose to room
temperature. The solvents were evaporated followed by aqueous work up and extraction with ethyl
acetate. The OL was washed with 10 % citric acid, water and saturated sodium bicarbonate and
brine and dried over anhydrous sodium sulfate, filtered and concentrated. ESI-MS:
CyoH31BrN,Ogm/z = 475.2 [M+H"].To a stirred solution of 36 (925 mg, 1.8 mmol) and K,CO;
(994 mg, 7.2 mmol) in ACN (50 mL) was added the crude material (1067 mg, 2.25 mmol) in ACN
(20 mL) within 10 min. Stirring was continued overnight under argon at room temperature. The
precipitate was filtered and the filtrate concentrated. The resulting oil was purified by RP-HPLC
(10 % to 90 % ACN) or Flash silica gel column chromatography (eluent: DCM:MeOH = 9:1-4:1)
yielding 63 (0.644 g, 39 %) as a white solid. *H NMR (500 MHz, Chloroform-d) & 8.30 (s, 1H, NH),
7.34 (bs, 2H, Ar), 7.33 (bs, 2H, Ar), 7.32-7.26 (m, 1H), 5.42 (s, 1H, NH), 5.07 (s, 2H, CH,Ar), 4.10
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(bs, 2H, CH,), 3.88 (bs, 2H, CH,), 3.65-3.44 (m, 22H, CH,), 3.30-3.27 (m, 6H, CH,), 3.03 (bs, 8H,
CH,), 1.77-1.75 (m, 4H, CH,CH,CH,-), 1.48 (s, 9H, tBu), 1.41 ppm (s, 18H, tBu)."*C NMR
(125 MHz, CDCl;) & 169.9, 156.7, 137.0, 128.6, 128.2, 82.6, 70.6, 70.5, 70.2, 70.2, 69.6, 69.0,
66.6, 55.4, 55.3, 54.9, 52.0, 49.0, 39.3, 37.4, 29.6, 29.0, 28.2, 28.1 ppm. ESI-HRMS: C4sHg1NgO1,"
m/z = 909.5905 (calculated: 909.5907) [M+H]", error = 0.2 ppm.
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63 (91 mg, 0.1 mmol) was dissolved in 3 mL 95 % TFA/H,O, and the reaction mixture was
stirred for 2 h under argon at room temperature. The reaction was monitored by LC-MS. After the
reaction was complete, the solvent was 3 times co-evaporated with toluene. The crude product
was used without further purification in the next step. ESI-MS found: [M+H]" = 741.8. 'H NMR
(500 MHz, Methanol-d,) & 7.42-7.30 (m, 5H, Ar), 5.11 (s, 2H, -CH,-Ar), 3.87-3.24 (m, 40H, -CH,),
1.80 (M, 4H, -CH,CH,CH,-)."*C NMR (125 MHz, MeOD) & 162.95, 162.68, 158.85, 138.50, 129.50,
128.99, 128.75, 119.35, 117.03, 71.50, 71.44, 71.15, 71.08, 69.98, 69.77, 67.32, 55.81, 54.68,
51.13, 39.24, 38.07, 30.85, 30.21. For removal of the Boc protection group, 42 (80 mg, 0.21 mmol)
was dissolved in 3 mL 50 % TFA/DCM, and the reaction mixture was stirred for 10 min under
argon at room temperature. The reaction was monitored by LC-MS. After the reaction was
complete, the solvent was 3 times co-evaporated with toluene. The crude product was used
without further purification in the next step. ESI-MS found: [M+H]" = 281.2. The crude arboxylic
acid (52 mg, 0.07 mmol), HATU (80 mg, 0.21 mmol) and DIPEA (40 pL, 0.23 mmol) were
dissolved in 3 mL DMF/CH,CI, (1:1). After 10 min, the reaction mixture was added into the
unprotected form of 42 (66 mg, 0.21 mmol) and stirred 30 min under argon at room temperature.
The solution was concentrated in vacuum to remove the DCM, then directly and immediately
purified by HPLC to give 64 (40 mg, 37 %) as a white powder. *H NMR (500 MHz, CD;0D) & 7.58-
7.50 (m, 3H), 7.41-7.31 (m, 10H), 5.09 (s, 2H, CH,C¢Hs), 3.71-3.45 (m, 27H), 3.38 (q, J = 10.0, 8.0

135



6. Materials and methods

Hz, 10H), 3.30 (t, J = 6.9 Hz, 6H), 3.26-3.19 (m, 6H), 2.35-2.28 (m, 18H, CO,CHj3), 1.78 ppm (dp, J
= 12.9, 6.4 Hz, 5H). *C NMR (125 MHz, CD;0OD). & 170.0, 169.9, 168.3, 158.8, 144.7, 141.8,
138.5, 131.8, 129.5, 129.0, 128.7, 127.7, 127.2, 127.2, 125.6, 116.5, 71.5, 71.4, 71.2, 70.0, 69.7,
67.3, 56.2, 40.6, 40.0, 39.3, 38.3, 30.9, 30.3, 20.7, 20.4 ppm. ESI-HRMS: C;3H100N1,02.*" m/z =
764.3469 (calculated: 764.3481) [M+2H]*, error = 1.7 ppm.

