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PhD abstract

Quorum sensing, the phenomenon in which bacteria express their genes in a cell density-
dependent manner, plays a pivotal role in the production of several secondary metabolites.
Gram-negative bacteria rely mostly on N-acylated-L-homoserine lactones (AHLSs) for this type
of regulation. Besides communication between bacteria, AHLs are also involved in bacteria-
plant interactions (the so-called interkingdom signaling). Cyclic lipopeptides are an example of
a class of secondary metabolites with interesting activities, in which quorum sensing can play
an important regulating role. The overall goal of this PhD research was to study the role of a

certain class of AHLs, N-(3-hydroxyacyl)-L-homoserine lactones, in nature.

In a first part of this PhD thesis several isotope-labelled AHLs, belonging to all three major
classes of AHLs, were synthesized. To further extend the possible applications of these com-
pounds, two important AHL-degradation products, a tetramic acid and a N-acyl-L-homoserine
were synthesized departing from these deuterated compounds. To aid their application as inter-
nal standards in isotope dilution mass spectrometry, the MS fragmentation pattern was studied
extensively. The isotope-labelled AHLs can be used as well as a tool to study the metabolization

of the fatty acid side chain of AHLs.

In a second part, the spontaneous rearrangement of N-(3-hydroxyacyl)-L-homoserine lactones,
which proved to be very unlikely, was investigated. This investigation resulted however in the
successful development of a synthetic entry toward 1,4-oxazepane-2,5-diones, which are ex-
tremely difficult to synthesize due to the presence of a lactam with a preference for the trans-
conformation and a labile lactone moiety in one ring structure. However, some of the reported
natural products with such a 1,4-oxazepane-2,5-dione core display interesting biological activi-
ties. By applying the disclosed methodology on the synthesis of the natural product serratin, the

incorrect structural assignment of this compound was identified.

The following two research parts aimed to gain a better understanding of the biocontrol ac-
tivity of Pseudomonas species CMR12a and more specific the role of quorum sensing. There-
fore, the effect of one of its quorum sensing signal molecules, N-(3-hydroxydodecanoyl)-L-
homoserine lactone, on plant growth was studied. However, no direct growth promoting ef-
fect could be observed. No growth promoting or inhibiting effects were observed either for a

tetramic acid, which is formed via the rearrangement of an oxo-AHL. On the other hand, as




PhD abstract

an antifungal effect was found for this compound, which has already known algicidal effects,
the use in hydroculture could form an interesting application, although further research is re-
quired. Subsequently, the profound effect of another QS signal molecule of this Pseudomonas
strain, N-(3-hydroxyoctanoyl)-L-homoserine lactone, on its cyclic lipopeptide production was
demonstrated. It was hypothesized that quorum sensing plays a crucial role in determining the
swarming behavior of this Pseudomonas sp. CMR12a. The influence of QS goes via an ele-
gant fine-tuning of the ratio of the two produced CLPs, orfamide and sessilin, via the control of

orfamide production.




Introduction and goals

Chapter 1

Introduction and goals

For many years, researchers thought of bacteria as individual cells, unable to interact with one
another. However, this view changed dramatically with the discovery of population density-
dependent light production by the marine bacterium Vibrio fischeri some decades ago.' Indi-
vidual cells of V. fischeri do not produce light, but when accumulated in high cell densities such
as in the light organ of the Hawaiian bobtail squid Euprymna scolopes, bioluminescence is ob-
served (Figure 1.1, left). By providing a nutrient-rich environment, the squid can benefit from
this bioluminescence to counter-illuminate itself and hide its silhouette from predators on clear
nights.? The pineapplefish (Cleidopus gloriamaris) uses a similar light organ as a spot to search

for prey at night and to communicate with its own kind (Figure 1.1, right).?

Figure 1.1. Bioluminescence in marine organisms. Left: Euprymna scolopes. Right: Cleidopus gloriamaris.>

Because this type of gene regulation is linked to the population density or quorum, the term
‘quorum sensing’ (QS) was used to describe this phenomenon. First thought to be restricted to
a limited number of bacteria, QS was later on found to be present in many other bacteria. To
communicate with each other, the bacteria rely on small, diffusible signal molecules, termed
autoinducers. Once a certain threshold concentration of these autoinducers is reached, several
phenotypes can be activated. A chemically diverse array of these autoinducers is known (Fig-
ure 1.2). One of the most studied types are N-acylated-L-homoserine lactones (AHLs), which
are used by Gram-negative bacteria. The general structure of an AHL consists of a homoserine

lactone ring coupled to a variable N-acyl chain. This acyl chain can contain four to eighteen car-
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bon atoms and the third carbon atom can be unfunctionalized (C4-C18 1) or carry a hydroxy-
(HO4-HO18 2) or oxo-group (0xo4-0xo018 3).%3 Recently, an AHL 4 lacking the typical acyl
chain but with a p-coumaryl group instead was discovered, expanding the range of possible
AHLs.* AHL-Mediated QS has been observed in more than 70 genera of Gram-negative pro-
teobacteria. Several other QS signal molecules are known, for example Streptomyces species use
~-butyrolactones 5 as signal compounds. Pseudomonas aeruginosa uses 2-heptyl-3-hydroxy-
4(1H)-quinolone, named Pseudomonas quinolone signal (6) (PQS), as an additional autoin-
ducer beside AHLs. Some other QS signal molecules are derived solely from fatty acids such as
the diffusible signal factor (7) (DSF) used by Xanthomonas or 3-hydroxypalmitate methyl ester
8 which is used by Ralstonia.’> Gram-positive bacteria rely on cyclic peptides such as autoin-
ducing peptide III (9) (AIP-III) to coordinate their gene expression in a cell density-dependent
manner. Furanosyl borate diester or autoinducer-2 (10) (AI-2) is used as a signal molecule
in interspecies cell-to-cell communication, although there remains some controversy about its

function.® In this PhD thesis the focus will be on AHL-mediated QS.
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Figure 1.2. Some examples of QS signal molecules, demonstrating the diversity of compounds used as QS signals

by bacteria.

QS enables bacteria to express certain genes under the right conditions, e.g. only inducing light
production when a sufficient quorum is reached to generate a strong light signal or delay viru-
lence until sufficient bacteria are present to overwhelm the host and mount a successful infec-
tion.? Instead of sensing the population density, it has been argued that autoinducers could be

used to determine whether secreted compounds move rapidly away from the cell in a process
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called diffusion sensing. As a high diffusion rate corresponds to a low concentration of signal
molecules and vice versa, bacteria can determine whether it is advantageous to excrete certain
enzymes or metal chelators.%’” Both concepts are unified in the efficiency sensing theory, postu-
lating that bacteria sense the combination of cell density, spatial distribution and mass transfer
to fine-tune their actions.® AHLs themselves can also have another function than solely sig-
naling. N-(3-Oxoacyl)-L-homoserine lactones 3 for example can rearrange to tetramic acids 11

(Scheme 1.1) with interesting bioactivity such as iron chelation and antimicrobial activity.’
H.
o o 0) ©O OH o
R\)J\)J\ch:o RMN’%\O — >R AN NH
o} \yo

3 3 11 OH
R = alkyl chain (enol)

Scheme 1.1. Rearrangement of N-(3-oxoacyl)-L-homoserine lactones 3 to tetramic acids 11.

QS Plays a pivotal role in both pathogenic and symbiotic bacteria-host interactions. Processes
regulated by QS include bioluminescence, conjugation, pigment production, antibiotic produc-
tion, virulence, root nodulation, motility, biofilm formation, etc.? Several clinically relevant
pathogens, e.g. Pseudomonas aeruginosa, rely on QS systems to regulate their virulence. There-
fore, a great interest exists to use QS as a novel target to tackle bacterial infections.? As the
emergence of resistant bacteria poses a rising threat to the effectiveness of antibiotics, QS could
form an interesting target to combat several bacterial pathogens. Unlike traditional antibiotics,
no harsh selective pressure for development of resistance is applied by QS inhibitors as QS is not
essential for microbial survival.'®!! Several natural and synthetic compounds exist which are
able to interfere with QS.>!%!3 Alternatively, several enzymes such as lactonases and acylases

(also referred to as amidases) are able to degrade AHLs.>

When Alexander Fleming serendipitously discovered penicillin in 1928, by observing that a
contaminating Penicillium fungus was able to kill the cultured bacteria, mankind had finally
the powerful means to combat bacterial infections.'* After the penicillins (belonging to the /3-
lactam group), many other classes of antibiotics have been discovered between 1940 and 1970
(the golden age of antibiotics). After the 1970s the pipeline with new antibiotics started to run
dry (Figure 1.3). However, already in 1960 the first resistant bacterial strains occurred and due
to misuse and over-usage of antibiotics, the number of resistant human pathogens is increasing.
This causes the urgent need to find new antibiotics, able to circumvent the resistance of these
bacteria. Rather than derivatives of known compound classes, totally new scaffolds are preferred

as they could have a totally new target for which bacteria have not yet acquired resistance. One
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example of such a class with presumably a different mode of action are the lipopeptides. The

use of these compounds as antibiotics was approved in 2003.!>:16

Chloramphenicols 4 r Glycopeptides
f-lactams-  Aminoglycosides Ansamycins  Streptogramins
mmm_mﬂwmm
Sulfadrugs Tetracyclines Quinglones Lipopeptides
Macrolides Oxazolidinenes

Figure 1.3. Antibiotic discovery time line. Reprinted from Lewis, 2012. 13

Cyclic lipopeptides (CLPs) are a diverse class of compounds composed out of a fatty acid tail
linked to an oligopeptide moiety. This oligopeptide contains 7-25 amino acids and 4-14 of these
residues form a cyclic structure. As these compounds are synthesized non-ribosomally, unusual
amino acids, such as D-amino acids, S-amino acids and N-methylated amino acids, can often

be found in these compounds. As an example of a CLP, the structure of the commercial CLP-

antibiotic daptomycin (12) is represented in figure 1.4.!718
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Figure 1.4. Chemical structure of the CLP-antibiotic daptomycin (12).

The Pseudomonas genus represents an interesting source for CLPs.'®!° These Gram-negative
bacteria can be found in many different niches and some are plant- and human-pathogenic
whereas other strains can promote plant growth and offer protection against pathogens. The
CLPs produced by these bacteria can serve several purposes such as biofilm formation, viru-

lence, motility, etc.?’ Although the production of some CLPs is AHL-controlled,?!> these are
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the exception rather than the rule.

The overall structure of this PhD research is schematically presented in scheme 1.2 and the
different goals are discussed hereafter. The main goal is to obtain a better understanding of the

role of N-(3-hydroxyacyl)-L-homoserine lactones 2 in nature.

To be able to study the metabolization of these AHLs, a first goal is to develop a protocol
to synthesize isotope-labelled AHLs. In order to use these labelled AHLs to study the meta-
bolization of the fatty acid side chain, the isotope label will be included in the acyl chain of
the AHL. To be able to synthesize a broad library of tailor-made deuterated AHLs, the goal is
to construct a robust synthetic route toward different AHLs starting from one, easily accessible

deuterated building block.

A second research interest is to study the reactivity of these QS signal molecules 2. It is known
that N-(3-oxoacyl)-L-homoserine lactones 3 can rearrange to tetramic acids 11 (Scheme 1.1)
with fascinating biological properties. The goal of this part of the thesis is to evaluate if HO-
AHLs 2 can participate in a similar rearrangement wherein the hydroxy group attacks the lac-
tone to form a 1,4-oxazepane-2,5-dione. Several natural products, such as serratin, containing
such a seven-membered core have been reported. The conditions required for such a rearrange-

ment to occur will be scrutinized.

Subsequently the biological activity of N-(3-hydroxyacyl)-L-homoserine lactones 2 will be in-
vestigated. The promising biocontrol strain Pseudomonas sp. CMR12a possesses two QS sys-
tems using HO-AHLs 2. In previous research, it was found that one of its QS molecules had
growth stimulatory effects on lettuce plants. Therefore, to fully understand the biocontrol prop-
erties of this strain, these growth stimulatory effects of AHLs on plants will be studied in the
third part of this PhD research. Pseudomonas sp. CMR12a produces two types of CLPs which
play an important role in its biocontrol capacity. The regulation of this CLP-production will
therefore be subject of a thorough investigation as well. The role of AHLs in this regulation will
be evaluated. To test if the fatty acid moieties of certain AHLs get recycled into the CLPs, the
isotope-labelled AHLs which were synthesized in the first part of this research work, will be

used.

To give the reader a better insight in AHL-mediated QS, a short overview of this type of QS is
presented in the literature overview. Also the interplay between plants and AHLs will be dis-
cussed. In the second part of the literature overview, the different types of CLPs are mentioned,
followed by the biosynthesis of CLPs, with special attention for the (QS) regulation of CLP

production.
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Scheme 1.2. Schematic representation of the structure of this PhD research.
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Chapter 2

Literature overview

2.1 Quorum sensing

2.1.1 N-Acyl-L-homoserine lactone (AHL) regulated quorum sensing

To coordinate their behavior in a cell density-dependent manner, Gram-negative bacteria mostly
rely on N-acylated-L-homoserine lactones (AHLs). A general representation of a system reg-
ulated by AHL-mediated QS is depicted in figure 2.1.2 This QS system typically consists of
two components: a LuxI-homologue responsible for the synthesis of the AHL, and a LuxR-
homologue which detects the AHL and stimulates the translation of genes preceded by a so-
called lux-box. Some bacteria contain more than one QS system. P. aeruginosa for exam-
ple possesses LasI/LasR and RhlI/RhIR which control biofilm formation and exoenzyme and

virulence-factor synthesis in a hierarchical manner.?
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with LuxR-type proteins
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Figure 2.1. A representation of a typical LuxI/LuxR QS circuit. Small circles represent AHLs. 5’-MTA: 5’-
methylthioadenosine, ACP: acyl carrier protein, SAM: S-adenosyl-L-methionine. Figure reprinted from Fuqua and
Greenberg, 2002.2
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AHLs are produced by a LuxI-type protein starting from S-adenosyl-L-methionine (SAM) and
an acylated acyl carrier protein (acyl-ACP) as substrates.>?° The acyl-ACP, 3-oxoacyl-ACP and
3-hydroxyacyl-ACP are intermediates of the fatty acid metabolism, explaining the fact that the
majority of AHLs has an acyl chain with an even number of carbon atoms.?*?” However, some
AHLs with an odd acyl chain are known.?%?° The link between fatty acid metabolism and AHL-

synthesis in the case of P. aeruginosa, is represented in figure 2.2.%’
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Figure 2.2. The link between the biosynthesis of fatty acids and AHLs in P. aeruginosa. ACC: acetyl-CoA-

carboxylase, ACP: acyl carrier protein. >’

The LuxI-enzyme catalyzes the nucleophilic attack of the amino group of SAM 13 on the
acyl chain loaded onto the ACP. Subsequently, a lactonization occurs and the AHL and 5’-
methylthioadenosine (5’-MTA) 14 are released from the enzyme (Figure 2.3). The size of the
hydrophobic pocket of the LuxI-enzyme determines the length of the acyl chain and conse-
quently the AHL that is synthesized. Also the functionality of the acyl chain on the 3-position
is determined by hydrogen bonding inside this hydrophobic pocket, allowing different LuxI-
homologues to synthesize different AHLs from the same acyl-ACP pool.**3? Whereas short-
chain AHLs can diffuse freely out of the cells, long-chain AHLs rely on active transport to
be excreted.*® In the supernatant of planktonic P. aeruginosa cultures, grown at 37 °C under
shaking conditions, concentrations of 1 to 10 uM of oxo12 3i are observed.*** However, in P.

aeruginosa biofilms, concentrations as high as 600 uM have been measured.**
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Figure 2.3. LuxI-directed biosynthesis of oxo12 3i.3!

The LuxR-homologue contains two structurally different domains connected by a linker do-
main: a DNA-binding and an AHL-binding domain. When a certain threshold concentration is
reached, the AHL binds to the LuxR-homologue. Without the AHL ligand, LuxR proteins are
typically unstable and degrade rapidly. By binding to the AHL, a large conformational change
occurs and the DNA-binding domain of the LuxR-protein is exposed, allowing interaction with
the dyad symmetric /ux-box. Typically LuxR-protein dimerization is also promoted upon bind-
ing an AHL and those multimers bind the promoter DNA sequences and cause transcription of
certain target genes (Figure 2.1).%!232 Whereas many R-proteins act as transcriptional activator,
some function rather as a repressor, blocking the transcriptional activation of certain genes by
RNA polymerase in the absence of a sufficient amount of AHLSs.!? Also the expression of the
LuxI-proteins is stimulated by AHL-bound LuxR-proteins, hence explaining the name autoin-

ducer.?

2.1.2 Quorum quenching

There are several phenomena and mechanisms which are able to interfere with quorum sensing
(Figure 2.1).'° To describe all these processes that are able to disrupt quorum sensing, the term
quorum quenching is used.> In this section, only abiotic and enzymatic degradation of the AHL

signal molecules will be discussed.
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Scheme 2.1. Different strategies to interfere with QS. The small squares represent QS signal molecules. (A) Inhi-

bition of QS signal generation. (B) Application of QS antagonists to prevent signal transduction. (C) Inactivation

of the QS signal molecules. (D) Premature activation of QS via the application of QS agonists. Figure reprinted

from Defoirdt ef al. 1

2.1.2.1 Abiotic degradation

The lactonolysis of AHL-molecules occurs spontaneously in aquatic solutions to produce the
corresponding N-acyl-L-homoserines 15.”7 Short-chain AHLs degrade faster than long-chain
AHLs and this degradation goes faster at higher temperature and higher pH.”-*® For example
the half-life of C6 1c at pH 5.5 and 20 °C is over 8 d whereas at pH 8.5 and 20 °C, this is
less than 6 h.3” As the lactone ring is crucial for signal recognition, all QS activity is lost after
this hydrolysis. However, at low pH these ring-opened AHLs 15 can cyclize again, albeit to a

limited extent (Scheme 2.2).36-38

A second type of abiotic degradation can occur upon reaction with oxidized halogen antimi-
crobials. These compounds are able to inactivate oxo-AHLs 3, but are inactive toward unsub-
stituted ones (Scheme 2.2). This deactivation is caused by reaction of the oxo-AHL 3 with
two hypobromous or hypochlorous acid molecules, followed by the cleavage of the resulting

N-(2,2-dihalo-3-oxoacyl)-L-homoserine lactones 16.3%40

Oxo-AHLs 3 can be degraded via another route as well (Scheme 2.2). Instead of lactonolysis,
an intramolecular Claisen-like rearrangement leads to tetramic acids 11. These rearrangement
products 11 exhibit antimicrobial activity against Gram-positive bacteria (ECsy: 8-55 uM), pre-
sumably by causing cell lysis after interaction with the cell membrane.®*! Tetramic acids 11 can
bind iron in a 3:1 complex and can function as primordial siderophores.” Although at neutral pH

in aqueous medium, the reaction rate to form the ring-opened degradation product 15 is three-

12
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fold higher than the formation rate of tetramic acid, tetramic acids 11 are stable compounds and
can accumulate in the environment.® For example, in sputum samples of cystic fibrosis patients,
oxo012 3i was detected in concentrations ranging from 20 nM to 7 uM, whereas the correspond-

ing tetramic acid was found in concentrations of 13-900 nM. *?

General AHL-degradation routes
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Scheme 2.2. Different abiotic and enzymatic degradation routes of AHLs.

2.1.2.2 Enzymatic degradation

There are four classes of AHL-inactivating enzymes known (Scheme 2.2). They can be pro-
duced by organisms lacking an AHL-regulated QS system to gain a competitive advantage over
AHL-producers. Alternatively, it has been suggested that some Gram-positive bacteria inacti-
vate oxo-AHLs 3 to prevent the formation of the toxic tetramic acids 11. Also utilization of
AHLs as a carbon and nitrogen source is a possibility. Some AHL-producers are able to in-
activate their own signals as well, either to recycle them as nutrients or to remove old signals
(signal clearance).’ However, it must be kept in mind that AHL-degradation might not be the
primary role of all these enzymes, as several other compounds can function as substrate for

these enzymes.*
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Lactonases

Lactonases are enzymes that catalyze the opening of the homoserine lactone ring and typically
display a broad substrate specificity (Scheme 2.2). The first lactonase that was reported, AiiA,
can be found in several Bacillus strains.** Transgenic tobacco plants expressing this enzyme
were more resistant toward the soft root rot disease caused by Pectobacterium carotovora, which
uses 0x06 3c¢ to regulate its virulence by the production of cell wall degrading enzymes.*
Agrobacterium tumefaciens produces two lactonases, AiiB and AttM, which are able to degrade
its own AHL oxo8 3e. Added AHLs cannot be used as the sole carbon or nitrogen source. A
clearing function, to prevent premature activation of the QS operon, is therefore proposed to

describe the biological role of these enzymes in A. tumefaciens.>*°

Paraoxonases degrade AHLs in a similar manner and rely on a metal ion in the active site to
make the carbonyl carbon atom more electrophilic. These enzymes can be found in serum and

tracheal epithelial cells of mammals and efficiently inactivate long-chain AHLs.>*

During a screening of 16 fungal isolates, lactonase activity was discovered in two of these
forest root-associated fungi.*® The basidiomycetous yeast Trichosporon loubieri, isolated from
tropical wetland waters, displayed a similar lactonase activity toward AHL with an acyl chain

ranging from 4 to 10 carbon atoms.*

Acylases or amidases

Acylases or amidases cleave the AHL irreversibly at the amide bond and release a homoserine
lactone 19 and a fatty acid 18 (Scheme 2.2). Whereas lactonases target the common lactone
core, acylases can be acyl chain length specific. Variovax paradoxus VAI-C cleaves AHLs via an
acylase enzyme, and can use AHLs as the only carbon and nitrogen source.>® A Ralstonia strain
isolated from a mixed biofilm, contains the AiiD enzyme which has a similar AHL-inactivation

mechanism.>! Both long and short-chain AHLSs can be metabolized by these strains.>%!

Also P. aeruginosa displays AHL-acylase activity but only for AHLs with an acyl chain com-
posed of eight or more carbon atoms.>? This preference for long-chain AHLs might be linked
with one of its own QS signal compounds, 0xo12 3i. Pseudomonas strains expressing this type
of enzyme are able to use AHLs as the sole carbon and energy source.>> Porcine kidney acy-
lase I belongs to this class of AHL-degrading enzymes as well.> Also plants contain enzymes,

fatty acid amide hydrolases (FAAH), with similar activity (vide infra).>*>>

Haloperoxidases
This third class of enzymes is able to inactivate oxo-AHLs 3 via a similar mechanism as ox-

idized halogen antimicrobials (Scheme 2.2). The electrophilic halogenation of oxo-AHLs 3 is

14
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hydrogen peroxide dependent and the active site of these enzymes typically relies on vana-
dium.>® The resulting N-(2,2-dihalo-3-oxoacyl)-L-homoserine lactones 16 still display QS ac-
tivity, so the cleavage of the acyl chain to yield a N-(2,2-dihaloacetyl)-derivative 22 is the crucial

step leading to a complete loss of QS activity.>’

These enzymes are often encountered in marine organisms, for example in the brown alga Lami-
aria digitata,* the benthic diatom Nitzschia cf pellucida,® and the red alga Delisea pulchra,®
and are associated with the prevention of microbial fouling by inhibiting QS regulated biofilm
formation.** However, haloperoxidases have also been found in terrestrial fungi such as Curvu-
laria inaequalis, although the inactivation of QS signal molecules by these fungal enzymes

has yet to be reported.

Oxidoreductases

Reductases will convert the keto functionality of oxo-AHLs 3 to a hydroxy group. The resulting
HO-AHL 2 are sometimes still active but often display a strongly reduced activity. The Gram-
positive bacterium Rhodococcus erythropolis W2 uses such a reductase to convert oxo-AHLs
with an acyl chain of at least eight carbon atoms to the corresponding HO-derivatives. This strain

also contains an acylase, enabling it to use AHLs as the sole carbon and nitrogen source. %

Cytochrome oxidases can be found in bacteria, archaea and eukaryotes and catalyze the oxi-
dation of the acyl chain to form hydroxylated products 20 (Scheme 2.2). Cytochrome P450
monooxygenase from Bacillus megaterium efficiently oxidates AHLs at the w-1, w-2 or w-3
carbon atom of the acyl chain. The resulting hydroxylated AHLs 20a—c still retain QS activity,
albeit strongly reduced compared to native AHLs 17. AHL-degradation products 15 and 18 can

be hydroxylated as well by these enzymes. °!

2.1.3 Interkingdom signaling

Prokaryotes and eukaryotes have coexisted and interacted for a very long time, exposed to
each other’s soluble signal compounds. As a consequence, organisms of both kingdoms have
learned to perceive and react to these different compounds in a phenomenon called interking-
dom signaling (Figure 2.4). It is an intriguing observation that Pseudomonas species found in
the plant rhizosphere produce AHLs more often than their counterparts found in bulk soil. %
AHL-mediated QS also regulates several traits associated with plant-bacteria interactions such
as biofilm formation, virulence factor production, nodulation, synthesis of degradative enzymes,
etc.® As the infection of several eukaryotic hosts often depends on AHL-mediated QS, detect-

47,64

ing these AHL molecules could give a distinct advantage. It is therefore not surprising that

plants can ‘eavesdrop’ on the bacterial cross-talk via AHLs and respond in sophisticated ways.
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On the other hand, plants can also actively influence this communication via the excretion of

compounds with AHL-mimicking or QS-disturbing activity (Figure 2.4).%*
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Figure 2.4. Different responses of plants to AHLs. The perception of AHLs can lead to the secretion of AHL-
mimics into the rhizosphere. Some compounds out of the exudates, such as p-coumaric acid, can be included
into bacterial AHLs. Also AHL-uptake and transportation inside the plant, or degradation via enzymes can occur.
Alternatively, AHLs can induce salicylic acid (SA) accumulation in roots and shoots, which is suggested to mediate
systemic resistance to pathogens. AHLs can also induce morphological changes and influence root elongation, root

hair formation, and lateral root density.

2.1.3.1 Effect of AHLs on plants

That plants are able to detect AHLs was confirmed when model legume Medicago truncatula
was treated with AHLs and more than 150 proteins were differently accumulated. These pro-
teins were linked with stress and plant defense, protein degradation or processing and various
primary metabolic activities. Also auxin-inducible and chalcone synthase genes were activated.
Exposure to oxol6:1 31, a native AHL of symbiont Sinorhizobium meliloti, led to a different
response than when oxo12 3i was tested (Appendix, Table 8.1).% This specific response to
different AHLs was also observed when the effect of AHLs on nodulation was studied. Out
of several AHLs tested on M. truncatula, only oxol4 3Kk, which is one of the native AHLs of

its symbiont S. meliloti, could enhance the formation of nodules on the roots. The increased
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nodulation caused by oxol4 3k was not observed in legumes alfalfa (Medicago sativa) and
white clover (Trifolium repens), showing that the response of plants toward AHLs can be highly

specific.5’

One of the most astonishing effects of AHLs on plants is a clear change in plant morphology.
Depending on the structure, AHLs can exert a different effect on the root architecture. When
Arabidopsis thaliana was treated with 10 pM of C4 1a or C6 1c in a floating hydrophonic sys-
tem, a 1.2-fold increase in root length was observed (Appendix, Table 8.1). This root growth
promoting effect was linked to a change in the auxin/cytokinin ratio. Application of 10 uM C8
le, C12 1i and C14 1k had no effect whereas C10 1g had a negative influence on root growth. %
When A. thaliana was treated with 10 uM C4 1a, C6 1c¢, oxo6 3¢, C8 1e and 0xo08 3e in an ex-
perimental set-up with agar plates, a significant root elongation was observed as well.®*~7? This
promotion was because of increased cell division activity in the meristem zone and enhanced
cell elongation in the elongation zone of the roots.’® However, a high (100 uM) concentration of
0x06 3¢ and 0x08 3e resulted in a reduction of the root length.”! Genetic analysis revealed that
GCRI1, a G-protein-coupled receptor (GPCR), and G, subunit GPA1 were involved. G-Protein
signaling is linked to several plant growth and development processes which transduce environ-
mental signals into the cell.”! Recent research suggests that the Ca** binding protein calmodulin
participates in the root stimulatory effect of 0x06 3¢ on A. thaliana as well.”>’* Application of
C4 1a caused an increase of the cytosolic free Ca®* concentration, supporting this hypothesis.
It was also shown that the root stimulatory effect of oxo6 3¢ depends on an active AtMYB44
protein. This transcriptional factor is associated with plant development and defense responses
to pathogens and environmental stress and can induce auxin- and cytokinin-related genes.”* All
these data combined led to the hypothesis that GCR1 and GCR2 could be candidate receptors
for AHLs in A. thaliana. Interaction of AHLs with these GPCRs will activate the heterotri-
meric G-protein. Subsequently, the activated G,, subunit opens the Ca?" channels which leads
to an increase of intracellular free Ca®>" which in its turn activates calmodulin. Calmodulin then

triggers the downstream cascades leading to the final specific cellular reaction.”>"

Whereas short-chain AHLs seem to stimulate root growth, no effect or a negative effect was
observed for AHLs with a longer acyl chain.%®7? In a study performed by Ortiz-Castro et al.,
a dose-dependent inhibitory effect on root length of A. thaliana was observed for C8 1e, C10
1g, C12 1i and C14 1k (Appendix, Table 8.1).%* Compound C10 1g had the strongest inhibitory
effect (80% reduction at a concentration of 48 uM) on primary root growth. This reduction
is caused by affecting cell division in the meristem and is independent of auxin-signaling.>*

Also calmodulin was not involved in the inhibition of primary root growth when long-chain
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AHLs are applied.”> The reduced primary root length was accompanied by a shift toward a
more branched root system. This could provide a larger surface area for bacterial colonization.
Longer-chain AHLs such as C12 1i also stimulated root hair formation.>* Remarkably, in their
set-up (seeds germinated and grown on AHL-containing agar plates, AHL concentration range
12-192 uM) no effect was observed for C4 1a, C6 1c¢ or oxo6 3c. These differences in acti-
vity compared to other studies could be explained by the fact that the A. thaliana plants were
germinated on AHL-containing medium, unlike other studies where the seeds were germinated
first in the absence of AHLs and then transferred to AHL-containing medium. So not only the
effect of AHLs on root elongation but also on germination and root development should be taken
into account. It is striking that plants produce several compounds with a structural similarity to
AHLs, for example N-acyl ethanolamines (NAE) 23 and alkamides 24 (Figure 2.5). These plant
signals control germination and can alter root and shoot system architecture.>*’>’® Therefore,
the same AHL-treatment was applied on plants overexpressing a fatty acid amide hydrolase
(FAAH) enzyme, responsible for the hydrolysis of NAEs, and a diminished sensitivity toward
AHLs was observed as well.>* An A. thaliana mutant that was resistant to the effect of the
alkamide N-isobutyl decanamide 24a, which inhibits primary root growth and stimulates lateral
root formation in wild type plants, was resistant as well to the inhibitory effect of C10 1g.”’
This suggests that plants may share a common pathway to perceive NAEs and AHLs for root

development.
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Figure 2.5. Structural similarities between C10 1g and plant constituents N-ethanol decanamide (NAE10:0) 23a
and N-isobutyl decanamide 24a.

Although C10 1g had a strong effect on A. thaliana, it is devoid of activity on mung bean (Vigna
radiata). However, the analogue with the 3-oxo-substituent, oxol0 3g, strongly induces the
formation of adventitious roots. This compound 3g stimulates basipetal auxin transport which
causes adventitious root formation via hydrogen peroxide- and nitrogen monoxide-dependent
cyclic GMP signaling.”® In the case of barley (Hordeum vulgare), a monocotyledon, both C8
1e and C12 1i were able to stimulate plant growth and a branched root architecture. This lateral
root stimulation was linked to NO-accumulation that was induced by all AHLs. Whereas only

10 uM but not 1 or 100 uM of C6 1¢ and C8 1e stimulated K™ uptake in root cells, the same
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effect was observed in all (1, 10 and 100 uM) concentrations tested for C12 1i (Appendix, Table
8.1).7

Palmer and colleagues found that AHLs elicited a biphasic growth response in A. thaliana and
M. truncatula seedlings. Whereas all (both short and long-chain) AHLSs tested caused longer pri-
mary roots in submicromolar concentrations, a significant reduction was observed when higher
(> 50 uM) concentrations were used. The sensitivity of A. thaliana to an AHL increased with
the acyl chain length, but the functionality did not play an important role, as C12 1i, HO12
2i and oxo12 3i had a very similar effect (Appendix, Table 8.1). Stereochemistry, on the other
hand, played a crucial role, shown by the fact that the unnatural D-stereomer of oxo12 3i failed
to cause any growth effects. Also p-coumaryl-HL 4 was devoid of activity. The ring-opened
form of oxo12 had a similar activity as oxol2 3i, suggesting that an intact lactone ring is not
required for AHL-induced plant growth modification. Contrastingly, in bacteria the lactone ring
is an absolute requirement for activity. When several AHL-degradation products were tested, a
biphasic growth effect similar to the pattern observed for long-chain AHLs, was observed for
L-homoserine (HSe) 25. The effect of AHL-degradation products on plants was also noted by
Joseph et al. Whereas no difference in stomatal conductance (a measure for stomatal opening)
and transpiration was observed after application of 10 nM oxo06 3c to bean plants (Phaseolus
vulgaris), an increase of 20 to 30% was caused by 10 nM homoserine lactone 19 or HSe 25
(Appendix, Table 8.1). Both bacteria and plant benefit from this effect: while the microorgan-
ism gets more access to mineral nutrients carried by soil moisture toward the root, the plant can
increase mineral uptake, increase the cooling of leaves and improve photosynthetic efficiency. *
HSe 25 is formed after AHL amidolysis by plant-derived fatty acid amide hydrolase (FAAH),
followed by lactonolysis (Figure 2.6). FAAH-Deficient seedlings were found to be resistant to
the effects of AHLs but showed altered root lengths when L-HSe 25 was applied. This confirms
the hypothesis that the growth modulating effect was linked with an AHL-degradation product,
although these results contrast with those reported by Ortiz-Casto et al.>*> The fact that D-
AHLs and short-chain AHLs were not as efficient substrates for FAAH as long-chain AHLs
corroborates the difference in activity observed for AHLs with different acyl chain lengths. The
second degradation product, the fatty acid 18, did not have an effect on the root growth. Also
the unnatural D-isomer of HSe 25 was inactive. As FAAHs are especially active during the ger-
mination and seedling phase, this could explain different results obtained when testing plants
in different development phases. At low bacterial and AHL-densities, only low concentrations
of L-HSe 25 are present which stimulate plant transpiration and thereby encourage growth,

whereas high AHL concentrations lead to high HSe 25 concentrations which may alert the
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plant and inhibit growth by stimulating ethylene production.>’
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Figure 2.6. FAAH-Catalyzed degradation of AHLs 17 to homoserine lactone 19 (HL) and a fatty acid 18. The

homoserine lactone can hydrolyze to homoserine 25 (HSe).

A stereospecific response of plants toward AHLs was also apparent when two isomers of 0xo8
3e were applied to sugar cane (Saccharum officinarum). Whereas both compounds led to the
formation of more stretched root cells, the L-enantiomer caused a larger increase in the sprouting

of roots compared to the D-enantiomer (Appendix, Table 8.1).%!

Besides morphological changes, AHLs can also lead to induced systemic resistance (ISR) in
plants. This induced systemic resistance causes plants to strengthen their defense mechanisms
as a preparation for contact with pathogens or stress. By applying AHLs in a process called
priming, plants are brought to this state of increased resistance and can respond stronger and
faster to future threats.®? When AHL-producing strains were present in the tomato (Lycoper-
sicon esculentum) rhizosphere, an enhanced resistance to the fungal leaf pathogen Alternaria
alternata was observed. AHL-mutants lacked this ability. The effect could be mimicked via
the application of synthetic AHL standards.® This enhanced resistance caused by AHLSs relies
on the induction of salicylic acid (SA)- and ethylene-dependent defense genes.®* However, no
such enhanced resistance was observed when A. thaliana was treated with C6 1¢.%® For this
plant, mainly longer-chain AHLs (C12 1i, oxol4 3k) were able to offer such protection. 7
This AHL-induced resistance seems to rely on mitogen-activated protein kinases (MPAKSs).
These proteins play an important role in the first steps of pathogen perception and induction
of defense mechanisms.® When tested on A. thaliana, oxo14 3k could influence plant defense
via an oxylipin/SA-dependent signaling pathway leading to cell wall strengthening by stimula-
ting callose deposition, accumulation of phenolic compounds and lignification. A second effect

was the increase of stomatal closure when exposed to a pathogen.®>8* The application of AHL-

producing bacteria as a soil amendment is currently being investigated. 348

It is difficult to draw definitive conclusions about the effect of AHLs on plants in general as
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most of the studies have been performed with the economically not-important plant A. thaliana.
As this is a small plant with a short life-cycle and which can easily be grown, A. thaliana is
perfectly suited to study the effect of AHLs in a profound, standardized manner. However be-
cause of the different experimental set-ups (hydrophonic system, agar plates, different methods
of AHL application) and experimental parameters (age of seedlings, contact time with AHLs,
AHL concentration range, stereochemistry of the AHLs used) there are already conflicting re-
sults for this one plant species (Appendix, Table 8.1). However, the general trend observed in
most cases is that short-chain AHLs (an acyl chain containing six or less carbon atoms) in a
concentration lower than 10 uM tend to promote primary root elongation, partially by shifting
the hormonal (auxin/cytokinin) balance. %7727 Long-chain AHLs (an acyl chain with ten car-
bon atoms or more) typically inhibit primary root growth and stimulate the formation of lateral
roots and root hairs.>*’° Not only the acyl chain length but also the dose and stereochemistry
play a crucial role. Short-chain AHLs can also inhibit root growth at higher (> 10 pM) concen-
trations.>> On the other hand, AHLs with a longer acyl chain (e.g. C12 1i, C14 1k) can stimulate
induced systemic resistance (AHL-priming). 5828486 The exact mechanism by which AHLs ex-
ert their effect is not yet fully understood, although for the growth stimulatory effect G-protein
receptors seem to be involved. The inhibitory effect seems to be linked with an elevated ethylene

concentration, which is caused by the FAAH-mediated AHL-degradation product HSe 25.

AHLs can also have an influence on the reproductive behavior of some algae. Culture filtrates
of several AHL-producing isolates and pure C4 1a and C6 1c¢ (2-10 uM) standards stimulated
the red macroalga Gracilaria dura to release its carpospores, whereas longer-chain AHLs C8
le, C10 1g and oxol2 3i were inactive.®” A similar effect was observed for C4 1a on the
release of spores of red algal epiphyte Acrochaetium sp., albeit at high concentrations (100 uM).
This effect on spore release was not observed in a second red alga (Sahlingia subintegra).®®

Zoospores of the green alga of the Enteromorpha genus use the presence of AHLs to detect

biofilms suited to settle upon. These zoospores only adhere to AHL-liberating strains.*

2.1.3.2 Effect of plants on QS signaling

AHLSs can influence plants in several ways, but plants can interfere with bacterial signaling as
well. Several plant-derived compounds that are able to inhibit quorum sensing are known (Fig-
ure 2.7).>!3 A true inhibitor disturbs QS without affecting bacterial growth. One of the most
studied examples is the production of halogenated furanones 26 by the macro-alga Delisea pul-
chra. These compounds have a certain structural similarity with AHLs and bind to the AHL

90,91

receptor proteins and enhance degradation of these proteins. Iberin (27), an isothiocyanate,
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was isolated from horseradish (Armoracia rusticana) and is extremely effective in inhibiting QS
in P. aeruginosa.®* Also garlic (Allium sativum) contains compounds 28a and 28b which solely
inhibit QS.°* Cinnamaldehyde (29), which can be isolated from the essential oil of cinnamon,
interferes at subinhibitory concentrations with the action of short-chain AHLs whereas QS re-
lying on long-chain AHLs is not affected.®* The naturally occurring furocoumarins bergamottin
(30a) and dihydroxybergamottin (30b) were isolated from grapefruit juice and inhibit QS with-
out interfering with bacterial growth.®> Also the flavan-3-ol catechin (31), present in the bark of
bushwillow Combretum albiflorum, has a negative impact on QS.® As this small selection of
plant-derived quorum sensing inhibitors already displays a large structural diversity, different
parts of the QS system might be targeted by these compounds, although the exact mechanism

is often not yet known.
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Figure 2.7. Structures of several QS inhibitors isolated from plants and macro-alga.

For several plant extracts, QS inhibiting or stimulating activity has been observed but the ac-
tive components were not identified yet.°>*”° The methanolic extract of radish (Raphanus
sativus), tarragon (Artemisia dracunculus) and hollyhock (Althea officinalis) showed QS inhi-
bition, whereas white clover (Trifolium repens) showed QS stimulation.”® The extract of several
pepper species has QS inhibitory activity as well, but the active compounds have not been iden-
tified yet.®” Also rice plant (Oryza sativa) extracts contain compounds that can activate several
AHL reporter strains, although the involvement of certain endophytic bacteria could not be
ruled out. These AHL-mimics are sensitive to the AiiA lactonase, so presumably contain an
AHL-related lactone core.” Exudates from pea (Pisum sativum) seedlings contained several
unidentified compounds that could influence AHL-regulated behavior in some reporter strains
without altering the bacterial growth. Unlike AHLSs, the active compounds from the pea seedling
exudate could not be extracted with chloroform or ethyl acetate. The methanol extract on the

other hand contained the majority of the QS activity. This difference points to a different chemi-
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cal nature of the active compounds compared to bacterial AHLs. Also seedlings of crown vetch
(Coronilla varia) were able to inhibit a reporter strain, whereas exudates of lettuce (Lactuca
sativa) and A. thaliana proved to be inactive.'? This presence of QS-influencing compounds

101

was also detected in M. truncatula seedlings."” Importantly, when M. truncatula was exposed

to AHLSs, the excretion of QS signal-mimicking compounds was increased. %

To respond to plant signals, several plant-associated bacteria posses LuxR-like proteins with
the characteristic AHL-binding domain but without a cognate LuxI-protein. These proteins are
called orphan LuxRs or LuxR solos and can be used to eavesdrop on neighboring bacteria but
can also bind and respond to plant compounds rather than AHLs. These LuxR solos lack some

conserved residues in the AHL-binding pocket compared to classical LuxRs. 36192

In some rare occasion, components of the root exudates can even be incorporated in the AHL-
signal. p-Coumaric acid is produced by plants as a precursor of lignin and can exert QS in-
hibiting activity. The photosynthetic bacterium Rhodopseudomonas palustris however relies on

plant-derived p-coumaric acid to synthesize its p-coumaryl-AHL 4 (Figure 1.2).4%

AHL-Degradation can be effectuated as well by plants. When the root systems of the legumes
clover (Trifolium pratense) and Lotus corniculatus were incubated with C6 1c¢, a rapid degrada-
tion of the signal molecule was observed. This disappearance was non-existent when the root
system of the monocots corn (Zea mays) and wheat (Triticum aestivum) was tested. As this
degradative activity was absent after boiling, presumably one or more enzymes are involved.>’
When barley and yam bean (Pachyrhizus erosus) were treated with AHLs, a stronger AHL de-
crease was observed in the rhizosphere of the legume yam bean compared to barley. This could
be explained by the fact that legumes such as bean and clover are naturally exposed to multiple
AHLSs during their symbiosis with rhizobia, whereas monocots such as barley, corn and wheat
do not have such interactions. '9*!% After treatment of yam bean and barley with C6 1¢, C8 1e
and C10 1g, all three AHLs were detected in root extracts of both plants. In the shoots of barley
on the other hand, only C6 1¢ and C8 1e were detectable, whereas only C6 1¢ was found in
yam bean shoots. Importantly, AHLs with the unnatural D-configuration showed a reduced up-
take by barley and yam bean. ! It was found that AHLs with a longer side chain (e.g. C10 1g)

104° Accumulation of C6 1c¢ in shoots

were degraded faster than their short-chain counterparts.
and C10 1g in roots was also shown for A. thaliana.®®% However, when the uptake of C8 le
and C10 1g was evaluated with more sensitive methods, applying radioactive isotope-labeled
AHLSs and biosensors, both C8 1e and C10 1g could be detected in the shoots, albeit in limited

amounts for C10 1g. It was shown that ABC transporters are involved in the AHL-uptake and
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that the transport occurs mainly via the central cylinder. !> So whereas short-chain AHLs can be
transported throughout the plant, long-chains AHL are transported as well but only to a limited

extent inside the plant and accumulate mainly in the roots. %1%

2.2 Cyclic lipopeptides

2.2.1 Introduction

The general structure of a cyclic lipopeptide (CLP) consists of a lipid tail connected to an
oligopeptide (Figure 2.8 and 2.9). CLPs containing a lactone in the cyclic core are called depsi-
peptides. These versatile compounds are synthesized by non-ribosomal peptide synthetases
(NRPS). The combination of a polar amino acid (AA) head linked to a lipophilic fatty acid
tail gives these amphiphilic compounds interesting activities (vide infra). The cyclic character
is often a prerequisite for the (bio)activity. %197 For example linear analogues of surfactin lack

the hemolytic activity that is present in the cyclic analogues.!'?’

The cyclization itself reduces
conformational freedom, constraining the structure and thereby ensuring a proper interaction
with the dedicated target.!” Not only the cyclic character gives these compounds interesting
properties, often unusual AAs can be found in CLPs. Several databases containing all the dif-

ferent (> 500) monomers found in non-ribosomal peptides are available. %

The presence of
D-AAs and N-methylated AAs constrains the conformation to aid cyclization and furnishes a
higher stability against proteolytic digestion, although they can still be degraded by several
other microorganisms.'%!1” The length of the fatty acid tail linked to the oligopeptide moiety

can also have a profound effect on the activity of the CLP.!%

CLPs are produced mostly by bacteria belonging to soil-dwelling or plant-associated Pseu-
domonas, Bacillus, Actinomyces, Serratia and Streptomyces genera, but CLP-producing organ-
isms have been found in other habitats as well.?’ Especially the CLPs produced by the first two

genera have been studied extensively.

In this work, first the different types of CLPs are discussed, followed by the biosynthesis. Fur-

ther on the natural functions and possible commercial applications are mentioned.

2.2.2 Classification
2.2.2.1 Pseudomonas CLPs
Based on structural similarities, the CLPs produced by Pseudomonas can be divided into six

major groups (Figure 2.8 and Table 2.1). 1820
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Figure 2.8. Chemical structure of the CLPs putisolvin I (32), tensin (33), syringopeptin 25A (34), syringotoxin B
(35) and viscosin (36) which are produced by Pseudomonas sp.?*'!! The stereochemistry of putisolvin I (32) is

predicted based upon sequence analysis. >

Viscosin group
The CLPs of this group are composed out of nine amino acids and are mostly linked to a
B-hydroxydecanoyl moiety. The macrolactone is formed via an esterification between the car-

boxylic acid group of the C-terminal amino acid and the hydroxy group of the D-aThr residue. '-!1?
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The production of this type of CLP seems to be associated with several fluorescent pseudo-
monads from different habitats, including rhizosphere, soil, phyllosphere and marine environ-
ments.!'® Also the white line-inducing principle (WLIP) belongs to this group. Pseudomonads
producing WLIP used to be classified in the ill-defined P. reactans group. When a WLIP-
producing strain is confronted with tolaasin on a solid medium, a white precipitate originates. ''*
Besides WLIP, following CLPs belong to the viscosin group: viscosin (36), massetolide, vis-

cosinamide, pseudodesmin and pseudophomin (Table 2.1). %112

Syringomycin group

This group is named after virulence factor syringomycin produced by P. syringae pv. syringae. '8
CLPs from this heterogenic group contain 9 AAs, including unusual AAs such as homoserine
(Hse), 2,4-diaminobutyric acid (Dab), 2,3-dehydroaminobutyric acid (Dhb), ornithine (Orn), 3-
hydroxyaspartic acid (Asp(3-HO)) and 4-chlorothreonine (Thr(4-Cl)). The N-terminal amino
acid is linked to a [-hydroxy or 3,4-dihydroxy fatty acid containing 10, 12 or 14 carbon
atoms. The cyclic core of these lipodepsinonapeptides is formed via a cyclization between
the N-terminal Ser and the C-terminal Thr(4-Cl). Examples are the phytotoxic syringomycins,

syringostatins and syringotoxin B (35) and the antifungal pseudomycin and ecomycin (Table
21) 19,113,115

Amphisin group

Amphisin, tensin (33), lokisin, pholipeptin, hodersin and arthrofactin are members of this group
(Table 2.1). The typical structure consists of 11 amino acids coupled to a S-hydroxydecanoic
acid tail. The lactone ring of these lipoundecapeptides is formed between the C-terminal amino

acid and the hydroxy group of the L-Thr or D-aThr residue located at position three. !

Putisolvin group
These CLPs have a 12 AAs peptide chain coupled to a hexanoic fatty acid tail. The only mem-
bers of this group are putisolvin I (32) and II (Table 2.1).'8

Tolaasin group

CLPs belonging to this group contain 19-25 AAs, often including unusual AAs (e.g. Hse, Dab,
Dhb). The lipid moiety is typically S-hydroxydecanoic acid although exceptions are possible in
this diverse group. The peptide is cyclized via a lactone formed between the C-terminal amino
acid and the aThr residue. The cyclic moiety consists of 5-8 AAs. '3 Corpeptin, fuscopeptin and
tolaasin are examples of CLPs belonging to this group (Table 2.1). Most of these CLPs possess

phytotoxic properties. '3
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Syringopeptin group

CLPs in this group contain 22 or 25 AAs and the N-terminal AA is acylated with a S-hydroxy-
decanoic acid or -hydroxydodecanoic acid (Table 2.1). The lactone bond is formed between
the C-terminal Tyr residue and the hydroxy group of aThr.!!> The system responsible for the
biosynthesis of syringopeptin (34) is the largest prokaryotic NRPS described so far (74 kb - 22

modules). 11116

‘Orphan’ CLPs

In recent years, several other CLPs have been discovered with structural features different from
the main groups. One example are the orfamides, identified by mining of the P. fluorescens Pf-5
genome. ' These depsidecapeptides contain 10 AAs coupled to a S-hydroxydecanoic acid or
B-hydroxydodecanoic acid tail and resemble CLPs of the viscosin group (Table 2.1). Another
example is entolysin containing 14 AAs with the lactone ring formed between the C-terminal
carboxy group and the hydroxy group of a Ser residue on the tenth position. Its fatty acid
tail consists of a 3-hydroxydecanoic acid.''® Very recently the lipotetradecadepsipeptide xan-
tholysin was discovered, with an octacyclic core.!!? Sometimes, orfamides and entolysins are
regarded as new groups of CLPs, bringing the total number of different groups of Pseudomonas

CLPs to at least eight.
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2.2.2.2 Bacillus CLPs

Most Bacillus CLPs are classified in one of the following three groups: the surfactin, iturin and

fengycin family (Figure 2.9 and Table 2.2).
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Figure 2.9. Chemical structure of the CLPs surfactin (37), iturin A (38), fengycin A (39) and polymyxin B, (40)

which are produced by Bacillus sp.

Surfactin family

These heptapeptides are interlinked with a $-hydroxy fatty acid containing 12 to 16 carbon

atoms and typically have a powerful biosurfactant activity. '?! The macrolactone is formed be-
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tween the C-terminal peptide and the [-hydroxy fatty acid. The main representative of this
family, surfactin (37) itself, was discovered in 1968 in the culture broth of a Bacillus subtilis
and has received a lot of attention since.'?*!2} Other examples of CLPs belonging to this group

are esperin, lichenysin and pumilacidin (Table 2.2).

Iturin family

Members of this group are characterized by a S-amino fatty acid moiety of 14 to 17 carbon
atoms linked to a cyclic heptapeptide macrolactam. These CLPs are synthesized by a hybrid
PKS/NRPS-system. The main variants within this group are iturin A (38) and C, bacillomycin
D, F, L and LC (also called bacillopeptin) and mycosubtilin (Table 2.2).!?!

Fengycin family

This group consists of decapeptides with a S-hydroxytetradecanoic to S-hydroxyoctadecanoic
fatty acid tail. The macrolactone is formed between the hydroxy group of a Tyr-residue and
the C-terminal amino acid. Representative CLPs are fengycin A (39) and B (also referred to as

plipastins depending on the configuration of the Tyr-residues) (Table 2.2). %!

Others
The antibiotic polymyxins are cationic CLPs with a remarkable Dab-content. Polymyxin B
(40) and E (also known as colistin) are both produced by the soil bacterium Bacillus polymyxa.