NM62
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64 (31 mg, 20 umol) was hydrogenolyzed (1 atm) over 10 % Pd on carbon (4 mg) in MeOH
(5 mL) for 12 h. The Pd/C was removed by filtration, and the MeOH was removed by evaporation.
Compounds were analyzed by LC/MS. ESI-MS found: [M+2H]** = 698.0. This procedure was
repeated. To a solution of 59 (25 mg, 54 umol) in DMF (2 mL) were successively added HATU
(21 mg, 55 pmol) and DIPEA (16 pL, 92 pumol). A solution of the crude amine (44 mg, 32 pmol) in
DMF (3 mL) was added to the reaction mixture and stirred for 1 h at 25 °C. The reaction mixture
was filtered and purified by RP column chromatography (column: Phenomenex, C18, 250x21 mm,
eluent: ACN/H,0/0.1 % HCOOH, linear gradient from 10 % to 70 % ACN). The fractions were
gathered and lyophilized to yield 23 as a dark blue solid (0.4 mg, 1 %). *H NMR (700 MHz, Ds-
DMSO). & 8.42 (m, 4H, CONH), 7.88 (m, 1H, CONH), 7.49 (d, J = 7.4 Hz, 2H), 7.41-7.28 (m, 11H,
Ar-H), 7.19 (d, J = 8.9 Hz, 2H, Ar-H), 7.07 (d, J = 9.4 Hz, 4H, Ar-H), 4.14 (t, 2H), 3.76 (m, 2H),
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3.52-3.46 (m, 8H), 3.46-3.41 (m, 7H), 3.40-3.35 (m, 7H), 3.34-3.26 (m, 23H), 3.25-3.20 (m, 7H),
3.19-3.05 (m, 12H), 2.30-2.20 (2xs, 18H, CH;C0OO0), 1.99 (m, 2H), 1.68-1.59 (m, 4H), 1.31-
1.20 ppm (m, 4H). *C NMR (175 MHz, D¢-DMSO). & 176.1, 171.3, 168.3, 167.8, 164.9, 163.5,
156.3, 142.9, 140.1, 137.4, 131.3, 130.6, 126.3, 126.2, 126.1, 125.6, 115.0, 113.6, 69.7, 69.5,
68.1, 68.0, 67.8, 63.3, 54.6, 53.6, 49.6, 42.9, 40.4, 40.0, 38.6, 38.4, 35.8, 31.5, 29.4, 29.0, 24.7,
20.3, 20.3 ppm. ESI-HRMS: Cg,H123N140,,>" m/z = 602.6272 (calculated: 602.6273) [M+2H]**, error
=0.2 ppm.
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To a solution of 6 (10.0 mg, 7.8 umol) and N-methylmorpholine (4.3 pL, 39 pmol) in
anhydrous DMF (100 pL) was added ethyl chloroformate (3.7 pL, 39 pmol) at 21 °C, and the
reaction mixture was stirred for 10 min. A solution of ampicillin (13.7 mg, 39 pmol) and Et3N
(16.4 pL, 118 pmol) in DMF (50 pL) was added, and the mixture was stirred for 15 min at 21 °C.
The colorless solution was purified by preparative HPLC (column: Phenomenex, C18, 25010 mm,
eluent: ACN/H,0/0.1 % HCOOH, 40-min-long gradient from 20 to 30 % ACN). The fractions were
lyophilized to yield 24 as a white solid (7.1 mg, 56 %). *H NMR (500 MHz, Dg-DMSO0). & 9.08 (d,
1H), 8.51 (d, 1H), 8.41 (m, 3H), 8.21 (bs, 2H), 8.11 (m, 1H), 7.47 (dd, J = 5.4, 1.2 Hz, 3H, Ar-H),
7.41 (d, J = 5.2 Hz, 3H, Ar-H), 7.38-7.30 (m, 8H, Ar-H), 5.71 (d, J = 5.9 Hz, 1H), 5.49 (m, 1H), 5.37
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(d, J = 2.9 Hz, 1H), 4.16 (d, J = 9.6 Hz, 1H), 3.42-3.13 (m, 24H), 3.13-3.00 (m, 3H), 2.95-2.79 (m,
11H), 2.25 (s, 18H, CH3CO,), 1.53 (s, 3H, CCHs), 1.40 ppm (s, 3H, CCH,). *C NMR (125 MHz, Ds-
DMSO). 6 173.3, 173.2, 171.6, 170.2, 169.7, 168.9, 168.3, 167.8, 164.7, 160.5, 142.8, 140.1,
138.3, 138.1, 138.0, 130.7, 128.2, 128.2, 127.6, 127.5, 127.2, 127.1, 126.9, 126.1, 126.1, 125.5,
70.8, 70.6, 67.2, 67.1, 63.8, 58.0, 58.0, 56.2, 55.4, 53.8, 51.1, 38.8, 38.2, 30.4, 26.7, 26.7, 25.4,
20.3, 20.2 ppm. ESI-HRMS: C75HosN140,4S% m/z = 804.3216 (calculated: 804.3216) [M+2H]*, error

< 0.1 ppm.
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To a solution of 24 (4.0 mg, 2.5 pmol) in dried MeOH (200 uL) was added anhydrous CuSO,
(1.1 mg, 6.9 umol) under Ar, and the blue solution was stirred for 15 min at 26 °C. The blue
solution was concentrated, rediluted in ACN/H,O (600 pL), filtered and purified by RP column
chromatography (column: Phenomenex, C18, 250x10 mm, eluent: ACN/H,0, 40-min-long gradient
from 10 to 40 % ACN in water) to yield 25 as a blue solid (3.5 mg, 85 %). ESI-HRMS:
C75HesN140,,SCU?* m/z = 834.7787 (calculated: 834.7786) [M]**, error = 0.2 ppm.
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A white suspension of ciprofloxacin (21 mg, 64 pmol) DCM (2.0 mL) and Et;N (9 pL,
64 umol) was added to N-Succinimidyl 3-(2-pyridyldithio) propionate (SPDP, 20 mg, 64 pumol) and
the resulting yellow solution was stirred for 3 h at 29 °C. The yellow solution was concentrated to
300 pL and purified by NP flash column chromatography (msio2. = 4 g, 30-min-long gradient from
neat DCM to 5 % MeOH in DCM). The pure fractions were concentrated to yield 27 (33 mg, 97 %).
'H NMR (500 MHz, CDCl;) & 8.78 (s, 1H), 8.70 (d, J = 5.5 Hz, 1H), 8.16 (m, 2H), 8.04 (d, J = 12.8
Hz, 1H), 7.55 (m, 1H), 7.47 (d, J = 7.1 Hz, 1H), 3.87-3.82 (m, 2H), 3.80-3.75 (m, 2H), 3.65-3.60 (m,
1H), 3.43-3.40 (m, 2H), 3.35-3.32 (m, 2H), 3.21 (t, J = 6.7 Hz, 2H), 2.98 (t, J = 6.7 Hz, 2H), 2.70 (s,
1H), 1.49-1.43 (m, 2H), 1.21-1.17 ppm (m, 2H). **C NMR (126 MHz, CDCl;) d 177.3, 168.7, 167.1,
158.3, 147.7, 144.0, 142.9, 139.2, 124.6, 122.9, 120.7, 112.8, 112.6, 108.4, 106.0, 50.1, 45.3,
41.8,35.7,34.1, 32.4, 29.8, 25.6, 8.5 ppm. >F NMR (471 MHz, CDCl;) & -121.3 ppm (dd, 12.7, 7.0
Hz, 1F). ESI-HRMS: C,sH,sFN,0,S," m/z = 529.1376 (calculated: 529.1374) [M+H]", error = 0.4

ppm.