Polymyxin M (mattacin) on the other hand is produced by Paenibacillus kobenis (Table 2.2).1%*
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Table 2.2: Different structural groups of CLPs produced by Bacillus and primary structures of representatives of
each group. Based on Ongena et al. and Roongsawang et al. ''®!?! Residues involved in cyclization are marked
with an asterisk (*). Abbreviations used: aThr: allo-threonine, Dab: 2,4-diaminobutyric acid, Orn: ornithine.
For the other common AAs the standard three-letter abbreviations are used. aiFA9: anteiso-nonanoic acid (6-
methyloctanoic acid), iFA8: iso-octanoic acid (6-methylheptanoic acid). * The major 3-hydroxy fatty acids encoun-
tered are iso- and anteiso-HOFA13, n- and iso-HOFA 14, iso- and anteiso-HOFA15. ® The major 3-hydroxy fatty
acids encountered are anteiso-HOFA15, n- and iso-HOFA16, n- and anteiso-HOFA17. ¢ The major $-amino fatty
acids encountered are n-NHyFA 14, iso- and anteiso-NH3FA 15 and n- and iso-NHFA 16 and anteiso-NHoFA17. 121

Name FA 1 2 3 4 5 6 7 8 9 10

Surfactin family®

Surfactin (37) HOFA* L-Glu L-Leu/Val/lle D-Leu L-Val/Ala/Leu/Tle L-Asp D-Leu L-Leu/Val/lle*

Lichenysin HOFA* L-GIn/Glu L-xLeu D-Leu L-Val/lle L-Asp D-Leu L-Ile/Val*

Surfactant BL86 HOFA* L-Glx L-Leu D-Leu L-Val L-Asx D-Leu L-Ile/Val*

Pumilacidin HOFA* L-Glu L-Leu D-Leu L-Leu L-Asp D-Leu L-Ile/Val*

Esperin HOFA* L-Glu L-Leu D-Leu L-Val L-Asp* D-Leu L-Leu

Fengycin familyb

Fengycin A (39) HOFA L-Glu D-Orn D-Tyr* D-aThr L-Glu D-Ala L-Pro L-Gln L-Tyr L-Ile*
Fengycin B HOFA L-Glu D-Orn D-Tyr* D-aThr L-Glu D-Val L-Pro L-Gln L-Tyr L-Ile*
Plipastatin A HOFA L-Glu D-Orn L-Tyr* D-aThr L-Glu D-Ala L-Pro L-Gln D-Tyr L-Ile*
Plipastatin B HOFA L-Glu D-Orn L-Tyr* D-aThr L-Glu D-Val L-Pro L-Gln D-Tyr L-Ile*

Iturin family®

Tturin A (38) NHoFA* L-Asn D-Tyr D-Asn L-Gln L-Pro D-Asn L-Ser*

Iturin C NHoFA* L-Asp D-Tyr D-Asn L-Gln L-Pro D-Asn L-Ser*

Bacillomycin D NHoFA* L-Asn D-Tyr D-Asn L-Pro L-Glu D-Ser L-Thr*

Bacillomycin F NHoFA* L-Asn D-Tyr D-Asn L-Gln L-Pro D-Asn L-Thr*

Bacillomycin L NHoFA* L-Asn D-Tyr D-Asn L-Ser L-Gln D-Ser L-Thr*

Bacillomycin LC NHoFA* L-Asn D-Tyr D-Asn L-Ser L-Glu D-Ser L-Thr*

Mycosubtilin NHoFA* L-Asn D-Tyr D-Asn L-Gln L-Pro D-Ser L-Asn*

Other

Polymyxin B; (40) aiFA9 L-Dab L-Thr L-Dab L-Dab* L-Dab D-Phe L-Leu L-Dab L-Dab L-Thr*
Polymyxin Bo iFA8 L-Dab L-Thr L-Dab L-Dab* L-Dab D-Phe L-Leu L-Dab L-Dab L-Thr*
Polymyxin E aiFA8 L-Dab L-Thr L-Dab L-Dab* L-Dab D-Leu L-Leu L-Dab L-Dab L-Thr*
Polymyxin M aiFA8 L-Dab L-Thr L-Dab L-Dab* L-Dab D-Leu L-Thr L-Dab L-Dab L-Thr*
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2.2.2.3 Relevant CLPs produced by other microorganisms

Streptomyces sp.

Daptomycin (12) is a semi-synthetic CLP with potent antibacterial activity, produced by Strep-
tomyces roseosporus (Figure 2.10). The CLP produced by the microorganism is first deacylated
via a deacylase enzyme and then condensed with decanoic acid. Alternatively, decanoic acid
can be added to the fermentation medium leading to a direct incorporation. !> Daptomycin (12)
harbors interesting antibiotic activity (vide infra). The calcium-dependent antibiotic (CDA) is

produced by Streptomyces coelicolor.

Serratia sp.
Also Serratia produces several CLPs. The best known are serrawettin W2 (41) by Serratia

marcescens MG1 and the antimycobacterial serratamolides (42) (Figure 2.10).26
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Figure 2.10. Chemical structure of serrawettin W2 (41), daptomycin (12) and serratamolide A (42a).

2.2.3 Biosynthesis

CLPs are synthesized by large, multifunctional enzymes called non-ribosomal peptide syn-
thetases (NRPS). NRPS consist of different sections, called modules, each responsible for the
recognition, activation, modification and incorporation of one specific AA building block into
the final product. In most cases the sequence and number of modules correlates with the AA

sequence of the CLP (colinearity rule). During its synthesis, the elongating peptide moves from
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one module to the following, mimicking an assembly-line. A module is further subdivided into
different domains effectuating substrate recognition, activation, binding, modification, elonga-
tion and release. !”'® Ten different types of domains are known.'” The most important domains

are described in detail below.

Overall, three types of modules can be distinguished: initiation, elongation and termination
modules. Initiation modules consist of an adenylation and thiolation domain, responsible for the
selection and binding of the first amino acid.'?” Also the N-acylation of the first amino acid is
typically catalyzed in the initiation module by a condensation domain.'?® Elongation modules
always contain a condensation, adenylation and thiolation domain but editing domains may
be present as well. Termination modules contain a condensation, adenylation, thiolation and a

thioesterification domain, required for the release and possible cyclization of the oligopeptide.

2.2.3.1 Adenylation (A) domain

The adenylation (A) domain is responsible for AA recognition and activation. The carboxylic
acid of the AA is activated via a Mg?"-dependent hydrolysis of ATP, yielding the correspond-
ing amino acyl-O-adenylate and pyrophosphate (Figure 2.11).!7 As a consequence of the non-
ribosomal synthesis, CLPs can contain not only the 20 common, proteinogenic AAs but differ-
ent building blocks as well.!” The large diversity of building blocks of CLPs is explained by
the existence of a wide structural variety of A domains.!” Based on the analysis of the primary
sequence of the binding pocket of the A domain, its selectivity can be predicted employing the
non-ribosomal code. '?712°132 Via selective mutation it is possible to alter the selectivity of the

129,133

A domain and construct new peptide analogues. The substrate flexibility of certain A do-

mains can give rise to the biosynthesis of several structural variants of a certain CLP or even

allow the incorporation of added, unnatural amino acids. !117:134-136
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Figure 2.11. A Domain-catalyzed recognition and activation of the selected amino acid at the expense of ATP to

yield the amino acyl-O-AMP. Figure adapted from Sieber et al. !’

2.2.3.2 Thiolation (T) or peptidyl carrier protein (PCP) domain

Downstream of the A domain, the activated amino acyl-O-adenylate is covalently bound to the
thiol group of the 4’-phosphopantetheinyl (ppant) co-factor, linked to a serine residue of the
thiolation (T) domain. Therefore, to activate a T domain, it must be posttranslationally mod-
ified to obtain this 20 A long phosphopantetheinyl arm, derived from coenzyme A. This mo-
dification from unactive apo- to functional holo-form is catalyzed by 4’-phosphopantetheinyl
transferases (PPTase) and is Mg?"-dependent (Figure 2.12). 27137138 The thioesterification be-
tween the activated amino acid and the ppant co-factor is catalyzed by the A domain. After this
step, the substrate is covalently bound to the enzyme. The T domains are responsible for pass-
ing the substrate from one catalytic center to the next throughout the NRPS assembly line. !’
The thioesters employed by NRPS are more reactive than the tRNA-bound ester intermediates
which are used in ribosomal peptide synthesis, because of lower mesomeric stabilization of the

thioester compared to the ester.!’
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Figure 2.12. Posttranslational modification of the T domain with its ppant co-factor by a phosphopantheinyltrans-
ferase (PPTase). The phosphopantheine moiety is transferred from coenzyme A to a conserved serine residue of
the T domain. Then the activated amino acid moiety is covalently attached to the thiol group of the ppant co-factor
of the T domain. This loading of the T domain is catalyzed by the A domain. Figure based on Lambalot et al.,

Sieber et al. and Fischbach et al. 17-137:138

2.2.3.3 Condensation (C) domain

Condensation (C) domains catalyze the peptide bond formation via nucleophilic attack of the
a-amino group of the downstream PCP-bound AA, positioned in the acceptor site, on the as
a thioester activated carboxylic acid part of the upstream PCP-bound AA, positioned in the
donor site (Figure 2.13). The resulting peptide then serves as the donor substrate in a subse-
quent condensation catalyzed by the C domain of the next module. '”-'?":12% Although C domains
exhibit a high selectivity for the nucleophilic (acceptor) substrate, the electrophilic (donor) sub-
strate is hardly differentiated. '** However, when an epimerization domain is present (see section
2.2.3.5), the C domain is responsible for the selection of the donor substrate with the correct

stereochemistry. 28140
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Figure 2.13. Peptide bond formation catalyzed by the C domain. The nucleophilic amine of the amino acid moiety
in the acceptor (a) site attacks the electrophilic thioester of the amino acid moiety accommodated in the donor (d)

site. The resulting peptide can subsequently act as the electrophile in the donor site of the next C domain. Figure

adapted from Sieber et al. 71?7

2.2.3.4 Thioesterase (TE) domain

Finally, to reactivate the multienzyme complex for another synthetic cycle, the thioesterase (TE)
domain cleaves the oligopeptide at the end of the assembly line in the termination module. To
achieve this release, a conserved serine residue of the active site of the TE domain attacks the
T domain-bound peptidyl thioester, forming a peptide-O-TE intermediate. '?’ Subsequently, the
peptide can be released from this serine moiety either by hydrolysis, to yield a linear peptide,
or by an intramolecular nucleophilic attack, yielding a CLP (Figure 2.14). Whether a cyclic or
a linear LP is released is determined by the oxyanion hole. The negatively charged intermediate
formed during the release reaction is stabilized by two amide bonds. In the case of a TE domain
that is producing CLPs, a rigid proline residue can be found next to one of these amides, whereas
for the other type of TE domain, a more flexible glycine residue is present, easing the entry of
a water molecule that is required for hydrolysis.!*! The cyclization always includes the C-
terminal end of the peptide, side-chain to side-chain cyclizations have not been observed.!7-!4!
The macrocyclization catalyzed by TE domains occurs stereo- and regioselective. '4>!*> The
presence and type of the fatty acid tail can exert a profound effect on the regioselectivity of

this cyclization catalyzed by the TE domain.'** TE domains also control the oligomerization of

identical peptide units during iterative peptide synthesis. '

Macrocyclization is difficult to achieve via chemical synthesis without the application of many
protecting groups, which is often accompanied with low yields. Excised TE domains can be
used for chemoenzymatic synthesis. A linear precursor is first synthesized via solid-phase pep-
tide chemistry, followed by selective and efficient cyclization catalyzed by an excised TE do-

main. 17,141-143
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Figure 2.14. Release of the peptide catalyzed by the TE domain. This release can occur via hydrolysis (A), deliv-
ering a linear product or via intramolecular cyclization involving (the terminal) amine group (B) or a nucleophilic
side chain (C), yielding a lactam or a lactone. Also the fatty acid tail can be involved in this cyclization. Figure

adapted from Sieber et al. !’

2.2.3.5 Editing domains
When the substrate is linked to the T domain, different modifications can take place, catalyzed

by the non-essential editing domains.

Epimerization (E) and condensation/epimerization (C/E) domain

A striking feature of many CLPs is the presence of one or more D-AAs. A possibility for the
inclusion of D-AAs is selective incorporation by the A domain of D-AAs provided by an external
racemase. '*> A more prevalent way is through the use of E domains. E Domains epimerize the
C,-carbon of the amino acid linked to the ppant co-factor of the T domain, delivering a D/L-
mixture. !0 Subsequently, the downstream C domain enantioselectively selects the product

with the desired stereochemistry. 127:128:140

However, sometimes there are discrepancies between the stereochemistry of the final peptide,
containing D-AAs, and the corresponding NRPS, lacking E domains. Typically, these NRPS
possess condensation domains with a dual catalytic activity: both condensation and epimeriza-
tion are effectuated by these domains. These are called C/E domains and epimerize the AA
loaded on the T domain of the preceding module. This type of domain can be recognized by the
elongated His motif. % E Domains have been found in Gram-positive bacteria such as Bacillus,

but typically not in the Gram-negative Pseudomonas species, as they contain C/E domains.

Methyltransferase (MT) domain
Another type of modification is N- or C-methylation of the substrate. This domain relies on

S-adenosyl-L-methionine (SAM) as the methyl donor. %’
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(Hetero)cyclization (Cy) domain
This is the only type of editing domain that can replace one of the core domains of the NRPS. %7
When replacing a C domain, this unit catalyzes the formation of oxazoline and thiazoline rings

out of Ser/Thr or Cys respectively. !”147

Oxidation (O) and Reduction (R) domain

The oxidation state of oxazoline and thiazoline rings can be modified via oxidation (Ox) or
reduction (R) domains. '?’ In the absence of a TE domain, C-terminal R domains can also reduce
the thioester linked to the T domain, thereby releasing the linear oligopeptide as an aldehyde or

alcohol. '+

Formyltransferase (F) domain
17,148

N-Formylation is effectuated by the N-formyltetrahydrofolate-dependent F domain.
2.2.3.6 Fatty acid introduction

An additional condensation (C1) domain preceding the A domain of the initiation module is
involved in the N-acylation of the first amino acid with the lipid moiety (also known as lipoini-

tiation). 128,135,149,150

In the case of surfactin (37), the CoA-activated [3-hydroxy fatty acid is transferred with a high
specificity to the T domain-bound amino acid. The activation of the S-hydroxy fatty acid itself is
catalyzed by a fatty acyl CoA ligase.'* The calcium-dependent antibiotic (CDA) CLP follows
a quite similar mode of fatty acid introduction, only using a fatty acid tethered to ACP instead
of CoA. 1% A third mechanism of fatty acid introduction is found in mycosubtilin, produced by
a hybrid PKS/NRPS synthase. During its biosynthesis, palmitic acid is loaded onto the first A
domain of the polyketide synthase part, then condensed with malonyl-CoA and the resulting
B-keto thioester is reductively aminated to give the S-amino fatty acid moiety that is charac-
teristic for CLPs belonging to the iturin group. This fatty acid tail is then presumably passed
on to the NRPS part. ! The hydroxy fatty acids themselves could be produced by the primary

metabolism (type II fatty acid synthase systems).!!”

As an example of the complete NRPS-assembly line, the ten modules responsible for the syn-

thesis of the CLP orfamide A are represented in figure 2.15.'
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Figure 2.15. NRPS Organization for the biosynthesis of the CLP orfamide A.'3

2.2.3.7 Comparison ribosomal - non-ribosomal peptide synthesis

In ribosomal peptide synthesis, a tRNA synthetase selects and activates the AA at the expense
of ATP, yielding an amino acyl-O-adenylate. Although an identical mechanism is followed by
the A domains, both type of enzymes evolved independently. In case of the ribosomal peptide
synthesis, the activated AA is subsequently loaded onto a tRNA via an ester bond, which then
goes to the ribosome for mRNA-directed protein biosynthesis. During non-ribosomal peptide
synthesis, the activated AA is transferred to a T domain and then further passed on through the

NRPS assembly line. 2-152

Due to the need for precision in primary metabolism, several proofreading mechanisms are
included in ribosomal synthesis, which are absent in NRPS. 27152 On the other hand, NRPS can
use several hundreds of substrates, whereas ribosomal synthesis is normally restricted to the 20

proteinogenic AAs. %’

2.2.4 Regulation of CLP production

In response to several abiotic conditions (temperature, pH, oxygen, etc.), nutritional factors (car-
bon, nitrogen and trace elements) and sometimes even plant signal molecules, a complex genetic
network regulates the CLP production.'!®> Known CLP regulatory genes and mechanisms are

discussed below.
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2.2.4.1 Regulation of CLP production in Pseudomonas

GacS/GacA

The production of CLPs is subjected to complex regulatory circuits. In Pseudomonas species,
the GacS/GacA (Global activator) two-component system is often a crucial element and func-
tions as a master switch (Table 2.3).!15H618.136.153-159 Nytritional factors and specific plant
phenolic glycosides were able to activate the synthesis of syringomycin in P. syringae pv.
syringae.!'!> Exudates from sugar beet seeds were also able to activate amphisin production
in Pseudomonas sp. DSS73 via triggering the GacS/GacA two-component system. GacS is a
transmembrane protein, functioning as a histidine sensor kinase, which is activated by autophos-
phorylation in response to environmental stimuli and then phosphorylates its cognate response
regulator GacA. 1515315 GacA in its turn activates the expression of certain target genes speci-
fying small noncoding RNAs. These RNAs are characterized by repeated CGA motifs essential
for binding small RNA-binding proteins (RsmA) that act as translational repressors of target
mRNAs. 18160 [n this manner, activation of Gac titrates the repressors away. Besides many sec-

ondary metabolites, also the production of AHLSs is typically GacS/GacA-regulated. !

LuxR-type transcriptional regulators
LuxR-type regulators are found in the flanking regions of most NRPS genes present in Pseu-
domonas (Table 2.3).114157.162 Thege transcriptional regulators contain a DNA-binding helix-

turn-helix motif but lack an AHL-binding or response regulator domain. '6?

LuxR-type regulators SalA and SyrF regulate syringomycin and syringopeptin (34) production
in P. syringae pv. syringae. SalA is suspected to interact with the syrF promoter and SyrF then
binds and activates the promoter of the target NRPS. 33157163 ViscAR and ViscBCR regulate
viscosin (36) production in P. fluorescens SBW25,'%? and the similar MassAR and MassBCR
transcriptional regulators control massetolide biosynthesis in P. fluorescens SS101.'3¢ EtIR con-

trols entolysin biosynthesis in P. entomophila,''®

and ArfF arthrofactin production in Pseu-
domonas sp. MIS38.'%* Also the production of white line-inducing principle (WLIP), a mem-
ber of the viscosin CLP group, by rice rhizosphere isolate P. putida RW10S2 is activated by the

LuxR family regulator WIpR and is not controlled by the present Pmrl/PmrR QS system. !4
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Table 2.3: Regulation of CLP production.

Adapted and extended from Raaijmakers et al. 113162

CLP

Microorganism

Regulators involved

AHLs

Amphisin 134153

Arthrofactin 104

Cormycin A 2425
Corpeptin A & B2+
Corpeptins *
Entolysin '8

Massetolide A 136:165

Putisolvin I (32) & I122:23.156

Serrawettin W2 (41) 126,166

Syringopeptin (34) 157

Syringomycin 115,153,157
Viscosin (36)2!
Viscosin (36) 131:162
WLIP 114

Xantholysin !'2

Pseudomonas sp. DSS73
Pseudomonas sp. MIS38

P. corrugata CFBP5454

P. corrugata CFBP5454

P. mediterranea CFBP5447
P. entomophila

P. fluorescens SS101

P. putida PCL1445

Serratia marcescens MG1
P, syringae pv. syringae
B301D

P, syringae pv. syringae
B301D

P. fluorescens 5064

P. fluorescens SBW25

P. putida RW10S2

P. putida BW11M11

GacS/GacA
GacS/GacA, ArfF, heat shock protein HtpG and stress

factor spoT

QS: Pcol/PcoR, RfiA

QS: Pcol/PcoR, RfiA

QS: Pmel/PmeR, RfiA

GacS/GacA, EtIR

GacS/GacA, MassAR and MassBCR, serine protease
ClpP

GacS/GacA, PsoR, heat shock proteins DnaK, DnaJ and
GrpE, QS: Ppul/RsaL/PpuR

Swrl/SwrR

GacS/GacA, SalA, SyrG, SyrF

GacS/GacA, SalA, SyrG, SyrF

GacS/GacA, ViscAR and ViscBCR

GacS/GacA, WIpR
XtIR

C6 1c, C8 1e, 0x06 3¢
C6 1c, C8 1e, 0x06 3¢
C6 1c, C8 1e, 0x06 3¢

oxo10 3g, oxo12 3i

C41a,Co1c

Regulation by AHL-mediated QS

AHL-Mediated QS controls several bacterial traits but only in a limited number of cases AHLs
play an important regulating role in CLP production (Table 2.3). During the screening for
biosurfactant producing strains in the sugar beet rhizosphere, only three out of 80 surfactant-
producing isolates were able to synthesize AHLs.!>> True LuxR analogues such as LuxR itself,

LasR, RhIR, and PhzR contain an AHL-binding domain.

The involvement of AHL-mediated QS in the control of viscosin (36) production by broccoli
pathogen P. fluorescens 5064 was hinted by the fact that biosurfactant production only started
at high cell densities in the late exponential growth phase. The corresponding AHL is HOS
2e.?! Another example is the Ppul/Rsal/PpuR QS-system regulating putisolvin I (32) and II
synthesis in P. putida PCL1445. These CLPs are produced at late exponential growth phase as
well. LuxI and LuxR homologues Ppul and PpuR are responsible for AHL (0x010 3g and oxo12
3i) production and recognition, whereas Rsal acts as a repressor of Ppul and PpuR. Mutation
in the ppul and ppuR genes causes a reduced putisolvin production, whereas rsal. mutation
gives rise to overproduction of both AHLs and putisolvin.?? Besides the AHL-mediated QS
regulation,?? also the LuxR-type regulator PsoR was shown to be involved.?® Tomato pathogen

P. corrugata contains the Pcol/PcoR QS-system controlling the synthesis of CLPs corpeptin A
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and B and cormycin A as virulence factors.?>*? A similar regulation is also found in the closely

related P. mediterranea (containing the Pmel/PmeR operon).?

P. corrugata contains as well a
LuxR-family type regulator, designated RfiA, for which the downstream regulatory rfiA gene is

co-transcribed with pcol.**

Other types of regulators

Besides LuxR analogues or LuxR-type regulators, other proteins can be involved as well. Ser-
ine protease CIpP (caseinolytic protease) regulates massetolide biosynthesis via influencing the
expression of LuxR-type transcriptional-regulatory genes in the plant-growth stimulating strain
P. fluorescens SS101. ClpP typically plays a crucial role in intracellular refolding and degra-
dation of proteins. It was postulated that ClpP degrades proteins that repress or interfere with
the transcription of the massetolide-regulatory gene. Also an influence on the citric acid cycle
and amino acid metabolism cannot be excluded. It was shown that ClpP regulates massetolide

biosynthesis independent of the GacA/GacS-controlled regulation. '

Heat shock proteins DnaK, Dnal and GrpE were shown to be involved in the regulation of the
biosynthesis of putisolvin in P. putida PCL1445 at low temperatures. These proteins may be
required for proper folding of other positive regulators or the synthetic machinery.'>® Also heat
shock protein HtpG is involved in regulating the synthesis of arthrofactin, but the mechanism
of its involvement is not entirely clear yet. Also the SpoT stress factor, which is responsible
for the hydrolysis of guanosine 3°,5’-bispyrophosphate (ppGpp) and synthesis of guanosine
3’-diphosphate,5’-triphosphate (pppGpp), seems to play a role in arthrofactin synthesis. !*

2.2.4.2 Regulation of CLP production in other bacteria

Serratia

Serratia marcescens MG1 (previously designated as S. liquefaciens) produces serrawettin W2
(41) (Figure 2.10). This production is controlled by the Swrl/SwrR quorum sensing system
and its cognate AHLs C4 1a and C6 1¢.'?%!% In swrl-mutant MG44, unable to swarm, the
serrawettin W2 (41) production and thus the swarming phenotype could be restored by the
addition of C4 1a.!2%166 Besides the QS regulated CLP-production, stimulation of the flADC
master operon which controls swarmer cell differentiation (cell elongation, multinucleation and
hyperflagellation), is needed as well to achieve swarming. Also nutrient status plays a crucial

rol. 167

Bacillus
Surfactin (37) production is regulated by the two-component system ComA/ComP in a cell-

density dependent manner via the peptide pheromone ComX among many other components.
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ComA is phosphorylated by protein kinase ComP in response to perception of ComX. The
20,116,168

activated ComA then binds to the promoter region.
2.2.5 Natural functions

The main natural functions associated with CLPs are antagonism, motility and surface attach-
ment (Figure 2.16).%° The structure of a CLP determines the activity, small structural changes
in the peptide core or lipid tail can change the physicochemical properties and interaction with

membranes. 106,123,134,136,162

&

Virulence

Biofilm formation
and colonization

Soil particles

.....
)\ HN JKN > / "...
Chelation of cations and

o ( enhanced degradation of
hydrophobic compounds

l20

Figure 2.16. Different natural functions of CLPs. Figure from Raaijmakers et al.

Microbial warfare
The antagonistic effects of many CLPs grant a competitive advantage to the producing organism

over coexisting microorganisms. By disintegrating membranes, CLPs can exhibit inhibitory ef-
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fects against bacteria, viruses, fungi and oomycetes.!>?%113:19 The limited activity of CLPs
against Gram-negative bacteria has been ascribed to the protective effects of the outer mem-
brane, although there are exceptions. !*!>!7 The mode of action consists of the formation of
channels in the membrane. The resulting pores increase the influx of HT and Ca** and the efflux
of K*, causing a collapse of the membrane pH gradient, although some CLPs act rather as a
non-specific detergent than as a pore-forming toxin. !>!15:170.171 Tq fuylly assess the antagonistic
effect of a CLP, studies with the isolated CLP or with non-producing or overproducing mutants

are required, besides the evaluation of the level of CLP-production in vitro.!?!

Protection against predation

Both surfactin (37), produced by Bacillus, and serrawettin W2 (41), produced by Serratia mar-
cescens, were able to fend of the nematode Caenorhabditis elegans from feeding on the bacterial
colonies. !”? Also viscosin (36) produced by P. fluorescens SBW25 and massetolide produced by
P. fluorescens SS101 offer both species protection against predation by the amoeba Naegleria

americana.'?

Motility

CLPs can influence the wettability of surfaces, helping the bacteria spread across these sur-
faces. 19113121155 Qurfactin (37) for example can lower the surface tension of water from 71 to
27 mN/m at concentrations as low as 20 uM.'?* Viscosin (36) has a comparable effect on the
surface tension. ! As a consequence, several CLPs are indispensable for the producing microor-
ganism to swarm, e.g. massetolide A, '3 amphisin, !> entolysin,''® and serrawettin W2 (41).!2
Benefits of increased bacterial mobility include better nutrient acquisition, avoiding predators

and toxic substances and access to new colonization sites. !>

Biofilm formation

Biofilms can protect the inhabiting bacteria against undesired elements such as antibiotics and
predators. CLPs can play an important role during the attachment phase and the formation of
biofilm as demonstrated by the tendency of CLP-mutants to form differently structured biofilms.
The structure of the CLP plays an important role: whereas some CLPs such as massetolide A,

positively stimulate the formation of a thick, structured biofilm, '3

other CLPs (e.g. putisolvin
I (32) and II) dissipate existing biofilms.?*!7#17> The orientation of the CLP plays a crucial role
in the final effect. When the hydrophobic moiety of CLP is embedded into the bacterial cell sur-
face, leaving the hydrophilic part of the CLP exposed, only attachment to hydrophilic surfaces
is possible. On the other hand, when the hydrophobic part remains exposed, only attachment to

hydrophobic surfaces is possible.!”® This effect was suggested by the observation that a rham-
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nolipid surfactant increased the cell hydrophobicity of some P. aeruginosa strains and hence
the rate of octadecane degradation.!”” On the other hand, when a serratamolide (42) biosurfac-
tant was added to a Serratia marcescens culture, a reduction of cell surface hydrophobicity was
observed, presumably caused by blocking the hydrophobic sites.!”® The final effect depends on
the initial bacterial surface hydrophobicity as well. Whereas surfactin (37) was able to increase
the hydrophobicity of a hydrophilic B. subtilis strain, a decrease in cell surface hydrophobicity

of a hydrophobic strain was observed.'”

Chelation and emulsification

The emulsifying properties of CLPs increase the solubility of hydrophobic nutrients, enhancing
the growth.!” Also several metal ions can be chelated, granting protection against the toxic
effects of certain metals or enabling sequestration of trace metals as micronutrients.’ Structural
elements play a crucial role, the replacement of a Glu-residue in surfactin (37) with Gln yields

lichenysin with better chelation properties for Ca?* and Mg?*. 1%

Phytotoxicity

Several CLPs have a phytotoxic activity. Syringomycin and syringopeptin (34) of P. syringae
interact with the plant plasma membrane leading to pore formation thereby enabling transmem-
brane passage of K+, H™ and Ca?"-ions. This eventually induces necrosis of plant tissues.!!3
Also the biosurfactant properties of CLPs contribute indirectly to the virulence by helping bacte-
ria spread and solubilizing plant protective wax layers, having a synergistic effect with cell wall
degrading enzymes. '*!!* The CLPs corpeptin A and B and cormycin A are the major virulence
factors of tomato pathogens P. corrugata and P. mediterranea.***

2.2.6 Commercial applications of bacterial CLPs

Biosurfactants can be applied in a broad range of industrial applications such as oil recovery,
bioremediation, wetting and emulsification. The main advantage compared to the synthetic al-
ternatives are their biodegradability and lower toxicity. However, not all CLPs can be used as
such. Sometimes the (cyto)toxicity of some CLPs prevents their use for certain (clinical) appli-
cations. Also instability can impede industrial application of some CLPs.!'® Another limitation
is the rather low level of CLP production. To offer an economically viable alternative for non-
renewable, synthetic compounds, CLPs should be produced with a high productivity and on
inexpensive substrates. Also the downstream processing should be limited. '3!3 Surfactin (37)
is often extracted from the culture broth via acid precipitation, recrystallization and organic

solvent extraction. However, several impurities are co-extracted, causing the need for a chro-

matographic separation step. !> Another option is the foam fractionation technique, exploiting
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the surfactant properties of surfactin (37). The CLP is recovered from the collapsed foam via

acid-induced precipitation. '%?

Cosmetic industry

Besides their environmentally friendly and renewable image, many CLPs possess a low human
toxicity, allowing their application for cosmetic products. Several CLPs, such as surfactin (37),
serrawettin and iturin are suitable to be used as emulsifiers in skin preparations. '8¢ Surfactin (37)
can be included in cleansing cosmetics as well. These products show an excellent washability
combined with an extremely low skin irritation. '8! The Japanese company Kaneka offers
surfactin (37) on the market for cosmetic applications. '3’ The antimicrobial properties of many

CLPs can also aid to increase the product preservation. '8

Soil remediation

Biosurfactants can be applied for soil remediation. By solubilizing the pollutants, their environ-
mental degradation is enhanced. The CLP surfactin (37) was able to enhance diesel biodegra-
dation at a concentration of 40 mg/L. On the other hand, a concentration of 400 mg/L halted
biodegradation, presumably due to the antibiotic properties of this CLP.'®8 Also the biodegrada-
tion of the chlorinated pesticide endosulfan was enhanced in the presence of surfactin (37).'%
Aliphatic and aromatic hydrocarbons degraded more quickly as well in the presence of this
CLP.'° The increased degradation of aromatic compounds is caused by increasing contact with
air to speed up oxidation. '°! The solubilizing properties of CLPs toward hydrocarbons can also
be exploited for the mobilization of oil, for example entrapped in sandstone cores, thereby en-

abling oil recovery. 192193

The metal chelating properties of several CLPs can be exploited for the removal of heavy metals
from contaminated soil.'®! Surfactin (37) succeeded in removing Zn and Cu by sorption at the
soil interface and metal complexation. '** Alternatively, blowing with air, causes the metal-CLP

complex to foam, allowing easy removal from the soil.'®

Pharmaceutical applications

CLPs represent an underexplored class of natural products with promising antibacterial activity
to confront the emergence of multi-resistant human pathogens. Several CLPs with antibiotic
activity have been described.!!” A strong advantage of CLPs as antimicrobial agents is their
rapid bactericidal effect and a minimal induction of resistance because of the fact that the entire
membrane is targeted, which is difficult to redesign. '>* Limitations are the limited solubility and
potential toxicity because of the unspecific mode of action. '>* Most CLPs are only active against

Gram-positive bacteria. The Gram-negative outer membrane or peptidoglycan layer presumably
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denies the CLP access to the plasma membrane. %7

A famous example of a CLP-type antibiotic is daptomycin (12), produced by the Gram-positive
bacterium Streptomyces roseoporous and currently used as a last resort antibiotic against methi-
cillin-resistant Staphylococcus areus (MRSA) and vancomycin-resistant Enterococci (VRE).
This anionic CLP is since its FDA approval in 2003 commercially marketed as Cubicin. The
currently accepted mode of action involves Ca?"-dependent binding to the cytoplasmic bacterial

membrane followed by a perturbation of the membrane in a detergent-like manner, '24196:197

For infections caused by Gram-negative bacteria, polymyxins are an interesting option. These
cationic CLPs have an affinity for a lipopolysaccharide (LPS) component of the outer cell mem-
brane of Gram-negative bacteria. Polymyxin B (40) and E (= colistin) are already in clinical
use, but high doses are accompagnied with neurotoxic and nephrotoxic effects.!®” Currently,
two polymyxins developed by an optimization program of Northern Antibiotics are undergoing

late stage preclinical development. !>

Another encouraging example is Pseudomycin B. This CLP is effective against the human-
pathogenic yeasts Candida albicans and Cryptococcus neoformans but has an irritating effect
and can cause necrosis of the treated tissue, hindering practical applications. However, pseu-
domycin analogues have been synthesized that retained the antibiotic effect but with a strongly

reduced toxicity to the experimental animals. '3

Several other CLPs are known with weak to moderate in vitro antibacterial activity.!'° Masse-
tolide A and viscosin (36) exhibit in vitro antimicrobial activity against tuberculosis causative
agent Mycobacterium tuberculosis.'3'%134136 B megaterium is inhibited by corpeptin and syrin-
gopeptin 22A and 25A (34).'° Surfactin (37) exhibits antibacterial activity against Mycoplasma

but its cytotoxicity against erythrocytes hinders its medical application. '

Some CLPs possess antiviral activity as well. Surfactin (37) is active against some enveloped
viruses, such as herpes- and retroviruses. %1% Because of its hemolytic activity, clinical appli-
cation is limited to local treatment.!*® Also viscosin (36) has in vitro antiviral activity against
enveloped human-pathogenic viruses (e.g. infectious bronchitis virus, influenza virus and New-
castle disease virus). The high MIC values suggest a non-specific detergent effect, acting on the

lipid envelope of the virus. !

Other medical applications

Surfactin (37) is a valuable inhibitor of fibrin clot formation, but further research is required to

determine the applicability of this compound 37. 110122
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Crop protection - fungicides

CLPs have a great potential to be used as environmentally friendly alternatives for chemical
plant protection agents currently in use against several agricultural diseases. One option would
be to use the CLP as such, whereas another possibility is using the CLP-producing microorgan-
ism itself. The spore-forming ability of Bacillus is in this point of view a huge advantage. '?!
Several CLPs produced by Pseudomonas have been reported to play a role in biological control

of several plant pathogens as well.2® Some examples are xantholysin against Xanthomonas

2 31

sp. and Rhizoctonia solani,"'? viscosin (36) against Phytophthora infestans,'' and sessilin
and orfamide against R. solani.?*'"**> Orfamides and massetolides have also a destructive ef-
fect on the zoospores of many Oomycete plant pathogens (Pythium ultimum and Phytophthora

porri). 117,131,203

Antifouling

Several CLPs are able to desintegrate biofilms and prevent biofilm formation. Besides the in-
dustrially relevant biofouling, biofilms are medically relevant as well, as they grant resistance
against added antibiotics. It was shown that the addition of the B. subtilis CLP surfactin (37)
was able to disperse the biofilm formed in urethral catheters by Salmonella enterica, E. coli,

and Proteus mirabilis. Biofilms formed by P. aeruginosa remained unaffected. '™

2.3 Concluding remarks

Although a lot of research has been performed on QS, interkingdom signaling is only an emerg-
ing field of research. The effect of AHLs on plants, and plants on QS is clear, but there is still
a lot of debate about the exact mechanism of action. Sometimes differing (or even contrasting)
effects can be observed for one AHL depending on the experimental set-up (plant species, agar
plates or liquid medium, duration of the treatment, AHL contact before or after germination,
etc.). Careful in vitro and in vivo experiments with different plant species are required to draw

conclusions and perhaps allow the use of AHLs for commercial applications.

CLPs fulfill several crucial functions for the producing organism. As is the case for many sec-
ondary metabolites, their production is subjected to many complex regulatory circuits. A better
understanding of this regulation could help increase CLP-production to make them even more
competitive alternatives for some surfactants used today. Besides the application as pure surfac-
tants, CLPs could be applied in several other markets such as cosmetic industry, pharmaceutical

industry, crop protection, soil remediation, etc.
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Chapter 3

Results and discussion

3.1 Synthesis and analysis of stable isotope-labelled N-acyl-L-homoserine

lactones

Abstract

Aliphatic aldehydes were deuterated at the a-position via a base-catalyzed exchange reaction
with D,O. These deuterated building blocks were used for the synthesis of labelled analogues of
quorum sensing signal molecules belonging to the three major classes of naturally occurring N-
acylated homoserine lactones (AHLs), with the label on a non-enolizable and therefore stable
position. Besides the application of these stable isotope-labelled AHLs as labelled standard
for quantitative analysis via isotope dilution mass spectrometry, these compounds can be used
to study the metabolic fate of the fatty acid tail of the AHL-molecule. These isotope-labelled
compounds were fully characterized and used to synthesize the deuterated analogues of two

commonly occurring AHL-degradation products, a tetramic acid and a ring opened N-acyl -L-

homoserine.
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3.1.1 Introduction

Although the AHL-concentration inside a biofilm can reach as high as 600 uM, only concen-
trations in the nM range are typically encountered in the effluent leaving flow cells covered
with biofilm.3* To detect these trace amounts of AHLs, sensitive detection methods are needed.
One possible method is via the application of biosensors, such as Agrobacterium tumefaciens
NT1,2%* Chromobacterium violaceum CV026,?% and Escherichia coli JB523%% (Table 3.1).
The detection relies on a phenotypic response such as enzyme secretion, pigment production or

bioluminescence when the threshold concentration of AHLs is exceeded. 2’

Table 3.1: Biosensors commonly used for AHL-detection.

Biosensor Phenotype AHL-sensitivity
A. tumefaciens NT1?%*  [-galactosidase production ~ C6 1c - C14 1K, oxo4 3a - oxol14 3k, HO6 2¢
-HO10 2¢g

C. violaceum CV0262%  purple pigment production ~ C4 1a - C8 le, oxo4 3a - oxo8 3e

C. violaceum CV026%% inhibition of purple pigment C10 1g - C14 1k, oxo10 3g - oxo14 3k
production

E. coli JB523206 gfp-production C4 1a - C10 1g, oxo6 3¢ - oxo12 3i

Although detection of sub-picomole amounts of AHLs is feasible, the possible interference by
artefacts, such as medium-derived diketopiperazines,?®® and the need to use multiple biosensor
strains in parallel for complete coverage of all AHLs (Table 3.1), has prompted researchers
to develop multiple techniques for instrumental AHL-detection and identification. 38209210 Tg
obtain reliable results and exact quantification, an internal standard needs to be included in these
analyses. The use of odd-chain AHLs as internal standard was abandoned after the discovery of

odd-chain AHL-producing bacteria. %%

Several groups have reported the synthesis of isotope-labelled AHLs 43-52 (Figure 3.1) which
can be used as internal standards.?**>2!1-217 [n the case of isotope dilution mass spectrometry
(IDMS), the spike compound should be chemically identical with the analyte. As the isotope-
labelled compound acts as an internal standard, compensating for losses during sample isolation
and analysis, the mass difference between the isotope and the analyte should not be too high, to
avoid possible isotope effects.?!® Besides the application as a standard, isotope-labelled com-
pounds are often used in absorption, distribution, metabolism and excretion (ADME) studies
and to study reaction mechanisms.?! Hereby, mostly a 1:1 mixture of non-labelled and isotope-
labelled compounds is used, to create a recognizable mass spectral ion pattern to study the in
vitro and in vivo metabolic dispersion.?'®?22 However, no methodology is available to syn-

thesize AHLs belonging to the major different classes with an isotope label in the acyl chain,
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starting from one, easily available deuterated building block.

p D D
,Q ,Q D
43 (=8, n= 8) 45a (n = 4) 45¢
45b (n=6)
46a (n = 2), 46b (n=4) 46h R=HorD
46¢ (n=5), 46d (n = 6) 47a (n=3),47b (N=7)
46e (n = 10), 46f (n= 12) 47c (n=9)
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48c (n=5), 48d (n=9)
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Figure 3.1. Isotope-labelled AHL-analogues 43,3* 44,2!! 45a—c,?'? 46a-h,?'> 47a—c,?'* 48a—e,?!> 49,216 50, 51,42

and 52,%!7 described in the literature.

3.1.2 Synthesis of unlabelled AHLSs

To be able to compare the chemical properties and spectral data of the labelled analogues with
the natural AHLs, a broad library of unlabelled, natural AHLs was synthesized. The common
building block of all AHLs, the homoserine lactone unit, was prepared as hydrogen bromide
salt 53 via reaction of L-methionine with bromoacetic acid.”> AHLs 1 without a functionality
at the 3-position of the N-acyl chain were prepared in a straightforward manner by coupling
the homoserine lactone hydrobromide 53 with the appropriate acid chloride 54 under Schotten-

Baumann reaction conditions (Scheme 3.1).%??
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Q 2.6 equiv Na,CO o
. 2L03
Rvkc, + 1.3equiv HBr.HZqu\O - R\)kN/qO
o H203CH2C|2 1:1,rt,2h H
(0]

54a 53 la
1b
1c
d
le
1f
1g
1h
1
1k

Scheme 3.1. Synthesis of natural AHLs 1a—i k.

(R = C,Hs, 37%)
(R = C3H7, 25%)
(R = C4Hg, 45%)
(R = C5H11, 45%)
(R = C6H13, 66%)
(R = C7H15, 36%)
(R = C8H17, 43%)
(R = Cngg, 64%)
(R = CyoH21, 52%)
(R = Cy2H3s, 82%)

To synthesize [-hydroxy esters 55a—i, a Reformatsky reaction between aldehydes S6a—i and

ethyl bromoacetate 57 was performed (Scheme 3.2).22+%2° To obtain 3-hydroxy fatty acids 58a—

i, two procedures were used to hydrolyze these esters S5a—i. Whereas sodium hydroxide in a

water:methanol mixture gave satisfying results for the shorter-chain derivatives S8a—e, too much

(up to 25%) of the unreacted ester was remaining for the longer-chain derivatives. Therefore, an

alternative procedure with lithium hydroxide in a tetrahydrofuran:methanol:water mixture was

used.?” An 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-mediated coupling reac-

tion of fatty acids S8a—i with L-homoserine lactone hydrobromide 53 yielded the desired HO-

AHLSs 2¢—k (Scheme 3.2).2%7

Procedure A:

i 5 equiv NaOH
1.3 equiv Zn
Q o - OH Q MeOH:H,0 1:1, r.t., 0.
0.1 TMS-CI A0 11, rt, o.n.
J e equiv P
ROH OEt dry Et,O, A, 1 h R OEt procedure B:
56a—i 57 55a—i 2 equiv LiOH
THF:MeOH:H,0 2:1:1
-089 2 ,
(84-98%) 0°Ctor.t., o.n.

1 equiv EDC.HCI
1 equiv EtzN

1 equiv
HBr .HZN’QO

o}
53

OH O
R}\)I\H//;\O

o

Scheme 3.2. Synthesis of natural HO-AHLs 2¢-k.

OH O 58a (R = CgHy, 88% (A))

RMOH 58b (R = C4Ho, 76% (A))

58¢ (R = CsHy1, 98% (A))
58d (R = CgHys, 88% (A))
58e (R = C7Hs, 76% (A))
58f (R = C8H17, 84% (B))
589 (R = CgHig, 87% (B))
58h (R = CyoH21, 96% (B))
58i (R = Cy1Has, 88% (B))

H,0, r.t.,, o.n.

2c (R =CgzH7, 12%, d.r.: 1:1)
2d (R = C4Hg, 37%, d.r.: 1:1)
2e (R = CgHy1, 65%, d.r.: 5:4)
2f (R = CgHys, 60%, d.r.: 1:1)
29 (R = C;Hy5, 63%, d.r.: 3:2)
2h (R =CgHj7, 57%, d.r.: 3:2)
2i (R = CgHsg, 70%, dr.: l:l)
2l (R =CygHy1, 64%, d.r.: 5:4)
2k (R = Cjy1Hy3, 58%, d.r.: 1:1)

To prepare oxo-AHLs 3c—g.i—k, the required acid chloride S4a—e,g—i was condensed quanti-

tatively with Meldrum’s acid, whereafter a nucleophilic attack of L-homoserine lactone, gen-

erated from the hydrobromide salt 53 with triethylamine, across the resulting adduct 59 gave

54



Results and discussion

oxo-AHLs 3c-g,i—k.??3?28 Alternatively, an EDC-mediated coupling between [3-oxo fatty acids
and L-homoserine lactone hydrobromide 53 was evaluated to synthesize oxo-AHLs 3, but only

disappointing yields were obtained.

(¢} o
E/\Of 1 equiv
1 equiv 7<

o} HBr .HZN’QO
o HO O>< ] o 53 o o
2 equiv pyridine 1 equiv EtzN
R - -
\)J\Cl R g RMN (e}
%o °

dry CH,Cl,, 0 °C, then, r.t., 20 h CH3CN, A, o.n. H

54a—e,g-

(quantitative) 3¢ (R = CyHs, 29%)

3d (R =CzHy, 37%)

3e (R = C4Hg, 42%)

3f (R = C5H11, 34%)
39 (R = CgH13, 40%)
3i (R = C5H17, 53%)
3 (R =CgHyg, 44%)
3k (R = CyoHp1, 40%)

Scheme 3.3. Synthesis of natural oxo-AHLs 3c-g,i-k.

3.1.3 Synthesis of a monodeuterated HO-AHL

Since secondary metabolites are quite expensive to synthesize in terms of energy and used
materials, it i1s tempting to speculate that certain elements of these metabolites are reused. Sev-
eral enzymes are known that are able to degrade AHLs.!'® Haloperoxidases for example are
able to halogenate N-(3-oxoacyl)-L-homoserine lactones 3 in a hydrogen peroxide-dependent
manner. **>73 Subsequent cleavage of the halogenated acyl chain yields N-(c,a-dihaloacetyl)-
L-homoserine lactone and a fatty acid.’” Therefore, to study the metabolic fate of the fatty
acid side chains, it was decided to include the isotope label in the acyl side chain of the AHL-
molecule. When the isotope label is included in the lactone ring (analogues 45 and 46), all
classes of AHLs can easily be accessed.?!>?!*> However, studies to investigate the metaboliza-
tion of the fatty acid side chain are impossible with these analogues. To include the label in
the side chain (analogues 44, 47 and 52), most synthetic routes rely on the use of rather ex-
pensive deuterated fatty acids.?'!?!4217 A metal-catalyzed reduction of terminally unsaturated
AHLSs with sodium borodeuteride to include the isotope label (analogues 48) has been reported

as well. 2!

No analogues of N-(3-hydroxyacyl)-L-homoserine lactones 2 with an isotope label in the acyl
chain have been reported in literature yet. The synthesis of this type of compounds was therefore
the first goal. In a first approach, 3-ketoester 62 was synthesized in excellent yield by reacting
undecanone 60 with diethyl carbonate 61 in the presence of sodium hydride, followed by a
sodium hydroxide-mediated hydrolysis to yield 3-oxododecanoic acid 63 (Scheme 3.4).2° The

deuterium label was introduced via a reduction of the keto function with sodium borodeuteride
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to afford deuterated [S-hydroxy fatty acid 64 with a deuterium incorporation of 89% at the
carbon atom bearing the hydroxy moiety.?** An EDC-mediated coupling with L-homoserine
lactone hydrobromide 53 yielded the desired N-(3-hydroxydodecanoyl-[3-2H])-L-homoserine

lactone 65.%%7

o O O O
3 equiv NaH
C9H19)J\ + 2.lequiv EtO" "OEt dry THF, Na, A o.n.' Cngg)J\/U\OEt
60 61 62 (94%)
o HO D ©
5 equiv NaOH 1.5 equiv NaBD,
———————> CgHyg OH > CoHig OH
MeOH:H,0 1:1, Et,0:MeOH 1:1, 0 °C to
r.t, o.n. 63 (75%) rt,2h 64 (98%)

1 equiv HBr - HZN’QO 53
1 equiv EtzN HOD O

1 equiv EDC.HCI 0
CnggMqu\o
H
o)

H,0, r.t., 0.n.
65 (65%)
D-incorp.: 89%, d.r.: 1:1

Scheme 3.4. Synthesis of N-(3-hydroxydodecanoyl-[3-2H])-L-homoserine lactone 65. The deuterium content was
determined by ESI-MS.

Only the class of AHLs bearing the hydroxy group is accessible via this route. The introduction
of only one deuterium atom causes a mass shift of one unit. The natural presence of the heavy
isotopes of mainly carbon, oxygen, nitrogen and hydrogen, gives rise to the presence of a mass
(M+1) one unit higher than the expected parental mass (M). The abundance of this M+1 can be
as high as 20% of the parental mass M for molecules with a molecular weight of 300 Da, hin-
dering the application of these monodeuterated compounds as standards, but they can be useful
to study the fragmentation patterns during GC-MS-analysis. Although M+2 is naturally present
as well, even for the AHLs with the highest mass, the abundancy never exceeds 3% of the pres-
ence of the parental mass M, resulting in less interference with peaks of a dideuterated labelled
compound. Noteworthy, dideuterated AHL-analogues 46a—h were applied as internal standards
in an isotope dilution tandem mass spectrometric method.?'* Therefore, a more general route

was developed to gain access to the dideuterated analogues of all different types of AHLs.

3.1.4 Synthesis of dideuterated AHLs

Aliphatic aldehydes 56¢,d,g,h were deuterated at the a-position via a 4-(N,N-dimethylamino)
pyridine (DMAP)-catalyzed H/D-exchange reaction with D,O (Scheme 3.5).2*! This mild cata-
lysis only allows selective deuterium introduction at the acidic a-position. Due to the formation

of HDO and H»O during this exchange reaction, complete deuteration is impossible. Therefore,
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to get a higher degree of deuterium incorporation than 68-86%, obtained after one iteration,
a second treatment with D,O was applied, yielding aldehydes 66b—d with a satisfactory deu-
terium incorporation of 93-95%. To achieve a deuterium incorporation higher than 95%, a third
iteration with D,O should be included. However, as in IDMS the focus goes to the alteration of
the ratio of two isotopes (labelled compared to non-labelled), the incomplete deuterium incorpo-
ration will not hinder the applicability, as long as the isotope ratio of the standard is determined

in a parallel analysis.!8-232.233

1) 0.1 equiv DMAP
D,0, 100°C, 1 h

o 71-97%,
D-incorp.: 68-86%
R, P LN
2)0.1equivDMAP D D

56¢ D,0, 100 °C, 1 h 66a (R = C4Hg, 65%, D-incorp.: 86% (one iteration))
56d 66b (R = CsH11, 69%, D-incorp.: 93% (two iterations))
569 66C (R = CgH17, 93%, D-incorp.: 95% (two iterations))
56h 66d (R = CgH19, 90%, D-incorp.: 93% (two iterations))

Scheme 3.5. Synthesis of a,«-dideuterated aldehydes 66a—d as deuterated building blocks. The deuterium content

was determined via 'H NMR.

Further elaboration of these deuterated aldehydes 66 toward unfunctionalized fatty acids was
evaluated. Because the a-position of a carbonyl group is quite acidic, a chain extension was
needed to shift the deuterium label to the - or y-position of the carbonyl and avoid deu-
terium loss due to a deuterium-hydrogen exchange. At first, two different routes were evaluated

(Scheme 3.6).

57



Results and discussion

Pp
o o] o]
OY\f R%J\H NKH/N
) O o o} \([3]/
R. D . 66
D e
o ! o] o o
oxo )LNW
NH D b
TEAFi o
v ‘
R D 16 MHCI, A

TEAF ! !
‘ ! Ca(OCl);
v

D D D ©
OH
Sy
A
\\\\ o ///
R X X o
N
Yoy H o
o o
o X_ X o
N
Yoy H o

X=DandY=HorX=HandY=D

Scheme 3.6. Proposed routes to synthesize (,53- and +,y-dideuterated fatty acids starting from deuterated
aldehydes 66.

Although the one-pot condensation reaction of the labelled aldehyde 66 with Meldrum’s acid

in triethylammonium formate (TEAF) led to the fatty acid in high yields,?**

a complete loss of
the isotope label was observed. Lowering the reaction temperature from 100 °C to 50 °C failed
to retain the deuterium-label in the final product. For the other route, diketopiperazine 67 was
efficiently acylated via reaction with acetic anhydride. To test this route without wasting the
deuterated aldehyde, the synthesis was first performed with unlabelled decanal 56g (Scheme
3.7). The acylated precursor 68 was reacted with decanal 56g in the presence of KOrBu as a
base to give compound 69 in excellent yield. Hydrolysis of 69 with 6M HCI at reflux yielded
a-oxododecanoic acid 70a. However, when the Ca(OCl),-mediated oxidative cleavage was at-

235

tempted, ~>> no conversion at all was observed. Therefore, this route was abandoned as well.
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0
0 o o 1 equiv HJK/ Cs';éa o o
)L 1 equiv KOtBu ),L C-H
HN — N - N = 817
NH Ac0,A 7h HrN\"/ dry THF, Ny r.t., o, HrNH
o} O O o}
67 68 (90%) 69 (91%, E/Z 5/95)

6M HCI, H,0, A, 4 h,

2 equiv Ca(OCl), 0

Hoj‘]/\/CBH” - Ho)‘\'(\/CSH]J
o CH3CN:CH,Cl»:H,0 2:1:2, r.t., 0.n. o
7la 70a (48%)

Scheme 3.7. Attempt to transform decanal 56g into undecanoic acid 71a.

In another attempt, the labelled aldehydes 66b—d were reduced to the alcohols after reaction
with two equivalents of sodium borohydride in ethereal methanol (1:1). Mesylation, ¢ followed
by substitution with potassium cyanide and alkaline hydrolysis yielded the [3,3-di-2H]-fatty
acids 73a—c (Scheme 3.8).%’

Alteratively, these «,a-dideuterated aldehydes 66a—d were transformed to the corresponding
B-hydroxy esters 74a—d via a Reformatsky reaction with ethyl bromoacetate 57 (Scheme 3.8).
Hydrolysis of 3-hydroxy esters 74a—d gave the [4,4-di->H]-3-hydroxy fatty acids 75a—d in

excellent yields.??

59



Results and discussion

o}

1 equiv Br\)l\OEt 57

1.3 equiv Zn
0.1 equiv TMS-CI

dry Et,0, A, 1 h

O

R
H 1) 2 equiv NaBH,4
Et,0:MeOH 1:1,
r.t., 2 h, 88-96%
2) 1.4 equiv EtgN
1.15 equiv MsClI
dry Et,0, 0 °C,
thenr.t., 2h

D D
66a (R = C4Ho)
66b (R = CsH]_]_)
66¢c (R = CgHy7)
66d (R = Cngg)

R%O\H)Oj\ 2 equiv LiOH
% OBt THF:MeOH:H,0 2:1:1,
0°Ctor.t., o.n.

74a (R = C4Hg, 96%)
74b (R = CsHyq, 97%)
T4c (R = C8H17, 93%)
74d (R = Cngg, 92%)

1) 2.5 equiv KCN
DMSO, 120 °C, o.n.
86-95%

2) 4 equiv NaOH

MeOH:H,0 9:1, A, o.n.