- J

DMF (250 pL) was added to 3-(tritylthio) propanoic acid (23 mg, 66 pmol), under Ar
conditions. Under Ar conditions at 0 °C, DIPEA (32 pL), HATU (34 mg, 89 umol) and ciprofloxacin
(20 mg, 60 umol) were added. The yellow RM was stirred for 3 h at 22 °C. The yellow RM was

concentrated to yield a yellow solid. The solid was dissolved in ACN (2 mL) and filtered. The yellow
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solution was again concentrated to yield yellow oil (52 mg). To a stirred yellow solution of the crude
material (52 mg) in DCM (150 uL) was added TFA (150 uL) and TIPS (18 pL) at 0 °C under Ar
conditions and the resulting orange solution was stirred at 22 °C for 3.5 h. The orange solution was
co-evaporated with toluene (1 mL) to yield a yellow solid. (52 mg) The resulting yellow solid was
dissolved in ACN/H,O (1/1, 0.1 % TFA, 1 mL).The yellow suspension was filtered to yield a yellow
solution, which was purified by RP column chromatography (column: Gemini, C18, 250x21.2 mm,
eluent: ACN/H,0/0.1 % TFA, 40-min-long gradient from 20 to 70 % ACN) to yield a white solid
(4.95 mg). 'H NMR (500 MHz, Dg-DMSO). & 15.18 (s, 1H), 8.67 (s, 1H), 7.93 (d, J = 13.2 Hz, 1H),
7.58 (d, J = 7.5 Hz, 1H), 3.86-3.78 (m, 1H), 3.75-3.64 (m, 4H), 3.41-3.26 (m, 8H), 2.75-2.65 (m,
4H), 2.40 (t, J = 7.9 Hz, 1H), 1.36-1.29 (m, 2H), 1.22-1.15 ppm (m, 2H). *C NMR (126 MHz, De-
DMSO) & 176.4, 169.2, 165.9, 153.9-152.0 (d, 249 Hz), 148.1, 145.0-144.9 (d, 10Hz), 139.1,
118.9-118.8 (d, 8 Hz), 111.1-110.9 (23 Hz), 106.8, 106.7-106.6 (d, 3Hz), 49.6, 49.2, 44.4, 40.7,
36.4, 35.9, 19.6, 7.6 ppm. °F NMR (471 MHz, Ds-DMS0) & -121.8 ppm (dd, J = 13.1, 7.5 Hz, 1F).
ESI-HRMS: CyH»3FN304S™ m/z = 420.1380 (calculated: 420.1388) [M+H]", error = 1.9 ppm.

IS NH,
_\—NH HN—/_

O}ﬂN/—\Nﬁﬁo
o [N Nj o XTFA

HzN_/_ _\—NHZ

39 was prepared according to the procedure reported by Wickramaratne et al.'**'To a stirred
suspension of cyclen (20 mg, 116 pmol) and sodium acetate (32 mg, 384 pumol) in DMA (200 pL) at
0°C under Ar conditions was added for 3 h a solution of 39 (108 mg, 384 umol) in DMA (200 pL).
The reaction was stirred for 20 h at 25 °C. The yellow suspension was diluted in DCM (20 mL) and
KHCO; (20 mL, 1 M in H,0). The OL was separated, dried over MgSQy, filtered through paper and
concentrated to yield pale yellow oil (159 mg). To a stirred suspension of crude material (65 mg)
and K,COs3 (26 mg, 186 pmol) in ACN (250 pL) was added a 65 (25 mg, 57 pmol) solution in DMA
(250 pL, the compound was insoluble in ACN) dropwise for 5 min under Ar conditions at 0 °C and
the suspension was stirred for 1 h at 24 °C. The precipitate was filtered and the filtrate was
concentrated. The resulting yellow oil was dissolved in DCM (20 mL) and washed with H,O

(3%x30 mL), dried over MgSOQy,, filtered and concentrated to yield a pale yellow solid (83 mg). To a
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stirred pale yellow solution of crude material in DCM (400 pL) was added TFA (100 pL) at 0 °C
under Ar conditions and the resulting bright yellow solution was stirred at 25 °C for 2 h. The yellow
solution was concentrated to yield yellow oil which was dissolved in ACN/H,O (1/1, 0.1 % TFA)
and purified by RP column chromatography (Gemini, 250x20.2mm, 40-min-long gradient from 10
to 40 % ACN in H,O + 0.1 % TFA) to yield colorless oil (32 mg, 57 %). 'H NMR (500 MHz, De-
DMSO0). & 8.65 (bs, 1H, NH), 8.55 (bs, 2H, NH), 8.43 (bs, 1H, NH), 7.98 (bs, 9H, NH3"), 7.42-7.29
(m, 12H, Ar-H), 7.29-7.22 (m, 3H, Ar-H), 3.86-2.76 (m, 38H, NCH,), 2.26 ppm (t, J = 7.2 Hz, 2H,
SCH,). *C NMR (126 MHz, Ds-DMSO) & 168.5, 144.4, 129.1, 128.1, 126.9, 118.1, 66.2, 54.3,
49.4, 38.4, 37.8, 36.6, 31.0, 1.2 ppm. ESI-HRMS: C43HgN1:04S™ m/z = 832.5013 (calculated:
832.5014) [M+H]", error = 0.1 ppm.