72a (R = CsHiy, 81%)
72b (R = CgH17, 77%)
72c (R = CgHjg, 97%)

(Meldrum's acid)

1.1 equiv EDC.HCI

2.1 equiv DMAP

OH O

| R
)(UJ\OH

D D

75a (R = C4Ho, 89%)
75b (R = CsHis, 84%)
75C (R =CgHj7, 89%)
75d (R = Cngg, 95%)

73a (R = CsHyq, 58%)
73b (R = C8H17, 80%)
73c (R =CgHjg, 70%)

R7(\H,OH

DD O

1 equiv 2,2-dimethyl-1,3-
dioxane-4,6-dione

dry CH,Cly, Ny,
rt.,20h

(0]
o] OH
Ko<
(0]
(o) R

76a (R =CsHjy, quant.)
76b (R = CgH17, quant.)
76c (R = CgHjg, quant.)

Scheme 3.8. Transformation of «,a-dideuterated aldehydes 66a—d into deuterated fatty acid derivatives 75a—d,

73a—c and 76a—c.

These labelled fatty acids 73a—c were coupled with L-homoserine lactone hydrobromide 53 to

give N-(acyl-[3,3-di->H])-L-homoserine lactones 78a—c (Scheme 3.9). A similar reaction with

[4,4-di-?H]-S-hydroxy fatty acids 75a—d gave N-(3-hydroxyacyl-[4,4-di-*H])-L-homoserine lac-

tones 77a—d, as a mixture of diastereomers. As expected, no separation of both diastereo-

mers was observed during both HPLC and GC-analysis, allowing this mixture to be used

as such as labelled spike for IDMS, utilizing a common analytical equipment. For the N-(3-

oxoacyl-[5,5-di-*H])-L-homoserine lactones 79a—c, [3,3-di->H]-fatty acids 73a—c were reacted

with Meldrum’s acid to introduce the oxo function (Scheme 3.8), followed by amidation with

L-homoserine lactone hydrobromide 53 (Scheme 3.9).2*8 No significant loss of deuterium was

observed during this synthetic route.
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OH O
77a (R = Cy4Hy, 48%, D-incorp.: 86%, d.r.: 3:2)
R o
N 77b (R = CsHy1, 58%, D-incorp.: 93%, d.r.: 3:2)
D H 77¢ (R = CgH17, 63%, D-incorp.: 95%, d.r.: 5:4)
77d (R = CgH19, 42%, D-incorp.: 93%, d.r.: 5:4)
1 equiv
OH (o}
1 equiv
HZO rt,3h O
D D 75a- d o OH
1 equiv EtgN 7( — Dp
1 equiv EDC.HCI [e]
O 76a—cR o o
1.2 equiv EtzN m 5
HBrE HzN 53 dry CHiCN, rt,2h, | R N
le} then A, o.n. o)
1 equiv 79a (R = CsgHj1, 49%, D-incorp.: 93%)
R OH 79b (R = CgH17, 66%, D-incorp.: 95%)
79¢c (R = CgH19, 54%, D-incorp.: 93%)
DD o
73a—c H,0, r.t., 3h
1 equiv EtgN

1 equiv EDC.HCI

DD O
M 5 78a (R = CsHyq, 55%, D-incorp.: 92%)
R H 78b (R = CgHy7, 69%, D-incorp.: 95%)

78c (R = CgH1g, 52%, D-incorp.: 92%)

Scheme 3.9. Synthesis of N-(3-hydroxyacyl-[4,4-di-?H])-L-homoserine lactones 77a—d, N-(acyl-[3,3-di-2H])-L-
homoserine lactones 78a—c¢ and N-(3-oxoacyl-[5,5-di->H])-L-homoserine lactones 79a—c starting from deuterated

precursors 75a—d, 73a—c and 76a—c. The deuterium content was determined by ESI-MS.

This methodology allows the convenient and straightforward synthesis of AHLs with differ-
ent functionalities, starting from one easily available deuterated building block without the use
of deuterium gas or expensive catalysts. The presence of two deuterium atoms causes a mass
shift of two units, making these isotope-labelled analogues easily distinguishable from the nat-
urally occurring '3*C-containing AHLs, with a mass one unit higher than the regular AHLs. All

deuterated AHLs 77a—d, 78a—c and 79a—c were fully characterized.

The degree of deuterium incorporation in the synthesized AHLs 65, 77a—d, 78a—c and 79a—c
was determined via HPLC-MS. To confirm the position of the isotope label, 'H and '*C NMR
spectra were recorded and compared with those of the unlabelled AHLs. The presence of deu-
terium atoms at the 3-position of the acyl chain in N-(acyl-[3,3-di->H])-L-homoserine lactones
78a—c was confirmed by the transformation of the signal of the a-protons of the acyl chain
from a triplet to a singlet and the disappearance of the quintet at 6 1.64 ppm (in CDCl3). A sim-
ilar alteration was observed in the spectra of N-(3-oxoacyl-[5,5-di-2H])-L-homoserine lactones
79a—c. For N-(3-hydroxydodecanoyl-[3-?H])-L-homoserine lactone 65, the signal at § 4.0 ppm
(CDClj), linked with the CHOH-unit logically disappeared, whereas for N-(3-hydroxyacyl-
[4,4-di-2H])-L-homoserine lactones 77a—d the signal at § 1.45 ppm (CDCl;) was absent. The
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expected quintet, associated with a dideuterated carbon atom, was not always clearly visible in
the 13C NMR spectrum due to excessive signal splitting and increased relaxation times.?° A
small isotope effect, resulting in an upfield shift of 0.1 to 0.2 ppm, was observed for the flanking

carbons, whereas this was negligible for the other carbon atoms.

The presence of deuterium atoms is also obvious from the infrared spectrum by the occurrence
of CD-vibrations in the CD, moiety. The small peaks around 2200 and 2100 cm ™! correspond to
antisymmetric and symmetric CD,-vibrations. These signals can be used to study the integration
of deuterated AHLSs in supported bilayers. 2!6-240

3.1.5 GC-MS analysis of deuterated AHLSs

Several methods have been developed to analyze AHLs with GC-MS. 34241242 Therefore, the
suitability of the synthesized AHLs for this type of analysis was evaluated by studying the
electron impact (EI) mass fragmentation pattern (Table 3.2). The retention times of labelled and

unlabelled AHL were identical.
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Table 3.2: GC-MS data of discussed AHL-molecules.

AHL EI-MS m/z (rel. int.)

N-Dodecanoyl-L-homoserine lactone 1i 283 [M] (4), 156 (21), 143 (100), 125 (17), 102 (18), 83
(15), 57 (41), 55 (19), 43 (21), 41 (17)

N-(Dodecanoyl-[3,3-di-2H])-L-homoserine lactone 78¢ 285 [M] (4), 158 (15), 143 (100), 125 (17), 102 (14), 83
(13), 57 (44), 55 (11), 43 (21), 41 (14)

N-(3-Hydroxydodecanoyl)-L-homoserine lactone 2i 299 [M] (2), 281 (3), 214 (11), 197 (19), 172 (100), 144

(18), 143 (40), 125 (11), 102 (85), 83 (18), 69 (12), 57
(51), 56 (19), 55 (21), 43 (36), 41 (21)

N—(3—Hydr0xyd0decan0yl—[3—2H])—L—h0moserine lactone 65 300 [M] (2), 282 (3), 215 (8), 197 (16), 173 (100), 145
(15), 143 (46), 125 (13), 102 (86), 83 (16), 69 (12), 57
(55), 56 (28), 55 (19), 43 (37), 41 (22)

N-(3-Hydroxydodecanoyl-[4,4-di-?H])-L-homoserine lactone 77¢ 301 [M] (2), 283 (2), 216 (11), 199 (17), 172 (100), 144
(24), 143 (28), 125 (9), 102 (79), 83 (12), 69 (9), 57 (48),
56 (22), 55 (14), 43 (33), 41 (17)

N-(3-Hydroxydodecanoyl)-L-homoserine lactone 2i + BSTFA-TMCS 371 [M+TMS] (1), 356 (100), 244 (40), 228 (10), 215
(5), 200 (14), 186 (8), 174 (8), 160 (6), 143 (23), 130
(11), 103 (6), 83 (9), 73 (27), 57 (5), 55 (5), 43 (7), 41 (6)

N-(3-Hydroxydodecanoyl-[3-2H])-L-homoserine lactone 65 + BSTFA-TMCS 372 [M+TMS] (1), 357 (100), 245 (42), 229 (10), 215
(6), 200 (14), 187 (7), 175 (6), 160 (7), 144 (18), 130
(13), 103 (6), 84 (6), 75 (16), 73 (33), 57 (5), 55 (5), 43
(8), 41 (6)

N-(3-Hydroxydodecanoyl-[4,4-di-?H])-L-homoserine lactone 77¢ + BSTFA-TMCS 373 [M+TMS] (1), 358 (100), 244 (40), 228 (11), 215 (5),
200 (14), 186 (8), 174 (8), 160 (6), 143 (18), 130 (9), 103
(6), 85 (6), 73 (31), 57 (5), 55 (4), 43 (7), 41 (6)

N-(3-Oxodecanoyl)-L-homoserine lactone 3g + BSTFA-TMCS 341 [M+TMS] (11), 326 (72), 270 (21), 257 (49), 241
(94), 215 (17), 169 (65), 150 (25), 125 (15), 73 (100), 57
(11),43 (12)

N-(3-Oxodecanoyl-[5,5-di-2H])-L-homoserine lactone 79a + BSTFA-TMCS 343 [M+TMS] (9), 328 (60), 272 (16), 257 (44), 243 (81),
215 (16), 171 (57), 152 (24), 125 (12), 73 (100), 57 (11),
43 (15)

The characteristic mass fragment of N-acyl-L-homoserine lactones is situated at m/z 143, corre-
sponding to a McLafferty rearrangement. Since the synthesized deuterium-labelled derivatives
78a—c have the deuterium atoms located at the S-carbon, the label is lost and the ion with m/z
143 is formed as well (Scheme 3.10). To distinguish between the native and labelled AHLs, the
higher mass fragments, corresponding to different alkyl chain losses, but retaining the isotope
label should be targeted. The ion with m/z 158 (corresponding to m/z 156 in unlabelled AHLs)
was detected with sufficient intensity in all N-(acyl-[3,3-di-2H])-L-homoserine lactones 78a—c
and can be used in a SIM-method to detect only labelled analogues. In all compounds analyzed,

the molecular ion was detected, albeit with low intensities.

63



Results and discussion

+o
) (O McLafferty R H ~o j
rearrangement | + /1\
D" b N 0

78a—C m/z = 143

Scheme 3.10. Main mass fragment formed via a McLafferty rearrangement during El-ionization induced fragmen-

tation of N-(acyl-[3,3-di-2H])-L-homoserine lactones 78a—c.

The characteristic ion formed during fragmentation of N-(3-hydroxyacyl)-L-homoserine lac-
tones 2 is located at m/z 172. This fragment arises from an c-cleavage next to the hydroxy group.
Not surprisingly, this fragment can be observed in both unlabelled 2 and ~,v-dilabelled N-
(3-hydroxyacyl)-L-homoserine lactones 77a—d (Scheme 3.11). However, in case of the mono-
labelled analogue 65, with the deuterium label at the [-position, a fragment with one mass
unit higher (m/z 173) results. Another characteristic ion is formed by the McLafferty rear-
rangement. Whereas the mass fragment of m/z 143 is observed in all N-(3-hydroxyacyl)-L-
homoserine lactones, the ion with m/z 144 is observed with an elevated intensity in case of the
N-(3-hydroxyacyl-[4,4-di->H])-L-homoserine lactones 77a—d. This can be explained via an al-
ternative McLafferty rearrangement, in which not the proton of the hydroxy group is abstracted,
but rather the y-proton (or deuterium in case of analogues 77a—d) of the alkyl chain, causing a
mass shift of one unit for analogues 77a—d. As only a minor (37-43%) increase in abundance of
m/z 144 is observed, a preference toward abstraction of the hydroxy proton can be concluded.
Unfortunately, an alternative fragmentation, a hydrogen rearrangement followed by a McLaf-
ferty rearrangement, also leads to m/z 144 in both the unlabelled and dilabelled analogues,
rendering this mass fragment not very useful to be targeted in a SIM-method. In the case of
the monolabelled analogue 65 this fragmentation leads to a fragment with m/z 145, indicating
that mainly the S-hydrogen (or deuterium) atom is abstracted (Scheme 3.11). Once again, the

molecular ion itself was detected, albeit with low intensities.

64



Results and discussion

4

oy} (O ~| McLafferty H. _|
/\X/U\ rearrangement
CiHis 0 - /\N o
- (CDO(CH>)gCH3) H

- 0 o]
-€ m/z 300 m/z 143
+

(\OH OH o

HO_ D O o
a-cleavage
C7H15/\MN o C7H15/\)K/U\ CH DMN o
H - (*CH2(CH2)7CHs) H
65 © \i © m/z 173
OH
C7His uh D D
1 McLafferty 41
p rearrangement © '}‘p rearrangement ﬁ/’}‘
B
H
(«CH2(CHZ)6CHy) O‘>H‘/O g CHLO o I;
m/z 300 m/z 187 m/z 145

m/z 300

’ McLafferty D,
C7H15/:Eﬁ rearrangement /O\ ——I
rq\ N 0

e - (CHOH=CD(CH,)CH) H
m/z 301 miz 144 O
H i H +e

OH o R —_1 McLafferty o —|

-e” rearrangement
C7H15WN'§\O C7H15WN'§\O g > /J\quo
DD H DD H - (CHOCD2(CH,)7CHg) H

(0] (6]
77c © -e m/z 301 m/z 143
+
CoH o |
o W o a-c eavage
Crkhs™ X H’q - (-CDy(CHo),CHy) K/lk

(e}
m/z 301 miz 172

C7H15
D JT' McLafferty JT'
rearrangement DW'}‘ rearrangement \]/'}‘
—_—
Y D5 H
(CHCHeCHy OO J=d (PO 0" J~g

m/z 301 0 o
m/z 188 m/z 144

Scheme 3.11. Main mass fragments formed during the fragmentation of isotope-labelled N-(3-hydroxyacyl)-L-

homoserine lactones 65 and 77c.

Due to the lability of N-(3-oxoacyl)-L-homoserine lactones 3 during chromatographic analy-
sis, a derivatization step is required. When N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)
is used as silylation agent, detection via GC-MS becomes possible. The molecular ion and
the mass fragment resulting from the loss of one methyl group are detected with satisfying
intensities. The ion at m/z 257 is formed via a McLafferty rearrangement (Scheme 3.12). a-
Cleavage, with loss of the lactone unit, results in an alkyl chain fragment with m/z 243 for
N-(3-oxodecanoyl)-L-homoserine lactone 79a. A possible marker fragment with m/z 171, com-
mon to all N-(3-oxoacyl-[5,5-di->H])-L-homoserine lactones 79a—c¢ and with full retention of
the isotope label, is obtained after a H-rearrangement, followed by the expulsion of a neutral

homoserine lactone molecule (Scheme 3.12).
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Scheme 3.12. Formalisms for the main mass fragments formed during the fragmentation of isotope-labelled N-(3-

oxodecanoyl)-L-homoserine lactone 79a after derivatization with BSTFA.

When labelled N-(3-hydroxyacyl)-L-homoserine lactones 65 and 77a—d are treated with BSTFA,
the fragment with the highest intensity observed is the silylated compound minus a methyl group
(Scheme 3.13). Due to the high intensity and full retention of the isotope label, this fragment
can be used to detect specific labelled N-(3-hydroxyacyl)-L-homoserine lactones 65 and 77a—d

in a reliable manner.

M
Me. '.?Me 4o Me\@.Me
+BSTFA, Si _| Si
HO D O then -e- 0 DO o DO
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Scheme 3.13. Main mass fragments formed during the fragmentation of isotope-labelled N-(3-hydroxyacyl)-L-

homoserine lactones 65 and 77¢ after derivatization with BSTFA.

3.1.6 Synthesis of deuterated AHL-degradation products
To demonstrate and further extend the possible applications of these deuterated compounds,

two AHL-degradation products which occur in nature, were synthesized. The hydrolysis of
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the lactone ring of AHLs toward N-acyl homoserines, occurs in a temperature, pH and chain
length dependent way and results in a loss of QS-activity.*¢?*} N-(3-Oxoacyl)-L-homoserine
lactones 3 can form another type of degradation product. Via an intramolecular Claisen-type
rearrangement, a tetramic acid 11 can be formed (Scheme 1.1). Fascinating biological properties
such as antibacterial activity and iron chelation are associated with this type of compounds.’
Methods have been developed to detect both degradation products as well.***** However, no
deuterium-labelled N-acyl homoserines nor deuterated tetramic acids have been reported yet,

although these compounds could be used as internal standards for IDMS.

The corresponding tetramic acid 80 and the ring-opened product 81 were synthesized in good
yield, and a full retention of the deuterium label was observed during these transformations

(Scheme 3.14).

1) 1 equiv NaOMe DD OH o
dry MeOH (0.5M), A, 3 h
O O N
W [\, 2)2MHCl (aq) CgHi7 NH
CgH N o
gH17 N o
(0]
OH
79b (D-incorp.: 95%) 80 (80%, D-incorp.: 95%)
OH
O
bp 9 5 equiv NaOH b P
CeH N © CaH N
87 H CH3CN:H,0 1:1,0°Ctor.t, o.n. ~8717 H
(0]
78b (D-incorp.: 95%)O 81 (88%, D-incorp.: 95%)

Scheme 3.14. Synthesis of deuterated analogues tetramic acid 80 and ring-opened AHL 81. The deuterium content
was determined by ESI-MS.

3.1.7 Conclusion

In this part, an easy and reliable method to make suitable, deuterated standards of AHL-mole-
cules belonging to all three important classes of AHLs was described, starting from a cheap and
commercially available deuterium source. Deuterium loss via D/H-exchange is avoided by the
introduction of the isotope label at a non-enolizable position. All synthesized analogues were
fully characterized. These deuterated analogues of the major classes of AHLs can also be used
to synthesize the labelled analogues of the naturally occurring degradation products, without
a significant loss of deuterium. These labelled AHLs and degradation products can be used to

study the metabolization of AHLSs in nature.
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3.2 Evaluation of the chemical reactivity of N-(3-hydroxyacyl)-L-homoserine

lactones and derivatives

Abstract

It is known that N-(3-oxoacyl)-L-homoserine lactones can rearrange to tetramic acids with in-
teresting biological properties. In this part, it was evaluated if N-(3-hydroxyacyl)-L-homoserine
lactones can participate in such a similar rearrangement toward 1,4-oxazepane-2,5-diones. How-
ever, due to the preference of an amide for a frans-conformation, such a spontaneous rearrange-
ment proved to be very unlikely. It was shown for such a reaction to occur that a third substituent
at the amide nitrogen atom is required. Several N-protecting groups were evaluated for this
challenging cyclization reaction. With the use of the removable PMB-group, a N-unsubstituted
1,4-oxazepane-2,5-dione was synthesized. Via the application of pseudo-prolines, i.e. serine-
derived oxazolidines as another type of protecting group, a compound with the presumed struc-
ture of the natural product serratin was obtained. Due to the differences in spectral data, the
incorrect structural assignment of the natural product serratin was identified. Instead of the pre-
dicted seven-membered heterocycle, a symmetrical serratamolide analogue is proposed to be

the correct structure of serratin.
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3.2.1 Introduction

AHLs 17 can be degraded in many ways in nature. Bacteria produce several classes of quo-
rum quenching enzymes. Acylases cleave the fatty acid from the homoserine lactone unit, %!
whereas lactonases hydrolyze the ester bond of the lactone ring (See Literature overview).>"-1°
Alternatively, lactonolysis can also occur non-enzymatically (See Literature overview).”-** Many
bacterial secondary metabolites perform more than one function for the producing organism.
This is also the case for the N-(3-oxoacyl)-L-homoserine lactones 3. The tetramic acid type
degradation product 11 of this class of quorum sensing signals, formed by an intramolecu-
lar Claisen-type condensation (Scheme 1.1), has not only a bactericidal effect against Gram-

positive bacteria, but can also bind iron and serve as a primordial siderophore.’

One could wonder if a similar rearrangement could happen to the N-(3-hydroxyacyl)-L-homo-
serine lactones 2, where the hydroxy group could act as a nucleophile and open the lactone ring
to form a new, seven-membered ring-containing compound 82 (Scheme 3.15).2* This type of
behavior is suggested by the difference in heat stability of the autoinducers of Aliivibrio fisheri
(previously designated as Vibrio fisheri), 0xo6 3¢, and the autoinducer of Vibrio harveyi, HO4
2a. Heating a medium containing the autoinducer 3c of A. fisheri at 100 °C for 5 minutes did not
have an effect on the bioluminescence-inducing activity of this quorum sensing signal molecule
3c. Applying the same treatment to a medium containing the autoinducer 2a of V. harveyi,
caused a complete deactivation of the bioluminescence inducing activity.?* Not surprisingly,

both autoinducers lost their QS stimulating properties at high pH.

A) )
0P i 0P
OH O R OH ! P OH
M Q oo > wa ; o/
R N i !
H ) NH ! NH
(@) '
(@] ' (@]
2 82 83
R = alkyl chain '

Scheme 3.15. A) Possible rearrangement of N-(3-hydroxyacyl)-L-homoserine lactones 2 toward seven-membered

ring 82. B) Reported structure of bacterial metabolite serratin (83).247

This type of rearrangement of N-(3-hydroxyacyl)-L-homoserine lactones 2 has not been re-
ported in literature. However, the reported compound serratin (83) (Scheme 3.15), isolated from
the bacteria Serratia marcescens, resembles this type of rearrangement product quite well.?*’
The main difference is the presence of a hydroxymethyl substituent rather than a hydroxyethyl

substituent.?*’ Bacteria belonging to the Serratia genus are known to produce the cyclodep-
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sipeptides serratamolide A-F (42a—f) (Figure 3.2) which are composed out of similar building

blocks as serratin (83).242% These macrocyclic compounds do not only possess antimycobac-

terial activity, but can induce cell cycle arrest and proapoptotic effects in breast cancer cells.?°

Also the lipoamino acid serratamic acid (84) has been isolated from alkaline extracts of S.

marcescens cultures (Figure 3.2),21:252

(42) 248,249

presumably formed by the hydrolysis of serratamolides

Rl
NH O

O ™ HOJj/ W
(0] OH
HO

42 84

42a A: R! = (CH)6CHs, R? = (CH)6CH3
42b B: R! = CH,CH=CH(CH,)sCH3, R? = (CH,)sCH3
42c C:R! = (CHy)gCHs, R? = (CH)6CH3
42d D: R! = (CHy);CHg, R? = (CH2)6CH3
42e E: R! = (CH,)4CHs, R? = (CH,)¢CH3
42f F: R! = (CH,)5CH3, R? = (CH,)6CH3

Figure 3.2. Serratamolides A-F (42a—f),>*® and serratamic acid (84),2"?>? produced by Serratia sp.

The most common AHLSs occuring in Serratia sp. cultures are the rather short chain AHLs C4 1a
and C6 1c¢.'®” However, also HO6 2¢ and HOS 2e have been detected in a Serratia strain, albeit
in limited amounts.?*® Therefore, it could be tempting to speculate that an incorrect structure

was assigned to serratin (83) and that it results from the rearrangement of HOS 2e.

3.2.2 Rearrangement of N-(3-hydroxyacyl)-L-homoserine lactones

As the exact biosynthetic origin of serratin (83) is unknown, the possibility was evaluated that
the seven-membered ring indeed arises from a spontaneous rearrangement of a bacterial HO-
AHL 2. Eberhard observed that the autoinducer of V. harveyi, HO4 2a lost its activity after
heating it for five minutes at 100 °C in minimal medium.?*® Later on, it was hypothesized
that this was caused by the nucleophilic attack of the 3-hydroxy group of this AHL.?* By
mimicking the described reaction conditions (heating at 100 °C for 5 min),?*® followed by
attempts with other solvents and longer reaction times, this route was evaluated. However, the
formation of the desired seven-membered ring 82a was never observed (Scheme 3.16). The
starting material 2¢ was fully recovered. When the reaction time was prolonged, elimination

and hydrolysis products were observed as well.

Reaction conditions suited for the nucleophilic attack of the 5-hydroxy group might give rise to

cyclic compound 82a, but then the resulting primary hydroxy group could reattack the seven-
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O OH
OH O heat (100 °C) —\ OJS //
/\)\)]\N o) > )
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O or water (C)
5mintolh (0]
2c 82a

Scheme 3.16. Attempt to form serratin-like compound 82a via a heat-induced rearrangement of HO6 2c.

membered lactone, forming the more stable five-membered lactone ring, and once again yield-
ing starting material 2¢. This difference in stability results from a combination of entropy and
energy terms and was studied by the group of Mandolini (Figure 3.3).2425® The energy term
represents the increase in ring strain and unfavorable interactions needed to be overcome when
the open-chain form approaches the ring-shaped transition state. The entropy term is linked
with the probability of the two chain terminals coming close enough to interact.?’ Therefore,
it is very unlikely that a significant amount of serratin-like structures 82 will result from the

spontaneous rearrangement of N-(3-hydroxyacyl)-L-homoserine lactones 2.

O

Br kintra
h2 ONa DMSO:H,0 99:1, 50 °C (40 *+ NaBr

n-2

85 86 87

Reactivity profile for lactone formation

|Dg ki']t’a

3 8 13 18 23
ring size n

Figure 3.3. Reactivity plot for the cyclization of sodium w-bromo carboxylates 85 in 99% aqueous DMSO at
50 00'254256

3.2.3 Rearrangement of N-(3-hydroxynonanoyl)-L-serine
In a next step, it was evaluated if a serratamic acid-like compound, N-(3-hydroxynonanoyl)-L-

serine (90) could lie at the origin of serratin (83). This compound 90 was synthesized via an
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EDC-mediated coupling reaction of S-hydroxynonanoic acid 58d with serine ester 88, followed
by alkaline hydrolysis (Scheme 3.17). When the free hydroxy group of serratin would attack the
seven-membered lactone, a four-membered lactone would be formed. As this type of lactone is
less stable than a five-membered lactone, it can be expected that at least some of the seven-

membered lactone ring should remain or can be reformed. 2>4-2%¢

HO HO
OH O 1 equiv EtzN OH O
PN OMe 1equivEDCHCI ~_~_~_A M
MOH + HCI. H,N e ZeauvEDRTS N OMe
0 H,0, r.t., o.n. H
58d 88 89 (53%, d.r.: 1:1)

5 equiv NaOH | MeOH:H,0 3:1,

rt,3h
HO
OH O
\/\/\)\)J\ OH
)
(6]

90 (91%, d.r.: 1:1)
Scheme 3.17. Synthesis of N-(3-hydroxynonanoyl)-L-serine 90.
For the ring-closure, reaction of amino acid derivative 90 with 1 equiv of EDC and 1 equiv
of Et3N in water was tested but no reaction was observed. Repeating this reaction with EDC
with a catalytic amount of DMAP in dichloromethane yielded a complex reaction mixture.?®

Stirring the reaction mixture overnight in acetic anhydride also failed to yield any of the desired

ring-closed product 83 (Table 3.3).2%8

Table 3.3: Attempts to cyclize N-(3-hydroxynonanoyl)-L-serine 90.

HO reaction o, H
OH O

N o
H 0 \/\/\ (@]
% 83
Entry Reaction conditions Result
1 1 equiv EDC.HCI, 1 equiv Et3N, H;O, r.t., o.n. No reaction

2 1 equiv EDC.HCI, cat. DMAP, dry CH,Cl,, r.t., o.n. Complex reaction mixture

3 Acy0O, r.t., 0.n. Complex reaction mixture

As both HO-AHLSs 2 as serratamic acid analogue 90 failed to yield serratin (83), another expla-
nation for the origin of this cyclic compound 83 was sought. Serratamolide A (42a) is synthe-
sized by the action of non-ribosomal peptide synthetases (NRPS) (Scheme 3.18), which explains

the fact that the most likely precursor, serratamic acid (84), was not found in serratamolide-
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deficient mutants. Alkaline extracts of the wild type do contain serratamic acid (84), but this
should be considered as a hydrolytic product of serratamolide 42. The NRPS SwrW, responsi-
ble for the synthesis of serratamolide A (42a), is the simplest unimodular NRPS and consists of
a condensation (C), adenylation (A), thiolation (T) and thioesterase (TE) domain, responsible

for the activation and coupling of serine and a 3-hydroxydecanoic acid derivative.?>’

If however,
the serratamic acid linked to the TE-domain, is not transferred to the T-domain linked serratamic
acid, but undergoes a cyclization instead, cyclic compound 91 could be formed (Scheme 3.19).
So far, only serratin (83) has been reported in the literature, which points out the unlikeliness
of this type of cyclization. Perhaps the presence of the unusual S-hydroxynonanoic acid 58d

causes a disruption in the normal course of this biosynthetic route.
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Scheme 3.18. Biosynthesis of serratamolide A (42a) via the NRPS SwrW, consisting of a condensation (C), adeny-
lation (A), thiolation (T) and thioesterase (TE) domain. First, serine is adenylated by the A domain (1), then the
activated serine binds as a thioester to the T domain (2). The amine group of the bounded serine will react with an
ACP-linked $3-hydroxydecanoyl moiety (3), followed by a transfer to the TE domain (4). Subsequently, a second
serine molecule passes through the same steps (5-7), resulting in two differently linked serratamic acids. Then
the hydroxy group of the S-hydroxydecanoyl moiety of the molecule linked to the T domain, will attack the TE
domain ester bond (8). A final transfer to the TE domain (9), followed by a cyclization, releases serratamolide A
(42a) (10).259-260
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Scheme 3.19. Possible explanation for the formation of serratin-like compound 91 via a deviation from the standard

biosynthetic route.

3.2.4 Cyclization of N-(3-hydroxyacyl)amino acids

Although several methods are available for the synthesis of 1,4-diazepane-2,5-diones, 267293,

no
general method is known for the synthesis of 1,4-oxazepane-2,5-diones. Besides serratin (83),
several natural products have been isolated containing this seven-membered core. One exam-
ple is callipeltin L (92) (Figure 3.4), belonging to a group of antifungal peptides, produced
by the marine sponge Latrunculia sp.?*® Compound 93 with a similar lactone core was iso-
lated from the methanolysis mixture of the marine immunosuppressant lipopeptide microcolin
A and shows relatively potent immunosuppressive activity as well.?” Also inducamide C (94),
isolated from a chemically induced mutant strain of Streptomyces sp. and exhibiting modest
cytotoxicity, contains the same 1,4-oxazepane-2,5-dione core.?%® Because of the instability of
the lactone bond, it is often difficult to isolate sufficient amounts of these natural products to
fully assess their biological activities. However, the same lactone bond offers the distinct ad-
vantage of rendering the compound neutral by masking the carboxylic acid unit, allowing better
membrane permeability whereafter degradation or nucleophilic attack within the cell releases

the active compound.?%®2" It was therefore decided to continue the synthetic efforts toward

serratin (83) in this work.

75



Results and discussion

O« NH, HO
. of
)NJ\H OH O o OHH o) Me O \/g
| S
HZN H/\/\‘/k)J\N N N\v N N N\)k RS N
H H oD I ve
X

: HN
O~_NH OH
1 oS 2
HN 0% “NH,
92
o) HN™ SNH
“'OH
O OH
0 o’
Me O o N \/g
\/\/]\/HVN\)]\N N |/ |
: H ™ cl NH cl
o - e N
> © o] H
93 94

Figure 3.4. 1,4-Oxazepane-2,5-dione core-containing natural products 92 266 93 267 3nd 94268

However, the synthesis of medium-sized heterocycles still represents a synthetic challenge. A
head-to-tail cyclization often fails to yield the desired seven- or eight-membered heterocycles

).257 The resistance toward

because of a combination of energy and entropy terms (vide supra
cyclization is even more prevalent when a carboxylic amide bond is present. The preference
of an amide for a trans-conformation removes both termini of the linear precursor from each
other’s proximity, impeding cyclization.?’!?’? As medium-sized lactams constitute a class with
a great potential for drug applications, many synthetic efforts have been devoted to this type of
medium-sized heterocycles. N-Substitution of the amide and dilute reaction conditions are often
applied,?®! but methods using solid support,?’*>?™ or those that rely on a Staudinger ligation for

262,263

ring closure, are described as well. Another possibility is the use of pincer auxiliaries,

fulfilling both a tethering and templating role.***

The apparent lack of cyclization that was observed for serine derivative 90 (Table 3.3), can be
explained by the fact that the amide bond strongly prefers a trans-conformation, whereas for the

desired cyclization to occur, a cis-amide bond is needed (Figure 3.5). The 2D-NOESY analysis

of methyl ester 89 revealed that indeed only the trans-conformer was present (Figure 3.6).%27
o}
oH o © NH - OH
\/\/\MN%‘/OH e OH ,
H o HO™ O
trans-amide cis-amide

Figure 3.5. Trans and cis-conformation of N-(3-hydroxynonanoyl)-L-serine 90.
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Figure 3.6. Zoom in of the 2D-NOESY spectrum of 89. In this spectrum, a clear interaction between NH (a) and
CH>CON (e) was observed. No such interaction was present between CHN (b) and CH2CON (e), indicating that

the amide exists as the frans-conformer.

The partial double bond character of the amide C-N bond, caused by the delocalization of the
lone pair on nitrogen, only allows slow internal rotation.?’!?"2276 In the case of larger hetero-
cycles, such as fourteen-membered rings, trans-amides can be included. This was used for the
synthesis of a serratamolide analogue. Noteworthy, during this synthesis seven-membered rings

were never observed.?’’

However, it is known that proline-containing peptides typically contain an elevated amount

of cis-amide bonds.?"827°

Therefore, the proline-containing analogue 97 was synthesized and
three different conditions for cyclization were evaluated (Scheme 3.20).2%® As intramolecular
cyclization is a first order reaction and dimerization is second order, dilute conditions were
applied to avoid the latter, unwanted, reaction. The bicyclic structure 98 was observed in all

cases, albeit in different amounts.
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Scheme 3.20. Synthesis and cyclization of N-(3-hydroxynonanoyl)-L-proline 97.

That the application of N,N-disubstituted amides could be useful to obtain cyclic products, was
also hinted by the appearance of a seven-membered ring containing side product 101 during
the bis-cyclization of acid 99 (Scheme 3.21).28%28! Bicyclic compound 100 is a precursor in
the synthesis of salinosporamide A (103), a secondary metabolite of the marine actinomycete
Salinispora tropica and a highly potent and selective inhibitor of the 20S proteasome which has

received a lot of attention for the treatment of cancer.??

X
1.5 equiv ||

®®N Br
OTf n-Pr

1.5 equiv N/\:>~ G Sicﬁ\products
N

3 equiv B
HO;( o o \f j/ PMB PMB, oBn o
N \/OBn +
OBn bMB CH,Cly, 0°C, 2 h /_j%/ K?Q
Cl
l 0
:/
O z
MeOH

103

99

Cl

Scheme 3.21. Formation of the seven-membered ring containing side product 101 during the bis-cyclization of
99 280,281

To decide if the imposed rigidity, caused by the cyclic side chain of proline, was really neces-

sary for the cyclization, the highest yielding cyclization conditions were applied to sarcosine
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derivative 108 (Scheme 3.22). The existence of both cis and trans-isomers of this compound in
solution was apparent by the presence of both conformers being observed in 'H NMR and '3C
NMR (in CDCl3, Figure 3.7 A and 3.8 A).?** No such conformers were observed in the 'H NMR
and '3C NMR spectra of derivative 90. The cis/trans-ratio of isomers of 108 in a CDClI; solution
is 1:3. A similar ratio is observed for N-dodecanoylsarcosine, although solvent and concentra-
tion can play an important role.?#+-286 The cyclic product 110, with a similar seven-membered
core as callipeltin L (92), was obtained in 62% yield. In the 'H and '3C NMR spectrum, differ-
ent isomers were not observed (CDCls, Figure 3.7 B and 3.8 B), which is consistent with the
formation of a more rigid, cyclic structure lacking the possibility of cis/trans-isomerization. As
a proof of concept, the reaction was repeated with the glycine derivative 109 under identical
conditions, but no cyclization was observed (Scheme 3.22). As the ring-closing reaction only
proceeds with great difficulty, a spontaneous, non-enzymatical rearrangement can be excluded

for the origin of serratin (83).

OH O 1 equiv EtzN OH O
2 1 equiv EDC.HCI
Ao . B\HWOMe q RlJ\/lkN/\WOMe
o H,0, r.t., o.n. R2 O
58g (R!= CgH1g) 104 (R? = CHg) (Sarc) 106 (R'= CgH1g, R? = CH3, 62%)
105 (R? = H) (Gly) 107 (R'= CgH19, R? = H, 66%)
5 eqUiV NaOH MeOH:H,0 3:1,
rt,3h
RZ
O ! 0.2 equiv DMAP
N 1.1 equiv EDC.HCI OH O
- L~ _on
R! N
dry CH,Cly, r.t., 0.n. )
o O ; 2
RY (dilute, 20 mM) R O
110 (R!= CgH1g, R? = CH3, 62%) 108 (R!= CgH1g, R? = CH3, 83%)
111 (R'= CgH19, R% = H, no reaction) 109 (R!= CgH19, R? = H, 94%)

Scheme 3.22. Synthesis of N-(3-hydroxyacyl)amino acids 108 and 109 and ring closure toward 1,4-oxazepane-
2,5-dione 110.
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Figure 3.7. Zoom in of the 'H NMR spectrum of N-(3-hydroxydodecanoyl)sarcosine (108) (spectrum A) and the
cyclic derivative 110 (spectrum B). The existence of two rotamers in spectrum A is indicated by the presence of
two singlets around 3 ppm, corresponding to the N-methyl group. In spectrum B, only one signal is present for the

N-methyl group.
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Figure 3.8. Zoom in of the '>C NMR spectrum of N-(3-hydroxydodecanoyl)sarcosine (108) (spectrum A) and
cyclic derivative 110 (spectrum B). The existence of two rotamers can clearly be observed in spectrum A whereas

only one conformer exists in spectrum B.
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3.2.5 Cyclization of N-(3-hydroxyacyl)amino acids with a deprotectable group at nitro-
gen
From the above-mentioned results, it is obvious that the N-(3-hydroxyacyl)amino acid deriva-
tive needs to be forced in the correct conformation for cyclization to occur. This necessity was
also observed during the synthesis of 1,4-oxazepan-5-ones.?’> The introduction of a third sub-
stituent at nitrogen, as is the case for the proline and sarcosine derivatives 97 and 108, altered
the cis/trans-ratio, and resulted in cyclization. To obtain the natural product serratin (83), this
additional group at nitrogen should be a removable one. Because of the lability of the desired
lactone, many protecting groups, that can be applied for the synthesis of seven-membered lac-
tams, cannot be used for this cyclization as the reaction conditions needed for their removal

after the cyclization step, will destroy the lactone bond.

As a benzyl group can be removed via hydrogenolysis, this N-protecting group was evaluated as
a possible solution. Reductive amination of benzaldehyde 112 with methyl glycinate 105, used
as hydrochloride and released with the aid of triethylamine, yielded the N-benzyl-protected
methyl ester of glycine 113, which was coupled to S-hydroxynonanoic acid 58d. Alkaline hy-
drolysis in aqueous methanol, followed by cyclization in dilute reaction conditions gave the

desired N-benzyl-protected seven-membered ring-containing compound 116 (Scheme 3.23).
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1) 1) 1 equiv EtgN
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1) 1 equiv NMM 00 N-Me
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119 (R = OMe, 78%)
5 equiv NaOH | MeOH:H,0 3:1,
r.t., o.n.
(0]

0.2 equiv DMAP OH
N 1.1 equiv EDC.HCI N
CeHyze le}
R (0] dry CH,Cly, r.t,, 0.n. R (6)
(0]

(dilute, 20 mM)

116 (R =H, 75%) 115 (R = H, 86%)
121 (R = OMe, 40%) 120 (R = OMe, 95%)
Deprotection
116 : no reaction
121 : CAN

122 (14%)

Scheme 3.23. Synthesis of N-benzyl and N-PMB-protected seven-membered lactones 116 and 121 and CAN-

mediated deprotection of 121 to 7-hexyl-1,4-oxazepane-2,5-dione (122).

To remove the N-protecting group, several reaction conditions were tested but none was able

to deliver the desired deprotected compound 122 (Table 3.4).27-2°! Either there was no reac-

tion at all (except for solvolysis of the lactone ring, Table 3.4, entries 1, 2 and 6) or a complex

reaction mixture was obtained (Table 3.4, entry 5). The only condition giving debenzylation,

albeit in moderate yield, was accompanied by ethanolysis of the lactone ring (Table 3.4, entry

3). Replacement of ethanol by ethyl acetate as a solvent, halted the deprotection, even when the

reaction time was significantly prolonged (Table 3.4, entry 4). Similar difficulties to remove a

benzyl group from a carboxamide were also encountered by Williams et al. during the deben-

zylation of a diketopiperazine.?*?

82



Results and discussion

Table 3.4: Reaction conditions evaluated for the N-deprotection of compound 116.287-2°!
(e} reaction (0]
conditions
N » HN
©/\ JW;CGHK’: ¢>’C6H13
of o}
o} o}
116 122
Entry Reaction conditions Result
1 3 bar H,, 1 wt. equiv 10% Pd/C, MeOAc, r.t., 48 h?’ -lal
2 3barH,, 0.5 wt. equiv 10% Pd/C, EtOH, r.t., 16 h?8 -]
3 3barH,, 0.5 wt. equiv 20% Pd(OH),/C, EtOH, r.t., 4 h>*° _le]
4 3bar Hy, 0.5 wt. equiv 20% Pd(OH),/C, EtOAc, r.t., 24 h -la]
5 1 equiv NBS, 0.2 equiv AIBN, EtOAc, A, 4 h?* -ldl
6 2.5 equiv NBS, 0.1 equiv NMA, dry CH,Cly, r.t., 0.n.>! -[al

[a] No reaction. [b] No deprotection, degradation of starting material 116. [c] Deprotection followed

by solvolysis or solvolysis followed by deprotection. [d] Complex reaction mixture.

As the synthesis of the N-benzyl-protected seven-membered core-containing compound 116
was successful, whereas the N-deprotection proved to be problematic, the p-methoxybenzyl
(PMB) protecting group was evaluated as a more labile protecting group. Reductive amina-
tion of glycine methyl ester hydrochloride 105 with anisaldehyde 117 gave N-PMB-protected
methyl glycinate 118 in a good yield (Scheme 3.23).2%3 The same N-acylation and cycliza-
tion conditions used for the synthesis of the N-benzyl derivative 116 were applied to yield the

N-PMB-protected seven-membered ring-containing compound 121 (Scheme 3.23).

For the removal of the PMB-protecting group, several conditions were tested (Table 3.5). Both
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and ceric ammonium nitrate (CAN), the
reagents commonly used for PMB-deprotection, were evaluated under different reaction condi-

tions, alongside other reagents, 281:294-298
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Table 3.5: Reaction conditions evaluated to remove the PMB-protecting group of N-PMB-1,4-oxazepane-2,5-

dione 121 281,294-298

CeH13

CeH
o O reaction conditions ¢ 130 o o
T f HJ\@\
N
(@)
o N OMe
122 117

MeO

121
Entry Reaction conditions Result
1 2equiv DDQ, CH,Cly:H,0 9:1, r.t., 8 h _la]
2 5equiv CAN, CH5CN:H,0 4:1, 0 °C to r.t., 122 (15%))

2h

3 5equiv CAN, CH;CN:H,0 (NaOAc/HOAc 122 (18%)" and 121 (41%)"!
buffer, pH 5.2),0°C, 2 h

4 10 equiv CAN, CH3CN:H,04:1,0°C, 1 h 122 (30%)" and 121 (6%)"

5  5equiv CAN, EtOAc:H,0 4:1,0°C,2 h 122 (36%)" and 121 (28%)"
6 10 equiv CAN, EtOAc:H,0 4:1,0°C,2h 122 (32%)" and 121 (33%)"!
7 5equiv CAN, fBuOH:CH,Cl, 4:1, r.t., 2 h -l

8  5equiv CAN, CH3CN:H,0 99:1, r.t., o.n. 122 (10%)"! and 121 (70%)"!
9 4 equiv PhI(OAc),, MeOH, r.t., o.n. _la]

10  BF;.0Ety, r.t., o.n. -ld]

11 BF;.0Ety, 128 °C, 6 h -le]

[a] Solvolysis of 121. [b] Quantitative data were obtained after the extraction of the reaction mixture
with ethyl acetate, followed by a washing step with a saturated aq. sodium bicarbonate solution to
remove ring-opened degradation products. The crude yield of the different products was determined via
integration of the 'H NMR spectrum. [c] Deprotection followed by solvolysis or solvolysis followed

by deprotection. [d] No reaction. [e] Complex reaction mixture.

As the deprotection with 5 equivalents of CAN in a solvent mixture of ethyl acetate and water in
a 4:1-ratio gave the best result (Table 3.5, entry 5), this reaction was repeated on a larger scale
to give the pure, fully deprotected, seven-membered lactone 122 in 14% yield after purification
via column chromatography. This rather low yield can be attributed to several factors. First, the
reaction duration is too short to allow complete conversion, which is obvious from the recovery
of the N-PMB-protected lactone 121. Second, when the product 122 is formed, lactonolysis

can occur by the water present as a co-solvent, which is needed for the deprotection. This
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lactonolysis also can open the starting material 121, but this route seems to be slower. Third,
reactions with CAN often give rise to a laborious work-up because of the difficult separation of

the turbid aquatic phase and the organic phase.

The synthesis of the deprotected seven-membered core 122 was successfully completed, so the
focus was put on the synthesis of serratin (83), which differs from lactone 122 only by the pres-
ence of a hydroxymethyl group. However, when the N-acylation reaction was repeated with
methyl N-PMB-serinate, O-acylation instead of N-acylation was observed. To avoid this unde-
sired reaction, the reaction sequence was repeated with O-benzylserine, but when the cyclization
was attempted in the final step, a complex reaction mixture was obtained, instead of the desired
heterocycle. This lack of cyclization could be caused by steric factors. A similar observation
was made by Imramovsky et al. during a coupling reaction of N-benzyloxycarbonyl-protected
amino acids with a salicylanilide.?”® When N-Cbz-glycine and N-Cbz-alanine were used, a
seven-membered ring was formed. This type of cyclization was not observed when valine or

phenylalanine were used (Scheme 3.24).

R o
>(\ OH R R onIy for \\
[ >\‘_< 0 DCC, DMF, 5 °C R=Hand CHs
A _g+Ho /\ N
ref 280 _
o C = C§
/
R = H, CH3, CH(CH3),, CH,CgHs

Scheme 3.24. Difference in cyclization behavior observed by Imramovsky et al. during a salicylanilide esterifica-

tion. 2°

3.2.6 Application of photoremovable protecting groups (PPGs)

In an attempt to improve the low yield of the PMB-deprotection step, photolabile or photore-
movable protecting groups (PPGs) were tested. Their removal is solely based upon irradiation
with light, so the presence of water, which can cause lactonolysis, can be avoided. The effi-
ciency of photoconversion is determined by the quantum yield ¢ (proportion of molecules that
undergoes photolysis after absorption of a photon) and the absorption coefficient € (proportion
of incident light absorbed).?°*%2 PPGs are commonly applied in biochemistry to control the
release of certain bioactive compounds in living tissues. A caged compound is administered and
irradiated to release the bioagent at certain target sites. A PPG should have a strong absorption
at wavelengths above 300 nm to avoid absorption by and to minimize damage to the biological

system.>*® PPGs have been used to force the cyclization of peptides via a ring contraction as
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well. In this case a 2-hydroxy-6-nitrobenzyl group is typically used. This PPG is introduced at
the N-terminus of the peptide and then the hydroxy group of this PPG forms a (macro)cyclic
ester with the C-terminus of the peptide. A subsequent O- to N-acyl transfer delivers the de-
sired cyclic compound, whereafter the PPG is removed via photolysis.3% To synthesize highly
strained cyclic peptides, it can be necessary to introduce two PPGs: one at the N-terminus to
fulfill a ring closure/contraction role and one in the middle of the peptide sequence to promote

a cis-amide bond to facilitate the cyclization. 3%

One of the most commonly used PPGs are the 2-nitrobenzyl derivatives 123. Some disadvan-
tages of this class are the slow rate of release after excitation and the toxic and strongly absorb-
ing by-products.*® Sometimes a protective thiol group is added to cope with this, or reduced
glutathione present within cells can give the same protection.*’! Other commonly used groups
are the benzoin group 124, the p-hydroxyphenacyl group 125 and the coumarinyl group 126
(Figure 3.9).300:302

X
X o)
NO, © HO HO o o)
123 124 125 126

Figure 3.9. General structure of some PPGs, with X representing the caged compound.

Electronic excitation of 2-nitrobenzyl compounds 123 generates very quickly their aci-nitrotau-
tomers 127 (Scheme 3.25). The Z-nitronic acid 127 is formed via transfer of a benzylic hydro-
gen to an oxygen of the nitro group. Deprotonation followed by reprotonation gives the E-
nitronic acid 129 and allows cyclization to N-hydroxybenzisoxazoline 130, which then decays
to compound 131, hereby releasing the caged compound X.3*3! The quantum yield ¢ is not
readily manipulated but the absorption coefficient € can be varied, e.g. in case of the aromatic
nitro compounds by adding electron-donating groups to the aromatic ring, causing an increase
of absorbance at longer wavelengths (bathochromic shift). Substituents on the benzylic carbon
also have a profound effect, with a higher photolytic cleavage rate linked to a more electron
rich benzylic carbon atom. 301302303306 However, it is very difficult to predict the reaction rate or

efficiency. Solvent plays an important role in determining the half life of the PPGs as well. 3%
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¥ 5 OH
129
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NO, hv | N H* | (rilj © +H*
N.. - NG
24)- / Oe /® O =
123 127 128

131 130

Scheme 3.25. Mechanism of photolysis of 2-nitrobenzyl derivatives 123, with X representing the caged com-

pound. 3!

The first PPG that was evaluated was the 2-nitrobenzyl group.3*’% Commercially available 2-
nitrobenzaldehyde 132 was reacted with glycine methyl ester hydrochloride 105 (Scheme 3.26).
The obtained PPG-protected amino acid methyl ester 133 was coupled to S-hydroxynonanoic
acid 58d. Hydrolysis and cyclization yielded seven-membered ring 136. To avoid premature
photolysis, all reactions were shielded from light and purification via column chromatography

was only performed on the final product.
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Scheme 3.26. Synthesis of N-2-nitrobenzyl-protected seven-membered ring 136.

For the photolysis, two UV-light sources were evaluated: the OSRAM Ultra-Vitalux 300W -
230V E27 lamp (radiated power 315-400 nm (UVA) 13.6 W/m? - radiated power 280-315 nm
(UVB) 3.0 W/m?) fitted with a UV-light transmitting, visible light absorbing Hoya U-360 filter,
and the UVLS-28 EL Series UV Lamp 8W - 230V (wavelength 366 nm), commonly used in
laboratories to visualize TLC-plates. Although several reaction conditions and times were eval-
uated, N-deprotection was never observed (Table 3.6). It seems that both lamps were unable to
deliver the needed intensity unlike the pulsed laser (pulse width 8 ns, energy 38 mJ, wavelength
355 nm) which was reported in literature to promote the photodeprotection of a 2-nitrobenzyl
group from a peptide chain.?*” However, a hand-held UV lamp used for TLC visualization was

308

successfully employed to deprotect N-2-nitrobenzylglycine,”® showing the difference in ease

of photodeprotection between an amine and an amide.
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Table 3.6: Reaction conditions evaluated to remove the 2-nitrobenzyl group of 13

6 303-305,307

CgHis hv CeHs OH O
i o),o _reaction condlions ﬁo)go 7 R=H
o N N 0
122 - [ OR
e,
Entry Reaction conditions UV-Source Result
1 1%DMSOin MeOH, r.t., 40 min ~ OSRAM Ultra-Vitalux 300W - -l
230V
2 1% AcOH in MeOH, r.t., 40 min ~ OSRAM Ultra-Vitalux 300W - -l
230V
3 CH,Cl,:CF;CH,OH 4:1,r.t., 6 h  UVLS-28 EL Series UV Lamp 8W -1
- 230V, long wavelength, 366 nm
4 1% DMSO in MeOH, r.t., 6 h UVLS-28 EL Series UV Lamp 8W -l
- 230V, long wavelength, 366 nm
5 1% DMSO in p-dioxane, r.t., 6h  UVLS-28 EL Series UV Lamp 8W -
- 230V, long wavelength, 366 nm
6 1% AcOH in MeOH, r.t.,, 6 h UVLS-28 EL Series UV Lamp 8W -l
- 230V, long wavelength, 366 nm
7 25 mM TES  (N-[tris- UVLS-28 EL Series UV Lamp 8W -1
(hydroxymethyl)methyl]-2- - 230V, long wavelength, 366 nm
aminoethanesulfonic acid) in
H;O:CH3CN 3:2, r.t.,6 h
8 0.1% TFA in H,O:CH5CN: 1:1, UVLS-28 EL Series UV Lamp 8W -l

rt,6h

- 230V, long wavelength, 366 nm

[a] Complete solvolysis of 136 without photodeprotection. [b] No reaction.

As the introduction of electron-donating groups causes an increase of absorbance at longer
wavelengths,?% 2-methoxy-6-nitrobenzyl was evaluated as a PPG. 2-Hydroxy-6-nitrobenzal-

dehyde 141 was synthesized via a Duff reaction with m-nitrophenol 139 and hexamethylenete-
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tramine 140 (Scheme 3.27).3%-31% The crude mixture was methylated with iodomethane. Purifi-
cation via column chromatography yielded the desired 2-methoxy-6-nitrobenzaldehyde 142 in
19% yield. The main side products that were isolated were 2-methoxy-4-nitrobenzaldehyde 143
and the methylated starting material 3-nitroanisole 144 in 10% and 5% yield, respectively.

1.2 equiv
HO NO
HO NO, f“ﬁ X 2
L T
NN > X
L-N—/ TFA, N, 130°C, 27 h CHO
139 140 14 1.1 equiv Mel
1.1 equiv K,CO3
DMF,0°Ctor.t,3h
Os_H
MeO NO, |MeO NO, | MeO NO,
e 19
e}
143 (10%) 142 (19%) 144 (5%)

Scheme 3.27. Synthesis of the PPG-precursor 2-methoxy-6-nitrobenzaldehyde 142.