O

HS NH
-\ \H /Al onc

N HN

— /8

O [N Nj @)

Of N N~ O

AcO OA NH

c C 67 HN AcO OAc
HN—/_ _\—NH

O o)

To a yellow solution of 40 (22 mg, 92 umol) in DCM (200 uL) and DMF (30 uL) was added
oxalyl chloride (16 pL, 185 pmol) and the colorless solution was stirred at 25 °C for 15 min. The
reaction mixture was concentrated and dried under the vacuum line for 1 h to yield pale yellow
viscous oil. To a solution of 66 (31 mg, 26 pmol) in KHCO; (700 pL, 0.5 M in H,O) was added
dropwise a colorless solution of the crude acyl chloride in dioxane (700 uL) at 25°C for 1 min in a
0 °C bath. After addition, the yellow solution was stirred at 25 °C for 15 min. After concentration,
the yellow solid (78 mg) was suspended in ACN, filtered and concentrated in the vacuum line for
30 min to yield yellow oil (48 mg). To a stirred yellow solution of crude material in DCM (400 pL)
was added TIPS (8 uL) and TFA (400 pL) at 0 °C under Ar conditions and the resulting yellow
solution was stirred at 25 °C for 1.5 h. The yellow solution was co-evaporated with toluene (1 mL)
to yield pale yellow oil. The pale yellow oil was dissolved in ACN/H,O (1/1, 1.0 mL) and purified by
RP column chromatography (Gemini, 250x20.2mm, 40-min-long gradient from 10 to 60 % ACN in
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H,O + 0.1 % HCOOH) to yield a white solid (9 mg, 27 %). *H NMR (700 MHz, CD5CN). & 7.83-7.65
(m, 3H, NH), 7.61-7.41 (m, 7H), 7.35-7.27 (m, 6H), 3.52-3.25 (m, 22H), 3.02-2.65 (m, 16H), 2.58-
2.54 (m, 2H), 2.27-2.22 ppm (m, 18H, CHsCO,). *C NMR (176 MHz, CD:CN) & 170.8, 169.6,
169.3, 166.4, 160.9, 160.7, 144.2, 141.4, 131.6, 127.4, 127.2, 126.7, 57.7, 52.8, 43.2, 40.4, 39.9,
245, 20.8, 20.8 ppm. ESI-HRMS: CsH7sN1O:10S? miz = 625.7556 (calculated: 625.7553)
[M+2H]*, error = 0.5 ppm.
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67 (8.0 mg, 6.4 pmol) was dissolved in DCM (1.0 mL) followed by addition of acetic acid
(2.0 mL) to adjust the pH to 2.0 and was added to 27 (4.7 mg, 8.9 umol). The reaction was stirred
for 39 h. The solution was concentrated, dissolved in ACN/H,O (600 pL), filtered and purified by 2
successive RP column chromatography (C18, 10 mm, 40-min-long gradient from 20 to 35 % of
ACN in H,0 + 1 % AcOH) to yield 29 as a white solid (1.5 mg, 14 %). *H NMR (700 MHz, CD;CN).
5 8.71 (s, 1H, NCH), 7.96 (d, J = 13.2 Hz, 1H, CFCH), 7.66-7.59 (bs, 2H, NH), 7.59-7.45 (m, 5H,
NH+Ar-H), 7.44-7.37 (bs, 2H, NH), 7.37-3.22 (m, 6H, Ar-H), 3.80-3.60 (m, 6H), 3.52-3.22 (m, 16H),
3.06-2.90 (m, 8H), 2.82 (t, J = 6.7 Hz, 2H), 2.78 (t, J = 6.9 Hz, 2H), 2.72-2.49 (bs, 12H), 2.30-2.10
(m, 31H), 1.37-1.30 (m, 2H, CH,CH), 1.16-1.10 ppm (m, 2H, CH,CH). **C NMR (176 MHz, CD;CN)
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0 178.2,173.0, 172.6, 170.4, 169.6, 169.5, 169.3, 167.5, 166.1, 155.3, 153.8, 149.2, 146.4, 146.3,
144.2, 141.4, 1405, 131.7, 127.4, 127.1, 126.7, 120.7, 120.6, 112.4, 112.3, 108.4, 107.5, 59.5,
54.3, 50.8, 50.4, 45.8, 42.0, 41.0, 39.5, 39.0, 38.5, 36.7, 35.3, 33.5, 20.8, 20.8, 8.6 ppm. ESI-
HRMS: C;,Hg,FN140,3S,%" m/z = 834.3129 (calculated: 834.3133) [M+2H]2+, error = 0.5 ppm.

( )

HO"

HO"

HATU (26 mg, 68 umol) was added to a stirring solution of sorangicin A (50 mg, 62 umol) in
DMF (2 mL) at 23 °C under argon conditions and DIPEA (25 pL, 142 pumol) was added. The
reaction mixture was stirred for 15 min and (S)-(2)-pyridylthiocysteamine, HCI (25 mg, 112 pmol)
was added to the pale yellow solution which was stirred for 30 min at 23 °C. The compound was
concentrated and suspended in ACN, filtered and purified by RP column chromatography (column:
Gemini C18 250x21.20mm, 40-min-long gradient from 50 to 80 % ACN in H,O + 0.1 % CH3;COOH)
to yield a white solid (45 mg, 75 %). *H NMR (700 MHz, CD;CN). & 8.47 (m, 1H), 7.77-7.70 (m,
2H), 7.19 (ddd, J = 6.6, 4.8, 1.9 Hz, 3H), 7.14-7.06 (m, 2H), 6.99-6.93 (m, 1H), 6.88 (m, 1H), 6.44-
6.39 (m, 1H), 6.23 (dd, J = 15.3, 4.2 Hz, 1H), 6.10 (dd, J = 10.0, 3.1 Hz, 1H), 5.99 (ddd, 10.0, 5.9,
2.2 Hz, 1H), 5.66 (dt, J = 14.6, 6.1 Hz, 1H), 5.59 (d, J = 10.4 Hz, 1H), 5.53-5.48 (m, 2H), 5.45 (s,
1H), 5.37-5.34 (m, 1H), 5.31 (dd, J = 5.9, 1.8 Hz, 1H), 5.24 (d, J = 9.8 Hz, 1H), 4.49 (m, 1H), 4.34
(m, 2H), 4.21 (d, J = 6.4 Hz, 1H), 4.17 (s, 1H), 4.09-4.04 (m, 1H), 3.79 (m, 2H), 3.72 (dd, J = 9.5,
7.5 Hz, 1H), 3.61-3.55 (m, 1H), 3.41 (m, 2H), 3.36 (dd, J = 7.7, 4.4 Hz, 1H), 3.23 (bs, 1H), 2.90 (t, J
= 6.5 Hz, 1H), 2.37-2.30 (m, 1H), 2.23-2.18 (m, 1H), 2.12-2.00 (m, 5H), 1.98-1.96 (m, 1H), 1.83
(dd, J = 11.5, 1.4 Hz, 1H), 1.64 (d, J = 13.8 Hz, 1H), 1.57 (s, 2H), 1.55-1.45 (m, 2H), 1.39-1.29 (m,
2H), 1.29-1.21 (m, 1H), 1.21-1.15 (m, 1H), 1.15-1.08 (m, 1H), 0.81 (dd, J = 6.9, 4.9 Hz, 4H), 0.74
ppm (d, J = 6.7 Hz, 2H). *C NMR (176 MHz, CDsCN) & 174.4, 166.6, 160.5, 150.6, 138.5, 138.3,
137.4, 136.7, 135.9, 133.6, 133.4, 133.4, 133.1, 131.5, 130.7, 129.9, 128.1, 126.8, 126.2, 123.7,
122.1, 120.7, 119.6, 81.3, 80.3, 80.2, 77.1, 76.7, 74.7, 74.3, 73.9, 73.5, 70.3, 65.7, 41.5, 39.6,
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39.0, 38.7, 38.2, 38.0, 37.0, 36.6, 34.8, 33.8, 33.3, 32.5, 31.2, 27.9, 26.4, 21.6, 15.3, 14.5,
10.7 ppm. ESI-HRMS: CssH7sN2010S," miz = 975.4852 (calculated: 975.4858) [M+H]", error = 0.6

ppm.

o o

67 (9.9 mg, 7.9 pmol) was dissolved in DCM (500 pL) followed by addition of acetic acid
(500 pL) to adjust the pH to 2.0 and was added to 30 (10 mg, 10.4 umol). The reaction was stirred
at 24°C 3.5 days. The solution was lyophilized (29 mg), dissolved in ACN/H,O (900 uL), filtered
and purified by RP column chromatography (C18, 22mm, 40-min-long gradient from 10 to 50 % of
ACN in H,O0+1 % AcOH) to yield a white solid (4.2 mg, 25 %). *H NMR (700 MHz, CD;CN). & 7.62
(bt, 2H), 7.57 (bt, 1H), 7.50 (m, 3H, Ar-H), 7.40 (m, 2H), 7.36-7.28 (m, 6H, Ar-H), 7.13-7.06 (m,
2H), 6.96-6.92 (m, 2H), 6.41 (m, 1H), 6.23 (dd, J = 15.3, 4.1 Hz, 1H), 6.10 (dd, J = 10.0, 3.0 Hz,
1H), 6.00 (ddd, 9.9, 5.9, 2.2 Hz, 1H), 5.67 (m, 2H), 5.58 (d, J = 10.2 Hz, 1H), 5.50 (m, 4H), 5.38-
5.33 (m, 2H), 5.33-5.30 (dd, J = 5.8, 1.7 Hz, 1H), 5.24 (d, J = 9.8 Hz, 1H), 4.49 (m, 1H), 4.34 (m,
2H), 4.21 (d, J = 6.5 Hz, 1H), 4.16 (s, 1H), 3.81-3.76 (m, 2H), 3.72 (dd, J = 9.4, 7.5 Hz, 1H), 3.60-
3.56 (m, 1H), 3.48-3.30 (m, 18H), 2.81-2.74 (m, 8H). 2.36-2.29 (m, 4H), 2.26 (s, 9H, CH3CO,Ar),
2.24 (2xs, 9H, CH3COAr), 2.22-2.05 (m, 22H), 1.86-1.80 (m, 2H), 1.57 (bd, J = 0.7 Hz, 3H), 1.55
(m, 1H), 1.53-1.44 (m, 4H), 1.40-1.30 (m, 3H), 1.29-1.21 (m, 2H), 1.17 (m, 2H), 1.11 (m, 2H), 1.19
(m, 1H), 0.81 (dd, J = 8.9, 6.9 Hz, 6H), 0.74 ppm (d, J = 6.7 Hz, 3H). **C NMR (176 MHz, CD5CN).
0 207.5, 174.7, 172.5, 169.6, 169.3, 166.6, 166.4, 144.2, 141.4, 138.3, 137.4, 136.7, 135.9, 133.6,
133.4, 133.3, 133.1, 131.6, 131.5, 130.6, 129.9, 128.1, 127.5, 127.2, 126.8, 126.8, 126.2, 123.7,
119.7, 81.3, 80.3, 80.2, 79.1, 78.9, 78.7, 77.3, 76.7, 74.8, 74.7, 74.3, 73.9, 73.4, 70.3, 65.6, 41.5,
39.6, 39.2, 38.7, 38.5, 38.3, 37.9, 36.9, 36.6, 34.8, 33.9, 33.3, 32.5, 31.4, 30.9, 28.0, 26.5, 21.7,
20.9, 20.8 (CH;COAr), 20.7, 15.3, 14.6, 10.8 ppm. ESI-HRMS: CioeH146N12020S,>" m/z =
1057.4870 (calculated: 1057.4875) [M+2H]**, error = 0.5 ppm
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6.2.Biological assays

6.2.1. Fe(CAS) assay

The chrome azurol S (CAS) assay was performed for assessing iron complexation.™? The
solutions were prepared in a 96 well plate (Corning CELLBIND Surface, black, transparent flat
bottom) and the absorbance of each solution was measured by spectrophotometry with a Tecan
Infinite 200 pro reader (Tecan, Switzerland).