The reductive amination procedure used for the synthesis of methyl N-(2-nitrobenzyl)glycinate
133 (Scheme 3.26) did not yield the desired compound 145 when using 2-methoxy-6-nitrobenzal-
dehyde 142, so a slightly modified procedure was used and the target compound 145 was ob-
tained (Scheme 3.28).3!! This compound was reacted with octanoyl chloride 54e under Schotten-

Baumann conditions to obtain N-protected compound 146.

1) 2 equiv Et3N,

NO2 © )2 equiv NaBH 0 C to 1 No;
equiv Na 4, or.t., o.n.
HCI.HZN/j(OMe +1lequiv N “H - HN/ﬁ(O'V'e
0 | = o}
OMe OMe
105 142 145
1 equiv
54e
ClI” CqHis , ,
2 equiv K,CO3 rT{"FZ"‘}'fO 1L

| = N° "C7Hs
DN
OMe

146 (30% yield over two steps)

Scheme 3.28. Synthesis of PPG-protected N-octanoyl glycine methyl ester 146.

The PPG-protected N-octanoyl glycine methyl ester 146 was synthesized as a model compound
to evaluate several photolysis conditions (Table 3.7). A blacklight bulb - E27 - 20W/230V was

used as a light source and both flow (reactor volume: 24 mL, flow rate: 0.3 mL/min) and batch
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set-ups were evaluated. This time, photolysis was observed in all cases. Performing the reaction
in flow gave a better conversion and required a shorter reaction time compared to the same re-
action conditions in batch (Table 3.7, entries 2 and 5). The reaction conditions which gave the
best result (Table 3.7, entry 3) were also applied on 2-nitrobenzyl protected substrate 136, but

once again no photolysis was observed.

Table 3.7: Reaction conditions evaluated to remove the 2-methoxy-6-nitrobenzyl group of 146 with a blacklight
bulb - E27 - 20W - 230V as a source of UV-light, 303305309311

hv
NO, o)

@\ANLQHB contions o~ it

ome° o Moo

1:§Ae 147

Entry Batch/Flow Solvent Reaction time (min) Result
1 Flow MeOH 80 42% conversion
2 Flow 1% AcOH in MeOH 80 57% conversion
3 Flow 1% DMSO in MeOH 80 67% conversion
4 Batch 1% DMSO in p-dioxane 480 27% conversion
5 Batch 1% AcOH in MeOH 480 35% conversion

Previous tests had shown that the seven-membered lactone 136 was stable in 1% DMSO in p-
dioxane (Table 3.6, entry 5) and these conditions were able to bring about the photolysis of the
2-methoxy-6-nitrobenzyl group of an amide nitrogen (Table 3.7, entry 4). Therefore, to obtain a
high yielding deprotection procedure for the desired 1,4-oxazepane-2,5-dione core, an attempt

was made to synthesize the N-(2-methoxy-6-nitrobenzyl)-protected lactone (Scheme 3.29).

Unlike previous N-acylation reactions that were performed using the same reaction conditions,
the N-acylation product 148 of the PPG-protected amino acid derivative 145 was only obtained
as the minor product (Scheme 3.29). The main isolated product 149 was the adduct of the
PPG-protected amino acid derivative 145 and isobutyl chloroformate. Alkaline hydrolysis of
the minor product 148, followed by a cyclization reaction, failed to yield the N-(2-methoxy-6-

nitrobenzyl)-protected seven-membered ring.
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Scheme 3.29. Attempt to N-acylate methyl N-(2-methoxy-6-nitrobenzyl)glycinate 145.

3.2.7 PPG-protected N-(3-hydroxyacyl)-L-homoserine lactones

As the UV-light driven removal of the 2-methoxy-6-nitrobenzyl PPG proved to be successful
(Table 3.7), it was decided to employ this group to synthesize a PPG-protected N-(3-hydroxy-
acyl)-L-homoserine lactone. This type of compounds allows the non-invasive, external interfer-
ence with the bacterial communication system by using light. In a previous study by Van der
Berg et al., researchers were able to temporarily modulate QS-regulated traits via photoswitch-
able compounds 150, which relied on the trans to cis-isomerization of the azobenzene pho-
tochromic unit upon UV-light irradiation. Exposure to visible light changes the conformation
back to mainly the trans-isomer (Scheme 3.30).3!> Both compounds 150 had a QS-activating
effect but upon UV-light irradiation, compound 150a showed a drop in efficacy whereas com-

pound 150b had a fivefold increase in activity.

PNURERE VI

light

trans-150a n=0 cis-150a n=0
trans-150b n=1 cis-150b n=1

Scheme 3.30. Photoswitchable QS-molecules 150.3!2

To obtain the PPG-protected hydroxy-AHL 154a, ethyl 3-hydroxynonanoate 55d was benzy-
lated via a reductive etherification,?'**!* based upon Noyori’s TMSOTf-catalyzed acetaliza-
tion,*!> followed by a triethylsilane-reduction of the acetal (Scheme 3.31).3!¢ Alkaline hydro-
lysis of the O-PPG-protected ester 152a to the acid 153a, followed by EDC-mediated coupling
with L-homoserine lactone 53 yielded O-PPG-protected hydroxy-AHL 154a.
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Scheme 3.31. Synthesis of N-(3-((2-methoxy-6-nitrobenzyl)oxy)nonanoyl)-L-homoserine lactone 154a.

For the removal of the PPG-group, a solution of AHL 154a dissolved in 1% acetic acid in
methanol in an open beaker was irradiated with a blacklight bulb (E27 - 20W/230V) and sam-

ples were analyzed at regular time intervals via LC-MS (Figure 3.10). After 3 h, already more

than half of the caged AHL was released. When the experiment was repeated with 1% ethanol

in water as solvent mixture, to mimic biotesting conditions, photolysis was already complete

within 2 h. Remarkably, in both conditions tested, no solvolysis of the lactone ring was ob-

served during the monitoring via LC-MS.
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Figure 3.10. Photolysis of N-(3-((2-methoxy-6-nitrobenzyl)oxy)nonanoyl)-L-homoserine lactone 154a with a
blacklight bulb (E27 - 20W/230V) in 1% AcOH in MeOH.

A disadvantage of photolysis is the need for UV-radiation to release the caged compound. Al-
though peptides are relatively stable toward >350 nm UV light, this may not be the case for
complex heterocycles. Also methionine is sensitive toward photooxidation.?*> However, the
two-photon irradiation technique can help to overcome the toxicity linked with UV-light irra-
diation. Because at high light intensity, chromophores may simultaneously absorb two red/NIR
photons, producing higher-energy excited states, similar to those accessible by direct excitation
with UV photons of about twice the frequency.?*? As this requires very high light intensities,
only ultrafast pulsed lasers are suitable for this application. Using this approach, Neveu et al.
studied the effect of retinoic acid on zebrafish embryogenesis via the o-nitrobenzyl moiety pro-

tected derivative, which was photolysed via one- or two-photon excitation.3!”

3.2.8 Post-cyclization modification
As the route which led to the N-PMB-protected seven-membered ring 121 failed when ser-
ine was used instead of glycine, the introduction of a hydroxymethyl group on the N-PMB-

protected seven-membered ring 121 was evaluated.

Both reactions with paraformaldehyde as such and with paraformaldehyde as a source of formal-
dehyde via thermal cracking, were unable to introduce the desired hydroxymethyl group on the

N-methyl derivative 110, which was used as a test substrate (Table 3.8).318-3%0
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Table 3.8: Reaction conditions evaluated to introduce a hydroxymethyl group in cyclic compound 110.3!8-320

0 HO o)
/-4( reaction —IH
(@) N (0]

Me - conditions Me~
— = 3N
OM CoHig g CoH1o
110 155
Entry Reaction conditions Result

1 15 equiv KHCO3, 11 equiv paraformalde- -l
hyde, DMF, r.t., 1 h to o.n.

2 1) 1 equiv LDA, dry THF, N,, -78 °C, 1 h  After 3 h at -78 °C: -l
2) 6 equiv paraformaldehyde, dry THF, N,,  After o.n. at r.t.; -l
-78 °C,3 htor.t., on.

3 1) 2equiv LDA, dry THF, N,, -78 °C, 1 h  After 3 h at -78 °C: -l
2) 6 equiv paraformaldehyde, dry THF, N,,  After o.n. at r.t.: -[’!
-78 °C, 3 htor.t., o.n.

4 1) 1 equiv LDA, dry THF, Ny, -78 °C, 1h  After 3 h at -78 °C: -l
2) formaldehyde (g) (formed by dry heat-  After o.n. at r.t.: -l
ing 10 equiv paraformaldehyde at 170 °C),
dry THE, Ny, -78 °C, 3 hto r.t., o.n.

[a] No reaction. [b] Complex reaction mixture.

3.2.9 Pseudo-prolines ('Pro)

As the synthesis of the deprotected seven-membered ring 122 was performed well, but its appli-
cation using the same reaction conditions to the serine derivative in order to synthesize serratin
(83) failed, an alternative synthetic route was sought. Serine (and threonine) can react with
aldehydes or ketones to form oxazolidines (Scheme 3.32). These cyclic structures are unstable
in acidic environment, but can be acylated in an alkaline environment and isolated as such.3?!
Pseudo-prolines are commonly used to alter the solubility of peptides by disrupting secondary
structure formation or to facilitate the cyclization of small peptides.3??3?3 There are two ways
to introduce such a pseudo-proline moiety: either the pseudo-proline is synthesized separately
by reacting serine, threonine or cysteine with an aldehyde or ketone, and then included into the
peptide chain (Figure 3.32, route A), or the peptide chain is synthesized and then the pseudo-

proline is formed afterwards (post-insertion method, Figure 3.32, route B). 32232432
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Route A o Ser, Thr, Cys Route B o

)l\ ) =AA
R H+i/ FmocHN—/u\OPG

Y
R. X
X FmocHN—| peptide |—AA-OH
RNy OH
H
o)

AAWR'R'Pro), X=0o0r$S /?L "
Y =H or Me R R //
O \ H+ ,'/,’/
FmocHN—)LCI "
FmocHN—| peptide |—AA(WR'R'Pro)-OH
¥

further incorporation into peptides

Scheme 3.32. The two different routes to introduce a pseudo-proline moiety in a peptide chain. >

Variation of the C-2 ring substituents of a pseudo-proline has a profound effect on the ring stabil-
ity. Whereas dilute TFA affected ring opening of a 2,2-dimethyloxazolidine-peptide (Ser(¥Me Me
Pro)) within minutes, a treatment with trifluoromethanesulfonic acid for several hours was
needed to deprotect the rather stable C-2-unsubstituted oxazolidine (Ser(¥:"Pro)).3>> The
C-2 substitution pattern also has an influence on the conformational properties (Figure 3.11).
Whereas for peptides containing the unsubstituted serine-derived oxazolidines (Ser(¥H HPro))
the trans-isomer is the dominant one (66% trans in DMSO, determined via 'H NMR at 17
°C), peptides containing the 2,2-dimethyl derivative (Ser(¥M®MePro)) have a clear preference
for the cis-conformer (less than 5% trans in DMSO, determined via '"H NMR at 17 °C). The

cis/trans-ratio of the C-2 monosubstituted oxazolidines lies somewhere in between. 326-328

(0] (0]
R R
R'><N R —= R'><N R"
OXR" (0] R"’&O (0]
cis trans

Figure 3.11. Cis and trans-conformers of a pseudo-proline. 3>

Oxazolidine 157b was synthesized by heating the hydrochloride of the methyl ester of L-serine
88 with pivaldehyde 156 and triethylamine with continuous removal of water (Scheme 3.33).

This crude oxazolidine 157b was obtained as a 3:2-mixture of diastereomers in 71% yield. 3?%3%

Several procedures were evaluated for the N-acylation of oxazolidine 157b (Table 3.9). The
formation of the mixed anhydride of 3-hydroxynonanoic acid 58d via reaction with isobutyl
chloroformate, followed by reaction with the methyl ester of oxazolidine 157b proved to be
the best procedure to obtain compound 158b (Table 3.9, entry 4).3° The N-acylated 2-rBu-

oxazolidine 158b possessed a C2,C4-cis-relation, although the starting oxazolidine 157b was
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obtained as a 3:2 diastereomeric mixture. Ring-chain tautomerism allows equilibration to the
more stable product with the fBu-group on a quasi-axial position. The amide nitrogen in the
five-membered-ring is considerably pyramidalized, allowing some overlap of the nitrogen lone
pair with the amide carbonyl group.*!=333 Subsequent alkaline hydrolysis of the N-acylated 2-
tBu-oxazolidine 158b, followed by cyclization in dilute reaction conditions yielded the bicyclic

structure 160b (Scheme 3.33).

For R! = Ph: 2 equiv MgSQy,

i OH
1.1-1.5 equiv dry CH.Cly:Et3N 4:1, r.t., o.n.
Q OMe >

+ HCLH,N
Rlﬂ\H 2 For R = tBu: 1.1 equiv Et3N,

N o

R2'<“’< %OME
R N
H

O o
hexane, A, 48 h, Dean-Stark
112 R'=Ph 88 157a (R! = Ph, R? = H, not isolated)
156 R'=tBu 157b (R! = tBu, R2 = H, 71%, d.r.: 57:43)
) /N
1) 1 equiv NMM O N-Me
1 equiv o/
q *oﬁ/
20 min, 0 °C
2) 1.05 equiv
RL )
R;\(N OMe . (0] oM 0.1 equiv PTSA.H,O
R e i
OH O H 157aor {‘)\W 5 equiv DMP OH O OH
O 157b RZ N (2,2-dimethoxypropane) )\)]\
> ¢ —~ OMe
CeHa3 OH EtOAc, 0 °C, 2 h, then r.t., o.n. o dry toluene, A, 3 h, CeHi3 N
58 Dean-Stark H 3§
For R = Ph or tBu and R?=H HO™ ~CgHis For Rl = R2 = Me 89
158a—c(not isolated)
5 equiv NaOH | MeOH:H,0 3:1,
r.t,o.n.
. (0]
0.2 equiv DMAP Rl{ OH
1.1 equiv EDC.HCI sz’ N
O
dry CH,Cly, r.t., 0.n. Io)
(dilute, 20 mM)
HO CgH13
160a (R! = Ph, RZ=H, 53% over 3 steps, d.r. 1:1) 159a—c(not isolated)

160b (R!=tBu, R? = H, 63% over 3 steps, d.r. 1:1)
160c (R! = R? = Me, 18% over 3 steps, d.r. 1:1.3)

Scheme 3.33. Synthesis of oxazolidine-containing bicyclic structures 160a—c.
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Table 3.9: Reaction conditions evaluated for the N-acylation of 2-rbutyloxazolidine 157b.

O

1.05 equiv /HOMe
o o OH reaction >(‘\N o
< conditions
OMe JJ\)\/\/\/ -
+ HO o

N
H
(6] HO
157b 58d 158b
Entry Reaction conditions Result
1 1 equiv EDC.HCI, 1 equiv Et;N, CH,Cl,, r.t., 2 d _la]
2 0.1 equiv DMAP, 1 equiv DCC, r.t., 0.n. _la]
3 1 equiv DMAP, 1 equiv DCC, r.t., 2 d -]
4 1 equiv N-methylmorpholine (NMM), 1 equiv isobutyl 158b (63%)!“!
chloroformate, EtOAc, 2 h at 0 °C, r.t., o.n.

5 1 equiv N-methylmorpholine (NMM), 1 equiv isobutyl 158b (42%)!!

chloroformate, dry THF, 2 h at 0 °C, r.t., o.n.

[a] No reaction. [b] Complex reaction mixture [c] Crude yield after work-up determined via integration of the 'H

NMR spectrum.

Bicyclic compound 160b was obtained as a 1:1 mixture of diastereomers. The diastereomers
(RSS)-160b and (RRS)-160b were separated via column chromatography followed by recrys-
tallization. One of the two diastereomers remained an amorphous powder, whereas the other
one formed needle-like crystals, allowing structure confirmation and stereochemistry determi-
nation via X-ray diffraction analysis (Figure 3.12). The crystals belong to the orthorhombic
Sohnke space group P2,2,2; and hence contain only one enantiomer, being (RSS)-160b with a
cis-relationship of the substituents. The CsH;3-alkyl chain was disordered over two positions in

the crystal due to its flexibility.
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o)
o)
o |®&® =
N
R) N
o) G
(RSS)-160b .
B) 0
ARL Q
HO |G
HN
o)
(SS)-160b

Figure 3.12. A) Molecular structure of (RSS)-160b, showing thermal displacement ellipsoids, drawn at the 30%
probability level. The positional disorder of the CgHjs-alkyl chain is shown in yellow. B) Stereochemistry of

serratin ((SS)-83) based upon comparison with theoretical calculations of the '3C NMR chemical shift. 247

Both diastereomers showed quite different chemical shifts. The crystalline diastereomer (RSS)-
160b has both its substituents in a cis-relationship. This RSS-diastereomer showed a signal for
CH-O at 75.2 ppm (CDCly) in the **C NMR spectrum and the attached hydrogen atom CH-O
showed a multiplet at 4.71-4.83 ppm (CDCl3) in the *H NMR spectrum. For the other diaste-
reomer (RRS)-160b, with a RRS-stereochemistry, the corresponding signals were at 79.7 ppm
(CDCl3, '3C NMR) and 4.68-4.79 ppm (CDCIls, '"H NMR). The signal around 70 ppm in the
13C NMR spectrum is quite characteristic and is present in all 1,4-oxazepane-2,5-diones de-
scribed in literature (Figure 3.13 and Table 3.10).247-258.266-268.299.334.335 Another difference was
the shift of the CH; adjacent to the CH-O moiety. For diastereomer (RSS)-160b the correspond-
ing signals were a dd at 2.85 ppm (CDCl;) and a dd at 2.97 ppm (CDCl3), whereas for the
other diastereomer (RRS)-160b a d at 2.72 ppm (CDCls) and a dd at 3.14 ppm (CDCl3) were
observed. For serratin (83), Luna et al. noticed signals for the CH; at 2.42 ppm (dd, CDCl3) and
2.62 ppm (dd, CDCl3) and a signal for CH-O at 72.4 ppm (CDCl3) in the *C NMR spectrum. 2*’

These values seem to be consistent with our observations for diastereomer (RSS)-160b.
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HO.
0 0O ) OH
., O O e}
Me Q> Me\)OL <
. N
Peptidechain’N\;/\kHN" N_M \/\/L/H( 7N N,Me al NH [ . o
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Figure 3.13. 1,4-Oxazepane-2,5-diones described in literature, 247-258-266-268.299.334.335

Table 3.10: Spectral data of 1,4-oxazepane-2,5-diones described in literature. NA: not applicable, NM: not men-

tioned. 247,258,266-268,299,334,335
O
O
G A B
F D ¢
S\
@)
B C E F G

Structure (NMR solvent) oc on oc oc on oc oH oc
Callipeltin L (92) (CD30D)?% 169.4 | 3.92 | 56.6 | 164.8 4.35 60.3 6.17 71.7
93 (CDCl3) %’ 166.2 | 3.59 | 68.4 | 163.2 3.87 59.7 5.25 72.6
Inducamide C (94) ((CD3)2S0)%*® | 170.8 | 4.3 | 59.2 | 164.1 NA NA NA NA
Serratin 83 (CDCls)>*’ 1694 | 4.65 | 544 | 1692 | 2.42and 2.62 | 40.5 5.3 72.4
Serratin 83 (SR Theoretical)>*’ 1657 | NM | 57.3 | 1745 NM 454 NM 79.1
Serratin 83 (SS Theoretical) >’ 1677 | NM | 535 | 167.8 NM 449 NM 73.8
161 (CDCls) 3% NM | 447 | NM | NM 4.98 NM NA NM
162 (CDCl3)>* NM | 446 | NM | NM | 2.56and3.20 | NM NA NM
163 ((CD3)2C0O)** 167.8 | 5.57 | 534 | 160.4 NA NA NA NA
164 (CDCl3)>® NM | 482 | NM | NM NA NM NA NM
165 (CDCl3)*8 NM | 446 | NM | NM NA NM NA NM
166 (CDCl3) % 162.7 | 4.19 | 58.8 | 170.0 4.28 54.8 | 438and 4.8 | 70.5

As the 2-tBu-oxazolidine is a rather stable type of oxazolidine, it was decided to synthesize two
different types of oxazolidines as well. The first type was the more labile 2,2-dimethyloxazoli-
dine (Ser(¥MeMePro)), which undergoes rapid deprotection in dilute TFA.?* Unlike the Ser-
(P'BUPro) 157b, this type of oxazolidine cannot be isolated as such and is commonly introduced
via the post-insertion route (Scheme 3.32, route B). Therefore, methyl N-(3-hydroxynonanoyl)-
serinate 89 was reacted with 2,2-dimethoxypropane (DMP) with continuous removal of water

to yield compound 158¢ (Scheme 3.33).3% As 'H NMR analysis revealed that this N-acylated
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oxazolidine 158¢, obtained after column chromatography, was less pure than the crude com-
pound after work-up because of degradation during purification, it was decided to proceed with
the reaction sequence without further purification. Hydrolysis of compound 158¢ with NaOH
in a water:methanol (ratio 1:3) mixture, followed by cyclization gave 2,2-dimethyloxazolidine
protected oxazepane-2,5-dione 160c in a total yield of 18% after purification. Once again, the

CH-O and CH,, of both diastereomers gave distinct signals in NMR spectroscopy.

For the 2-phenyloxazolidine derivative, L-serine methyl ester hydrochloride 88 was neutralized
with Et3N and allowed to react with benzaldehyde 112 to produce oxazolidine derivative 157a
(Scheme 3.33).3%” This compound was N-acylated with 3-hydroxynonanoic acid 58d and the
ester functionality was hydrolyzed under alkaline conditions to furnish compound 159a. The
2-phenyloxazolidine protected oxazepane-2,5-dione 160a was obtained in 53% total isolated

yield after the DM AP-catalyzed cyclization under dilute reaction conditions (Scheme 3.33).

Several reaction conditions were evaluated to deprotect the oxazolidine unit without opening
the seven-membered lactone (Table 3.12). A catalytic amount of bismuth(III) bromide was suc-
cessfully employed by Cong et al. to deprotect a cyclic N,O-aminal under mild reaction condi-
tions.**® However for substrates 160a—c, no reaction was observed (Table 3.12, entries 1A-C).
This could be explained by the fact that the reactivity of the oxazolidine ring is dramatically
reduced upon amidation.*° When a catalytic amount of water was added to the reaction mix-
ture, the 2-phenyloxazolidine moiety of the trans-diastereomer (RRS)-160a was deprotected to
the ring-opened structure 90 (Table 3.12, entry 2B). As traces of the ring-opened, oxazolidine-
containing, product 159a were detected during the course of the reaction, unlike the deprotected
compound 83, hydrolysis probably preceded deprotection. The other diastereomer (RSS)-160a
could be recovered from the crude reaction mixture, albeit in a severely reduced amount. For the
two other types of oxazolidines, all stereoisomers seemed to react at a similar rate and only the
deprotected and hydrolyzed product 90 was isolated (Table 3.12, entries 2A and C). In an alter-
native procedure, mild acidic conditions for deprotection were used by employing formic acid in
a THF:H,O-mixture (Table 3.12, entries 3A and B).**" In the case of the fBu-containing oxazoli-
dine 160b, a quick hydrolysis of both diastereomers to 159b was observed. Interestingly, for the
2-phenyloxazolidine 160a the trans-diastereomer (RRS)-160a hydrolyzed significantly faster
than the cis-diastereomer (RSS)-160a: whereas the starting compound had a d.r. of 1:1, this
changed to 1:2.7 for the recovered starting material. Treatment with an acidic resin also failed
to deliver the desired compound (Table 3.12, entries 4A and B).**! 5% TFA in dichloromethane
left the 2-rBu-oxazolidine 160b intact, even after a reaction time of 48 h (Table 3.12, entry

5A).323 Under the same conditions, the trans-diastereomer of the 2,2-dimethyloxazolidine 160c
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was successfully deprotected (Table 3.12, entry 5C). The 'H NMR of the crude reaction mix-
ture, obtained after washing with a saturated aqueous NaHCOs-solution to remove the TFA and
the ring-opened product, revealed the presence of only the cis-diastereomer. The deprotected
trans-isomer (SR)-83 however was not detected. When the same treatment was applied on the
2-phenyloxazolidine-protected seven-membered ring 160a a similar observation was made: the
trans-diastereomer (RRS)-160a seemed to react faster, but none of the deprotected serratin (83)
could be isolated (Table 3.12, entry 5B and Figure 3.14). When 4M of HCI (g) in dioxane was

evaluated for the removal of the oxazolidine moiety,**

a difference in reactivity was observed
between the 2-rBu- and the 2-phenyloxazolidine moiety: in the case of the fBu-compound 160b,
the cis-diastereomer (RSS)-160b was deprotected faster whereas for the latter compound 160a,
the trans-diastereomer (RRS)-160a was deprotected faster. In both cases none of the deprotected
seven-membered ring 83 could be isolated (Table 3.12, entries 6A and B). When the reaction
time was prolonged, all of the starting material was converted to the deprotected, hydrolyzed
compound 90. The protocol with 1,3-propanedithiol in acidic trifluoroethanol, i.e. containing
2% HCI, developed by Corey,**? also caused a faster deprotection of the trans-diastereomer of

both the rBu- and the 2-phenyloxazolidine compared to the cis-isomers. Once again, no depro-

tected serratin (83) could be isolated.
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Table 3.12: Reaction conditions evaluated to achieve the deprotection of the different oxazolidine moieties of

seven-membered rings 160a, 160b and 160c. 328-338,340-342

O\ H
R! 3&./(0

o

o

160a (RL = Ph, RZ=H) -

160b (R = tBu, R? = H)
160c (R = R? = Me)

deprotection

(e]
R NO
REAN

‘,/C6H13 e
(SR)-83 -~

OH
O@
Ho CeHis

159a (R' = Ph, R = H)
159b (R! = tBu, R? = H)

159¢ (R! = R2 = Me)

Entry Reaction conditions UPro Result!®!
derivative
1A 0.1 equiv BiBrg, CH3CN, r.t., 1 h to 0.n.33 Bu -]
1B Idem Ph -10]
1C Idem DiMe -]
2A 1 equiv BiBrs, cat. H,O, CH5CN, r.t., 1 h to Bu -l
48 h
2B Idem Ph Conversion of trans-diastereomer (RRS)-
160a to 90. No isolation of (SR)-
83. Slower reaction of cis-diastereomer
(RSS)-160a.
2C  Idem DiMe -l
3A THF:H,O:HCOOH 3:1:1, r.t., 1 h to 48 h34 Bu Ring-opening to 159b
3B Idem Ph Ring-opening to 159a; trans-diastereomer
(RRS)-160a reacts faster than (RSS)-160a
4A Amberlyst 15, acetone:H»O 9:1, r.t.,, 1 h to tBu (]
24 h34
4B Idem Ph -10]
SA 5% TFA in dry CHyCly, 0 °C, 3 h, then r.t., 1Bu ol
48 h3%8
5B Idem Ph No reaction of cis-diastereomer (RSS)-
160a; deprotection of trans-diastereomer
(RRS)-160a to 90
5C Idem DiMe No reaction of cis-diastereomer (SS)-
160c; deprotection of trans-diastereomer
(RS)-160c to 90
6A 4M HCl in dioxane, 0 °C to r.t., 1 h to 24 h328 tBu Formation of 90; faster reaction of the cis-
diastereomer (RSS)-160b
6B Idem Ph Formation of 90; faster reaction of the
trans-diastereomer (RRS)-160a
TA 3 equiv 1,3-propanedithiol, 2% HCI in 2,2,2- tBu Formation of 90; faster reaction of the
trifluoroethanol, r.t., 1 h to 24 h3#? trans-diastereomer (RRS)-160b
7B Idem Ph Formation of 90; faster reaction of the

trans-diastereomer (RRS)-160a

[a] Based on LC-MS analysis during the course of the reaction and 'H NMR analysis of the crude reaction mixture

after work-up. [b] No reaction. [c] Deprotection and ring-opening or ring-opening and deprotection. Only recovery

of 90.
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As deprotection was observed but isolation of serratin (83) failed, either because of depro-
tection followed by immediate ring-opening or by first ring-opening and then deprotection,
another route for the 2-phenyloxazolidine 160a was evaluated. In a first attempt to remove the
2-phenyloxazolidine unit from 160a, hydrogenolysis with Pd/C in ethyl acetate and in methanol
was evaluated, but no reaction (Table 3.13, entry 1) or only a limited conversion, combined with
degradation (Table 3.13, entry 2), were obtained. When Pd(OH)»/C was employed in ethanol,
a complete debenzylation was observed, unfortunately combined with ethanolysis of the de-
protected product (Table 3.13, entry 3). When the reaction was repeated in ethyl acetate, de-
protection without solvolysis was observed (Table 3.13, entry 4). Remarkably, both diastereo-
mers behaved differently: only the seven-membered ring (S5)-83 with both substituents in a
cis-relationship was obtained and isolated in 22% yield (based on the total amount of starting
material). The diastereomeric ratio of the recovered, oxazolidine-containing starting material
160a had consequently changed from 1:1 to 1:3, favoring the (RRS)-diastereomer (Figure 3.14).
This observed selectivity for (RSS)-160a could be explained by steric factors. The (RSS)-isomer
of 160a has the phenyl and alkyl substituent on the same side of the bicyclic ring system (see
Figure 3.12 for (RSS)-160b), allowing a relatively unhindered interaction of the opposed side
with the palladium catalyst. As the (RRS)-isomer has the bulky phenyl substituent on one side
and the alkyl substituent on the other side, it is expected that such an interaction with the cata-

lyst proceeds with more difficulty.