All used glassware was previously cleaned with 12 M HCI and milliQ water. The stock
solutions of hexadecyltrimethylammonium bromide (HDTMA, 10 mM in water), FeCl; (1 mM in a
10 mM HCI solution) and CAS (2 mM in water) were respectively obtained by adding 3.64 mg in
1 mL H,0, 16.22 mg in 100 mL HCI (10 mM) and 12.11 mg in 10 mL water.

A solution of HDTMA (10 mM, 600 pL) was placed in a 10 mL volumetric flask and diluted
with water. A mixture of a FeCl; solution (1 mM in 10 mM HCI, 150 yL) and an aqueous CAS
solution (2 mM, 750 yL) was slowly added under stirring. Anhydrous piperazine (431 mg) was
dissolved in water (about 5 mL) and HCI (12 M, 625 uL) was carefully added. The buffer solution
(pH = 5.56) was rinsed into the volumetric flask which was filled with water to afford a 10 mL of
CAS assay solution. 5-sulfosalicylic acid (10.2 mg) was dissolved in the solution to form the
Fe(CAS) solution.

15 uM stock solutions of enterobactin and 1-4 were prepared and added at different

concentrations into a 96 well plate in triplicate (Table 12).

Table 12 CAS assay concentrations.

Volume of 1-4 or enterobactin (L) 0 10 20 |30 40 |60 | 120
Volume of Fe(CAS) (uL) 40 | 40 40 |40 40 |40 |40

Total volume (pL) 200 | 200 | 200 | 200 | 200 | 200 | 200
Concentration of 1-4 or enterobactin (uUM) 0 0.75| 15 [2.25|3.0 |45 |9.0
Concentration of Fe(CAS) (uLM) 30 [3.0 |30 |3.0 [3.0 |3.0]3.0
Equivalent of 1-4 or enterobactin (eq) 0 02505 [ 0.75|1.0 |15 | 3.0

The mixed solutions were analyzed after 17 h to assure that the equilibrium was reached.
The absorbance of each solution was measured. The full spectra of 3 representative experiments

were first analyzed between 300 and 800 nm.
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6.2.2. The MS-MS assay

The measurements of exact mass in tandem with MS-spectra were performed with a UPLC-
ESI-Q-TOF-MS instrument that consisted of an UltiMate 3000 (Thermo Fisher Scientific, Waltham,
USA) UPLC coupled to a maxisliITM HD mass spectrometer (Bruker Daltonic, Billerica, USA). The
MRM method was established with an AB SciexQTrap 6500 (AB Sciex Germany GmbH,
Darmstadt, Germany) coupled to Agilent 1290 UHPLC (Agilent Technologies, Santa Clara, CA,
USA). A tabletop incubator was used. The ODgy Was measured using Sigma Plot, 4-parameter
logistics function. The data were analyzed with the MultiQuant software (AB Sciex Germany
GmbH, Darmstadt, Germany).

A culture of E. coliAentB grown in LB was washed twice with LMR medium and adjusted to
ODgoo = 1. Compounds were added to the culture or to blank LMR medium for O, 4 or 24 h at RT.
The bacteria were removed by centrifugation and ice cold acetonitrile (4 vol) was added to the
bacterial supernatant or the blank LMR. After 15 min vortexing and centrifugation (13000 RPM,
10min, 4°C), the respective supernatant was used for measuring the ion transitions in the MRM-
mode. Data were analyzed using the MultiQuant software.

6.2.3. Growth recovery assay

All E. coli strains were obtained from Coli Genetic Stock Center (Yale, USA) and have the
following characteristics:

- Strain BW25113 (CSGC# 7636) =»parental strain, (wt)

- Strain JW0588-1 (CGSC# 11768) =»entA mutant, Kanamycin resistant

The P. aeruginosa strains have the following characteristics:

- P. aeruginosa strain PAO1 (wildtype), obtained from Susanne HauBller (HZI, Braunschweig)

- P. aeruginosa strain PAS283 (ApvdF ApchA), obtained from Isabell Schalk (IREBS,

Strasbourg)

The LB-medium was acquired from Luria/Miller, Roth. Enterobactin and Ferrichrome (Sigma,
F8014-1MG) were purchased from Sigma Aldrich. The compounds of interest were prepared as a
10 mM DMSO stock solution. Kanamycin was used from a 50 mg/mL stock solution in H,O. Sterile
96 well plates with lid were used for the growth recovery assay. The LMR medium composition and

preparation is described in Table 13.

Table 13 Composition and preparation of LMR medium for bacterial culture in iron-limited conditions.
Compound Concentration Remarks
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KH,PO,4 176 mM Prepare as 10x stock
NaOH 100 mM
(NH4)2$O4 12,6 mM
MgSQO, 2 mM Prepare as 500x stock
Glycerol 0.2 % (w/w)
FeCls, 6 H20 100 uMm Prepare as 500x trace metal solution (TMS).
CaCl, 40 pM
MnCl2, 4 H20 20 uMm
ZnS04,7 H20 20 uM
CoCl2, 6 H20 4 uM
CuCl, 4 uM
NiCl2, 6 H20 4 uM
Na2MoO4, 2 H20 4 uM
Na,SeO3 4 uM
H3BO, 4 uM

Bacterial strains used for the assay were E. coli BW25113 (wildtype), E. coli JW0588-1
(AentA), P. aeruginosa PAO1 (wildtype) and P. aeruginosa PAS283 (ApvdFApchA). The latter was
obtained from Isabell Schalk (IREBS, Strasbourg). E. coliAentA mutant was always cultured in
presence of 50 pg/mL kanamycin.

For E. coli strains, overnight cultures were grown to full confluency in 20 mL of LB medium in
baffled flask. Starter cultures were prepared by diluting the overnight culture to ODggonm = 0.2 in 25
mL LB, baffled flask and growing them until ODgyonm = 0.5 for approximately 1 h. For pellet starter
cultures: 5 mL, 4500 xg, 5 min, resuspend in 5 mL LMR was performed and the process was
repeated. The ODgyonm Was measured and the assay culture was prepared from the dilution of
LMR-suspended starter culture to ODgyonm=0.01 in 10 mL LMR.

To prepare the test compounds and assay plates, 1 mM stocks of test compounds in DMSO
in 0.2 mL tubes were prepared. For a single sample, 1.5 pL of test compound was required. Each
compound was tested on 3 strains: wildtype, AentA, AentB, and LMR medium was used for blank
control. Test compounds were transferred to an empty 96 well plate with a multichannel pipette.
Each sample was measured as double replicate (except for blank control). 148.5 yL of bacterial
assay culture or LMR medium was transferred to respective wells with multichannel pipette, mixed
by pipetting up/down. Empty wells were filled with LMR medium. The plate was sealed with
parafilm and incubated for 48 h at 37°C. The ODgynm Was measured and blank correction was
performed by subtracting blank control values from respective sample reads.

For P. aeruginosa studies, the overnight cultures were prepared from 20 mL of MHB, baffled
flask. The starter cultures were obtained from the dilution of the overnight culture to ODgyonm=0.2 in
25 mL MHB, baffled flask and the growth until ODggonm = 0.5 for approximately 1 h. The assay
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culture was obtained by dilution from the starter culture to ODgyonm=0.01 in 10 mL of MHB/H,O
(50/50) supplemented with 600 uM bipyridyl.

Procedure to prepare the test compounds and the assay plates is the same as for E. coli,
except for the following modifications. The MHB/H,O (50/50) medium containing 600 uM bipyridyl
was used instead of LMR medium. The sealed plate was incubated only for 24 h at 37°C before

ODgoonm Was determined. The standard deviations were below 7 % for (ODgrobemutant
ODDMSOmutant)/(O DDMSOWI'ODDMSOmutant)

6.2.4. Flow cytometry

The flow cytometry experiments were performed using a LSRFortessa™ with FACSDiva™
software (BD Biosciences, Heidelberg, Germany) and evaluated using the FlowJo software
(FLOWJThe flow cytomO LLC, Oregon, US).

Flow cytometric analysis and confocal microscopy of ESKAPE pathogens was performed
after 4 h incubation with 21 or BODIPY-FL. Cells were washed twice with PBS and the ODgyy was
adjusted to 0.025 with sterile-filtered PBS. 100000 cells per sample were analyzed using a
LSRFortessa™ with FACSDiva™ software. Detection of BODIPY was performed with the 488 nm
laser in combination with 525/50 nm band pass filter. Data was evaluated using FlowJo software.

6.2.5. Confocal microscopy

The confocal microscope was an ECLIPSE Ti (Nikon) equipped with UltraVIEWVoX spinning
disc (Perkin EImer, Waltham, US), ORCA-R2 camera (Hamamatsu Photonics, Japan) and Volocity
software 6.1.1 (Perkin Elmer, Waltham, US).

For confocal microscopy cells treated as described above were placed into chamber slides
(Ibidi GmbH, Martinsried, Germany) and covered with a pad consisting of 1 % agarose. Imaging

was performed using the confocal microscope ECLIPSE Ti.

6.2.6. The FAP assay

The sequence of FAP6.21"?4 was synthesized by GenScript (NJ, USA) and cloned into a
pET23-expression vector (Novagen/Merck, Darmstadt, Germany). Chemically competent E. coli
Origami™ B (DE3) pLysS (Novagen/Merck, Darmstadt, Germany) were transformed with
pET23_FAP6.2_His and selected for ampicillin resistance yielding E. coli_FAP6.2. The expression

of FAP6.2 under different concentrations of IPTG was monitored by Western Blot using His-tag
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specific antibody (Relia Tech, Wolfenbittel, Germany). Purification of HIS-tagged FAP6.2 was
performed using Ni-NTA-agarose (Qiagen, Hilden, Germany). 500 mL LB-Medium containing
selection antibiotics tetracycline, kanamycin and ampicillin were inoculated from a 5 mL overnight
culture of E. coli_FAP6.2. At OD600 of 0.8 the expression of FAP6.2 was induced by the addition
of 1 mM IPTG and the culture was kept under continuous agitation overnight. For protein
purification the cells were centrifuged (5000x g, 10 min, 4 °C) and resuspended in 20 mM Tris,
500 mM NaCl pH 7.9. After driving of the bacteria through a french press (1500 psi, Thermo
Scientific, Waltham, US) and centrifugation (20000x g, 30 min, 4 °C) imidazole was added to the
supernatant to a final concentration of 30 mM. The supernatant was then incubated with 1 mL
prewashed Ni-NTA-agarose (washed with 1 mL H,O followed by 5x1 mL 20 mM Tris, 500 mM
NaCl, pH 7.9) for 2 h at 4 °C. Using a poly-prep chromatopgraphy column (BioRad, Hercules, US)
the Ni-NTA-agarose was washed with 20 mL of 20 mM Tris, 500 mM NaCl, 30 mM imidazole,
pH 7.9. FAP6.2-His was eluted with 2 mL 50 mM Tris, 150 mM NaCl, 5 mM CaCl,, 300 mM
imidazole, pH 7.5 and dialyzed for 2 h against 50 mM Tris, 150 mM NacCl, 5 mM CaCl,, pH 7.5.
Glycerol was added to a final concentration of 10 % for storage of FAP6.2 at -20 °C. Protein

concentration was determined using a NanoDrop™ 2000 (Thermo Scientific, Waltham, US).

6.2.6.1. Fluorospectrometry

An overnight culture of E. coli_ FAP6.2 was diluted 1:100 in MH2 medium and grown until an
ODgqo 0Of 0.8 was reached. IPTG was added at 1uM final concentration and after 4 h the ODggo Was
adjusted to 2. For assessing uptake of MG-conjugates black 96 well plates with clear bottom with
100 pL of bacterial culture each well were used. Compounds were added at 10 pM final
concentration. Fluorescence was monitored over 16 h post compound additions using a Tecan
Infinite 200 pro reader (Tecan, Switzerland) in bottom read mode. Each test was measured in
triplicate. Szent-Gyorgyi et al. already described that chemical derivatization of MG led to
compounds with different binding affinities, fluorescence intensities and excitation/emission
spectra®™. Likewise conjugation of different DOTA-cores to MG yielded conjugates possessing
different fluorescence intensities upon binding to FAP6.2. To enable comparison with regard to
bacterial uptake, recombinantly expressed FAP6.2 (S3,B) was incubated with the different MG-
conjugates in a molar ratio of 4:1 and the fluorescence emission at 665nm with excitation at
610 nm were recorded (S3, C). The fluorescence values obtained for FAP + MG-conjugates were
corrected by the values obtained from a non-FAP-protein + MG-conjugates (S3, D). The different

values for MG-conjugates were used for calculating the ratio between free MG and the respective
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MG-conjugate. All fluorescence values measured during live kinetics were corrected by this factor

afterwards.

6.2.6.2. Flow cytometry and confocal microscopy for MG-

conjugates

Flow cytometric analysis and confocal microscopy of E. coli_FAP6.2 was performed upon
16 h incubation with MG-conjugates. For flow cytometry cells were washed oncewith PBS and the
ODgoo Was adjusted to 0.025 with sterile-filtered PBS. At least 10000 cells per sample were
analyzed using aLSRFortessa™ with FACSDiva™ software (BD Biosciences, Heidelberg,
Germany). For detection of MG-derived fluorescence the 640 nm laser was used in combination
with 670/14 nm band pass filter. Data was evaluated using FlowJo software (FLOWJO LLC,
Oregon, US). For confocal microscopy cells were placed into chamber slides (lbidi GmbH,
Martinsried, Germany) and covered with a pad consisting of 1 % agarose. Imaging was performed
using the confocal microscope ECLIPSE Ti (Nikon) equipped with UltraVIEWVoX spinning disc
(Perkin Elmer, Waltham, US), ORCA-R2 camera (Hamamatsu Photonics, Japan) and Volocity
software 6.1.1 (Perkin Elmer, Waltham, US). Propidium iodide was added at final concentration of

50 pg/mL for 20 min and cells were washed once with PBS before confocal analysis.

6.2.7. Inhibitory concentration assay

All E. coli strains were obtained from Coli Genetic Stock Center (Yale, USA) and have the
following characteristics:

- Strain BW25113 (CSGC# 7636) = parental strain, wt

- Strain JW5086-3 (CGSC#: 11165) = fepA mutant, Kanamycin resistant

- Strain JW0587-1 (CGSC#: 8704) = entB mutant, Kanamycin resistant

- Strain JW0588-1 (CGSC# 11768) = entA mutant, Kanamycin resistant

The LB-medium was acquired from Luria/Miller, Roth. Ciprofloxacin and kanamycin were
purchased from Sigma Aldrich. Sterile 96 well plates with lid were used for the minimum inhibitory
concentration assay. A stock solution of bipyridyl (BP) in H,O (1 mg/mL) was used. The ODgq
measurement was obtained using the microplate spectrophotometer power wave XS2 (Bio Tek,
Winooski, US), and ICg, values were calculated using Sigma Plot (Systat Software GmbH,

Erkrath, Germany) and four parameter logistics curve regression.
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To evaluate the potential of DOTAM as carrier, antimicrobial activity assays were performed.
Bacterial strains used were E. coli BW25113 (as wildtype), JW0587-1 (4entB), JW0588-1 (dentA),
JW5086-3 (AfepA). Bacteria were cultured at 37°C in a shaker at 150 RPM. Overnight cultures
contained 5 mL of LB medium and 30 pg/mL Kanamycin for AentA/AdentB/AfepA-mutants.
Overnight cultures were diluted 1:100 with 5 mL LB-medium and grown to an ODggo Of 0.5-0.8.
Cultures were then diluted with MH medium to a final ODgy, of 0.01 and transferred to 96 well half
area plates. Test compounds dissolved in DMSO were added to a maximum final concentration of
1 % of DMSO and serially diluted. The plate was wrapped with parafilm and incubated in a shaker
at 150 RPM and 37 °C for 24 h. Bacterial growth was determined by measuring ODgy. Mean

values of ICsy obtained from at least an experimental triplicate are reported.

6.2.8. Toxicity assay

The mouse fibroblast L929, human cervix carcinoma KB-3-1 and human breast cancer MCF-
7 cell lines used for the toxicity assays correspond to the references DSM ACC 2, DSM ACC and
DSM ACC 115 respectively. FS4-LTM is human fibroblast from InScreenex.™? A stock solution of
10 mM for each compound in DMSO was used. 158 WST-1 was a ready-to-use solution by Roche.
The reading was performed with the infinite 200 PRO plate reader, Tecan, Mannedrof, Switzerland.
The effect of compounds on cell viability was probed with a WST-1 test using the procedure

%4 The following immortalized cell lines were

of Ishiyama et al.”*®! as modified by Sasse et al.!
used: mouse fibroblast cell line L929, human cervix carcinoma cell line KB-3-1 and human breast
cancer cell line MCF-7. Briefly, the subconfluent cells were washed with Earle’s Balanced Salt
Solution, Gibco, without Ca and Mg, trypsinized and re-suspended in Dulbecco’s modified eagle’s
medium that contained 5 % fetal bovine serum (FBS) or Roswell Park Memorial Institute medium
that contained 5 % FBS, 0.5 % Minimum Essential Medium Non-Essential Amino Acids, Gibco
(MEM NEAA), 0.5 % GlutaMAX (Gibco) and insulin at 5 pg/mL (MCF-7). 25ul pL of serial dilutions
of the test compounds (100 up to 0.2 uM) were added to 25ul yL aliquots of a cell suspension
(1500 cells for KB3-1 and L929, 3000 cells for MCF-7) in 384 well microtiter plates. Blank and
solvent controls were incubated under identical conditions. The compounds were incubated for 5
days with cell lines L929, KB-3-1, and MCF-7. After the incubation period 3 yL WST-1 was added.
The incubation time of the plates at 37 °C varied between the cell lines from 20 min for KB-3-1 to
2 h for MCF-7 before measuring at 450 nm (reference 600 nm) at the Infinite 200 PRO plate

reader. The percentage of viable cells was calculated as the mean with respect to the controls set
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to 100 %. The ECs, values were determined with Sigma Plot. Mean values of ICsy obtained from

two biological replicates are reported.
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