Table 3.13: Reaction conditions evaluated for the removal of the 2-phenyloxazolidine moiety of 160a.

(0] Ho HO o HO o
- Reaction conditions ’)\( ’>\/<
RN > HN'® 5 HN'©)

+
O
S
0 P\ A

/

CeHis CeHis ;/CeHls
160a (d.r.: 1:1) (SS)- 83 (SR)- 83
Entry Reaction conditions Result
1 4 atm Ha, 25 wt% Pd/C, EtOAc, r.t., 0.n. -la]
2 4 atm Ha, 25 wt% Pd/C, MeOH, r+t., o.n. -1t}
3 4 atm Ha, 25 wt% Pd(OH),/C, EtOH, r.t., 0.n. -ld
4 1 atm Hs, 50 wt% Pd(OH),/C, EtOAc, r.t., 6 h (5S)-83 (22%). No reaction of the

other diastereomer; recovery of
starting material 160a (67%) with
adr of 1:3

[a] No reaction. [b] Solvolysis of starting material 160a. [c] Deprotection and solvolysis or solvolysis and

deprotection.
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Figure 3.14. Overlay of the 'H NMR spectra of 2-phenyloxazolidine protected compound 160a (in CDCl3) and
the crude 'H NMR spectra (in CDCl3) of the same compound 160a recovered after treatment with 5% TFA in
CH,Cl; or Hs gas and Pd(OH)/C in EtOAc.

The (RSS)-diastereomer that was deprotected, however, had the correct stereochemistry to de-
liver serratin (SS)-83. In the 'H NMR spectrum (CDCls), a signal for NH became visible, which
is consistent with a successful deprotection. The CH-O-signal at 73.7 ppm (CDCls) was also
present, indicating that the seven-membered heterocycle was still intact. However, unlike the
value around 5.30 ppm (CDCl3) reported by Luna et al. for CH-O, a multiplet around 4.73-4.81
ppm (CDCls) was observed. A big difference for the adjacent CH, was also apparent: whereas
Luna et al. reported two dd at 2.42 and 2.62 ppm (CDCl;3), we detected the corresponding
signals at 2.79 and 2.87 ppm (CDCly).

The values reported by Luna ef al. show a lot of similarities with the spectral data of the com-
pound serratamolide A (42a) (Table 3.14). This antimycobacterial cyclodepsipeptide is pro-
duced by Serratia sp. and has the CH-O signal at 5.33 ppm (H NMR, CDs;0D), the CH-O
signal at 73.2 ppm (**C NMR, CDs0D) and the adjacent CH, at 2.39 and 2.72 ppm (‘H NMR,
CD30D).?* That the actual structure of serratin (83) could be a serratamolide analogue is also
suggested by the observed vicinal coupling constants of the O-CHCH,C(=0O) moiety. Whereas
for the compound synthesized in this study vicinal coupling constants of 11.3 Hz and 3.0 Hz
were observed, which corresponds to a conformation as depicted in figure 3.12 with one large
and one small dihedral angle of the coupling protons, values of 4.9 Hz and 2.0 Hz were reported
by Luna et al.>*’ These small vicinal coupling constants were also reported for serratamolide

A (42a) (5.0 Hz and 2.6 Hz), which correspond with a more flexible structure and smaller di-
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hedral angles (Table 3.14).3* Serratamolide A (42a) is a symmetrical molecule composed of

two serine units and two times [3-hydroxydecanoic acid as the fatty acid moiety. However, the

asymmetrical analogue serratamolide F (42f) has a S-hydroxydecanoic acid moiety but also

a [3-hydroxynonanoic acid moiety in its structure.?*® It is known that during the biosynthesis

of cyclic lipopeptides, a relaxed substrate specificity can give rise to the production of several

analogues of one main cyclic lipopeptide compound. '**?*® Therefore, if a symmetrical serrata-

molide exists with two [-hydroxynonanoic acid tails, the corresponding NMR spectra would

contain only a limited number of signals with values nearly identical to those reported by Luna

et al. for serratin (83) (Table 3.14).

o O YR

Table 3.14: Comparison of the spectral data of serratamolide (42) and serratin (83),247:248.250,343,344

Q Lon
NH O .
);o HN:/I/ 0 ® “\H
“—OH s
N N N
R2 G O e}
Serratamollde (SS)- 83
42a A: Rl = (CHy)gCHs, R? = (CH,)6CHs
42b B: R = CH,CH=CH(CH,)sCH3, R? = (CH,)sCH3
42¢ C: R! = (CH,)gCH3, R2 = (CH,)gCH3
42d D: R = (CHy)7CHs, R? = (CH,)gCH3
42e E: R! = (CHy)4CHs, R? = (CHy)gCHs
42f F: R = (CH,)sCHs, R? = (CH,)6CH3
B C E F H
Structure (NMR sol- dc [ J74 [ Ye] dc om dc oH dc oH dc
vent)
Serratamolide A (42a) | NM | 449(,J=3.6 | NM | NM 234 (dd,J =13.6Hz,2.6Hz) | NM | 539 | NM 3.82(dd, J = NM
(CD30D)**# Hz) and 2.68 (dd, J = 13.6 Hz, 5.0 (m) 10.8 Hz, 3.3
Hz) Hz) and 4.08
(dd, J =10.8
Hz, 3.8 Hz)
Serratamolide A (42a) | NM 4.47 (m) NM | NM 2.33 (dd) and 2.67 (dd) NM | 528 [ NM 382(dd)and | NM
(CD30D)>° (m) 4,07 (dd)
Serratamolide A (42a) | 171.3 453 (dd, J = 563 | 1720 | 2.39(dd,J=13.5Hz27Hz) | 412 | 533 | 732 3.87(dd, J = 63.2
(CD30D) ¥ 3.8Hz, 3.2 and 2.72 (dd, J = 13.5 Hz, 4.9 (m) 10.8 Hz, 3.2
Hz) Hz) Hz) and 4.11
(dd, J =10.8
Hz, 3.8 Hz)
Serratamolide B | 1713 452(dd, J = 564 | 1718 | 2.40(dd,J=13.6Hz29Hz) | 412 | 533 | 732 3.87 (dd, J = 63.1
(42b), C10:0 alkyl 3.9Hz, 3.4 and 2.73 (dd, J = 13.6 Hz, 4.8 (m) 10.8 Hz, 3.4
chain (CD50D) >3 Hz) Hz) Hz) and 4.11
(dd, J=10.8
Hz, 3.9 Hz)
Serratamolide B | 1710 | 4.53(dd,J= 564 | 1720 | 2.44(dd,J=13.6Hz,29Hz) | 404 | 524 | 73.1 3.87(dd, J = 63.1
(42b), Cl2:1 alkyl 4.1Hz,34 and 2.70 (dd, J = 13.6 Hz, 4.8 (m) 10.8 Hz, 3.4
chain (CD50D) ¢ Hz) Hz) Hz) and 4.08
(dd, J =10.8
Hz, 4.1 Hz)
Serratamolide A (42a) | 169.6 4.40 (m) 546 | 1694 2.30 (d) and 2.55 (d) 404 | 520 | 724 3.70 (m) and 63.0
(CDCl3)>* (m) 4.05 (m)
Serratin (83) (CDClz) | 169.4 4.65(dt, J = 544 | 1692 | 2.42(dd,J=14.1Hz, 2.0 Hz) | 405 | 530 | 724 | 3.85(d, /=88 | 634
reported by Luna et 8.1 Hz, 2.8 and 2.62 (dd, J = 14.1 Hz, 4.9 (m) Hz) and 4.22
al.* Hz) Hz) (d, J =8.8 Hz)
Serratin (83) (CDCl3) | 171.6 4.49 (m) 528 | 1695 | 2.79(dd,J=187Hz3.0Hz) | 41.7 | 477 | 737 | 3.89(ddd,J= | 6l.1
reported in this study and 2.87 (dd, J = 18.6 Hz, 11.3 (m) 12.3Hz, 8.3
Hz) Hz, 4.3 Hz)
and 4.06 (ddd,
J=12.0Hz,
5.0Hz, 5.0
Hz)
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3.2.10 Conclusion

In this chapter, the evaluation of HO-AHLSs 2 in an intramolecular rearrangement leading to 1,4-
oxazepane-2,5-diones, resembling the rearrangement of oxo-AHLs 3 to tetramic acids 11, was
performed. One compound, serratin (83), with such a structure, has been isolated from a bacte-
rial culture broth, hinting the possibility of such a rearrangement. However, both HO-AHLs 2 as
N-(3-hydroxynonanoyl)-L-serine (90) refused to participate in such a cyclization. As analogues
with a third N-substituent cyclized readily, it was concluded that the preference of a secondary
carboxylic amide for a trans-conformation hinders such reactivity for HO-AHLs 2, pointing out
the unlikeliness that such a spontaneous rearrangement of a N-mono- or disubstituted compound

could lie at the origin of serratin (83).

As several natural products containing a 1,4-oxazepane-2,5-dione-core are known, and few
methods have been described to synthesize this type of compounds, a method for the synthesis
of such 1,4-oxazepane-2,5-diones was developed. Because of the presence of an amide, which
has a preference for a frans-conformation, and the presence of a labile lactone moiety in this
core, many synthetic methodologies commonly used for the cyclization toward medium-sized
heterocycles cannot be applied. Therefore, several N-protecting groups were tested and PMB
was applied as a protecting group to force the linear amino acid precursor in a correct con-
formation for cyclization to occur. Via the application of pseudo-prolines as another type of
protecting group for serine derivatives, a compound with the presumed structure of the natural
product serratin (83) was obtained. As a result of the differences in spectral data, the incorrect
structural assignment of the natural product serratin (83) was identified. Instead of the alleged
seven-membered heterocycle, a symmetrical serratamolide 42 analogue is proposed to be the

correct structure of serratin.

107



Results and discussion

108



Results and discussion

3.3 The influence of quorum sensing signal molecules on plants and fungi

Abstract

Pseudomonas sp. CMR12a is a strain which could potentially be applied as a biocontrol agent
against the cocoyam root rot disease caused by Pythium myriotylum. To better understand the
role of QS in the biocontrol activity of this strain, the influence of one of its QS signal molecules,
HO12, on plant growth was studied. The influence of this compound on two plant species,
lettuce (Lactuca sativa) and Arabidopsis thaliana, was evaluated but no direct effects were
observed. The bioactivity of a degradation product of oxo-AHLs, a tetramic acid, was evaluated
as well. Neither plant growth stimulating nor inhibiting effects were observed, but a significant
growth reduction of the agriculturally relevant plant pathogen Rhizoctonia solani was observed.
As tetramic acids display algicidal effects as well, these compounds might have the potential to

be used as an algicide or fungicide or a combination of both in hydroponics.

Graphical abstract
Plants Fungi
oH O '“-ljr_\\ =~
—— e A o
1 A _’:‘__-'&_}'—-—-
AR >
. No effect A k;‘- * _ii.,
e Ao AL »- =24 %
a "‘%\ - ‘-":_IL_F h—\-\—w—-r"
5 =S N
SH g = ;-__\.C--h{__(g -
—— Srowth inhibitign '1._&‘:}_;17?%
1 ) = ey T
| 4 A 6

Possible application J T
in hydroponics? 7l

?
J

WATER FLOW

Water pump

Keywords

AHL, quorum sensing, AHL-plant interactions, biocontrol, tetramic acid, fungi

109



Results and discussion

3.3.1 Introduction

The production of bioactive metabolites has attracted scientific interest in order to use microor-
ganisms as biocontrol agents. In this approach an organism is applied that exerts an antagonistic
effect on an agricultural plague. As fungicides are often not sufficiently effective anymore due
to resistance development and both an economically non-viable and environmentally unfriendly
option, the use of a biocontrol agent could often form a sustainable alternative.>**> The produc-
tion of many secondary metabolites is regulated by QS. Some of these metabolites are required
for biofilm formation whereas other exert antimicrobial effects. Not surprisingly, a mutation of
the QS system often gives rise to mutants which are impaired in bioactivity and habitat colo-
nization.>*® Therefore, if one wants to apply a microorganism as a biocontrol agent, a thorough

understanding of the (QS) regulation of its secondary metabolite production is required.

In an attempt to find a biocontrol agent against the cocoyam root rot disease, several fluorescent
Pseudomonas ssp., characterized by the production of fluorescent green-yellow siderophores
called pyoverdins, were isolated from the rhizospheres of healthy cocoyam plants (Xanthosoma
sagittifolium) (Figure 3.15) in Cameroon and evaluated as biocontrol agents.>*’ This tropical
tuber crop is an important constituent of the human diet in (sub)tropical regions as the tubers
are rich in carbohydrates and contain a substantial amount of essential amino acids, fats and
vitamins.*® Of all existing cocoyam varieties, white cocoyam is the highest yielding and most

tasteful, and therefore the preferred variety. However, this variety is also the most susceptible

to the cocoyam root rot disease.?*” This disease is caused by the oomycete Pythium myriotylum
349

and can reduce the harvested tuber yield with more than 90%.

i
348

Figure 3.15. Left: cocoyam (Xanthosoma sagittifolium) plant; right: harvested cocoyam tubers.

Out of all the isolates, Pseudomonas sp. CMR12a proved to be an efficient Py. myriotylum an-
tagonist. It was found that the biological activity of this strain was linked with the production of
antifungal phenazines 167 and cyclic lipopeptide (CLP)-type biosurfactants 168 and 169 (Fig-

ure 3.16).3*7 Besides Py. myriotylum, Pseudomonas sp. CMR12a also succeeded in suppressing
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root rot disease on bean (Phaseolus vulgaris) caused by Rhizoctonia solani AG 2-2 and AG

4-HGI as well as the damping-off disease caused by R. solani AG 2-1 on Chinese cabbage
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Figure 3.16. Secondary metabolites and QS signal molecules produced by Pseudomonas sp. CMRI12a:
phenazine-1-carboxamide (PCN) 167, the CLPs orfamide B, D, E (168a—c) and sessilin A (169a), and the
AHLs N-(3-hydroxyhexanoyl)-L-homoserine lactone (HO6) 2¢, N-hexanoyl-L-homoserine lactone (C6) 1¢, N-
(3-hydroxyoctanoyl)-L-homoserine lactone (HO8) 2e, N-octanoyl-L-homoserine lactone (C8) le and N-(3-
hydroxydodecanoyl)-L-homoserine lactone (HO12) 2i.3%°

In previous research the antagonistic effect of Pseudomonas sp. CMR12a against the cocoyam
root rot pathogen was ascribed to the phenazine and CLP-production of this strain.**’ It was
shown that phenazine production was QS regulated and a role of QS in CLP-production could
not be excluded as well.** A thorough understanding of the QS pathways could help to fine-
tune the secondary metabolite production and strongly enhance the efficacy of Pseudomonas
sp. CMR12a as a biocontrol agent. However, there was also a plant growth stimulatory effect of
QS signal molecule HO12 2i observed. The two other HO-AHLs, HO6 2¢ and HOS 2e did not
display such activity. 3332 Therefore, to fully assess the role of QS on the biocontrol activity of

strain CMR12a, the effect of compound 2i on plant growth was studied further.
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3.3.2 Evaluating the effect of AHLs on the growth of lettuce

A lot of research has been carried out on the influence of AHLs on plants (see Literature
overview). In most cases these studies are limited to the economically non-important plants
Arabidopsis thaliana and Medicago truncatula. Most of these studies apply 10 uM of the AHL
to evaluate the effects (Appendix, Table 8.1).5+68.70.73.74.7983 I the supernatant of planktonic P.
aeruginosa cultures, concentrations of 5-15 uM of oxo12 3i are detected.*** However, concen-
trations higher than 600 uM of oxo12 3i have been detected in P. aeruginosa biofilms, whereas
outside the biofilm only nM concentration of AHLs were found.?* In a 6 days old subtidal
biofilm, concentrations exceeding 3000 uM of C12 1i were detected.®>* These observations
point out the strong spatial heterogeneity regarding AHL concentrations but as well the exis-
tence of AHL hotspots with local concentrations exceeding the micromolar range, making 10
uM a biologically relevant concentration. It was therefore decided to use a concentration of 10

uM as well.

In previous research, a root growth stimulating effect of 10 uM HO12 2i on lettuce (Lactuca
sativa) was observed, whereas shorter-chain analogues HO6 2¢ and HOS 2e were inactive. 33!-352
Unsubstituted AHL C14 1k was added as well as the strongest growth influencing effect are
associated with long-chain AHLs.> However, in an exploratory experiment, a huge growth dif-
ference between the control plates (MS plant agar medium with 0.01% ethanol) was observed,

depending on the position in the growth chamber (Figure 3.17).

Figure 3.17. Two control plates with lettuce seedlings.

A second attempt with a more randomized distribution of the plates in the growth chamber re-
vealed again a clear effect of the position in the growth chamber but no clear effect of the added
compounds on root growth could be observed, even when comparing within the same line of

the growth chamber (Figure 3.18 and 3.19).
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Figure 3.18. Effect of HO12 2i and C14 1k on the growth of lettuce seedlings.
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Figure 3.19. Measured primary root length of lettuce seedlings after exposure to C14 1k and HO12 2i. Represented

values are the mean of twelve plants. Bars with a different letter are statistically different according to Tukey’s post-

hoc test (p = 0.05).

To exclude possible concentration effects, several concentrations of HO12 2i were tested but no
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growth stimulating effect could be observed for the concentrations under study (Figure 3.20).

Control 100 pM HO12 50 pM HO12 10 pM HO12

Figure 3.20. Effect of different HO12 2i concentrations on the growth of lettuce seedlings.

Due to the difficulties to control the interplate variability linked with the light incidence in
the growth chamber and the apparent absence of growth influencing effects, this experimental

set-up was abandoned and a switch to A. thaliana, which displays less variability, was made.

3.3.3 Evaluating the effect of AHLs and TA on the growth of Arabidopsis thaliana

As it is known that C10 1g inhibits root growth in A. thaliana,>* this AHL 1g was included
as a negative control. Several plant-associated bacteria use oxo-AHLs 3 (e.g. Pseudomonas
syringae pv. syringae produces oxo6 3¢ and oxo8 3e, Agrobacterium tumefaciens produces
oxo8 3e, Sinorhizobium meliloti produces oxol4 3k and oxo16 3m).%>%* These oxo-AHLs 3
can rearrange to tetramic acids 11 (see Literature overview),”*? suggesting these TA can occur
in the rhizosphere. It is known that TA12 11a exhibits strong algicidal effects (Michail Syrpas,
PhD thesis). 3 Therefore, the tetramic acid 11a, derived from the intramolecular rearrangement

of oxo12 3i was tested as well (Figure 3.21).
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Figure 3.21. Effect of C10 1g, HO12 2i and TA12 11a on the growth of A. thaliana seedlings.

In this assay, no clear effect of the position in the growth chamber was observed. The primary
root growth inhibitory effect of C10 1g on A. thaliana was confirmed.>* However, no such
inhibitory (or stimulatory) effect was observed for HO12 2i. Also TA12 11a did not display a
growth inhibitory effect. As it is known that TA12 11a exhibits strong algicidal effects (Michail
Syrpas, PhD thesis),*>* this compound could be used in hydroponics.

However, when tetramic acid-containing fungal metabolite trichosetin (170) (Figure 3.22) was
added to seedlings (3-27 uM), it inhibited root and shoot growth of the five plant species
(Vigna radiata, Lycopersicon esculentum, Oryza sativa, Medicago sativa and Capsicum fru-
tescens) evaluated.®> This inhibition was caused by damaging the cell membrane.?> On the
other hand, 1-10 uM harzianic acid (171) (Figure 3.22), a secondary metabolite produced by
Trichoderma, promotes the growth of tomato seedlings (Solanum lycopersicum cv. Roma) pre-

sumably due to its iron-binding activity.?*%3%” No such growth promotion of tomato seedlings
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was observed using a concentration of 100 uM harzianic acid (171), although a higher germina-
tion percentage was observed for the treated tomato seeds. %33 The growth of canola (Brassica
napus) seedlings was inhibited by high (10-100 pg per seed) harzianic acid (171) concentrations
whereas low (1, 10 and 100 ng harzianic acid (171) per seed) doses stimulated the growth of the
seedlings, stressing the importance of the applied concentration of a compound.®>® Therefore,

to fully understand the bioactivity of TA12 11a a dose-response study should be performed.

OH o OH o o
X ~ A Ho M-on
NH TS
N
o 0 e
OH
11a 171

Figure 3.22. Chemical structure of bacterial TA12 11a, used in this study, and fungal tetramic acids trichosetin
(170) and harzianic acid (171).

3.3.4 Evaluating the effect of AHLs and TA on the growth of fungi

Several natural products containing a tetramic acid core display antifungal activity.?*® It was
also shown by Hogan et al. that oxol2 3i influences the morphology of the yeast Candida
albicans at concentrations of 200 uM. This could be caused by the formation of TA12 11a
but is less likely as the unsubstituted AHL C12 1i had a similar effect.*® Therefore, to further
explore the potential of TA12 11a, the effect of this compound on two agriculturally relevant
plant pathogenic fungi, Botrytis cinerea and Rhizoctonia solani, was tested. As the minimum
inhibitory concentration of TA12 11a on the diatom Phaeodactylum tricornutum was between
20 and 50 uM (Michail Syrpas, PhD thesis),?>* 50 uM was selected to test the effect of TA12
11a on these economically relevant fungi. Whereas no significant effect was observed on B.
cinerea, up to 13% growth reduction was observed when tested on the soil-borne pathogen R.

solani (Figure 3.23). Previously, bactericidal activity was already reported for this compound

11a.%4
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Figure 3.23. Top: Effect of TA12 11a and C10 1g on the growth of fungi B. cinerea and R. solani. Represented
values are the mean of eight repetitions. Bars with a different letter are statistically different according to Tukey’s

post-hoc test (p = 0.05). Bottom: Photographs of the mycelium of R. solani obtained after the different treatments.

3.3.5 Conclusions

In this part, the effect of QS molecules and a TA on the growth of plants and fungi was assessed.
Because of the high variability associated with the assay utilizing lettuce, no reliable conclu-
sions could be obtained for this plant. For A. thaliana the root growth inhibiting effect of C10
1g was confirmed, but no effect of HO12 2i nor TA12 11a was observed under the conditions
tested. However to fully disclose the effect of the QS signal molecules as such in the biocontrol
capacity of Pseudomonas sp. CMR12a, contact studies with a pathogen after AHL-treatment
should be evaluated, as it is known that several AHLs are able to induce systemic resistance to

plants.

Although algicidal effects are associated with TA12 11a, this compound did not inhibit the
growth of A. thaliana. On the other hand, in a preliminary experiment TA12 11a was able to
significantly reduce the growth of the agriculturally relevant pathogen R. solani but showed only
limited activity against B. cinerea. Therefore, further research should be carried out to evaluate
the potential of this tetramic acid 11a to be used as an algicide or fungicide in hydroponics. Dif-

ferent concentrations, different pathogens and the effect on different plants should be carefully
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evaluated to fully assess the potential of this compound.
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3.4 The influence of the quorum sensing signal molecule N-(3-hydroxy-
octanoyl)-L-homoserine lactone on the regulation of cyclic lipopeptide

production by Pseudomonas sp. CMR12a
Abstract

In this part the influence of a QS signal molecule, HO8 2e, on the swarming behavior of Pseu-
domonas species CMR12a was studied. It was shown that this QS signal could stimulate or-
famide production via activation of the Phzl/PhzR-operon. No effect on sessilin production was
observed. After a comparison of the effect of this compound 2e with the swarming phenotype
on agar plates, it was hypothesized that both CLPs, orfamide and sessilin, which are produced
by this bacterium fulfill a crucial role in its swarming behavior. It is believed that QS controls
the final swarming phenotype. This control depends on an elegant fine-tuning of the ratio of the
two produced CLPs, orfamide and sessilin, via the control of the orfamide production. When
the cell density and thus the concentration of HO8 2e increases, more orfamide is produced.
It is hypothesized that the decrease of the sessilin/orfamide ratio causes a sessile behavior in
a structured biofilm. On the other hand, when the sessilin/orfamide ratio increases, a switch to

swarming behavior might be made once more.
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3.4.1 Introduction

In previous research, it was shown that Pseudomonas sp. CMR12a needs to produce either
phenazines 167, or CLPs 168 and 169 to exert its biocontrol activity (Figure 3.16).201:202:347
However, the regulatory mechanisms controlling CLP-production and the possible influence of

QS are far from being understood in this promising biocontrol strain.

Pseudomonas sp. CMR12a produces two types of CLPs: orfamides and sessilins (Figure 3.16).
Orfamides B, D and E (168a—c) are produced in similar amounts and consist of a peptide
containing 10 amino acids coupled to a S-hydroxytetradecanoyl, S-hydroxydodecanoyl or -
hydroxytetradecenoy] fatty acid tail. Sessilins are made up out of an 18 amino acid peptide core,
linked to a 3-hydroxyoctanoyl fatty acid moiety and differ only one amino acid from the toxic
tolaasins, produced by mushroom pathogen P. folaasii. Sessilin A (169a) is the main compound
produced, but sessilin B and C are detected in minor amounts as well.**° The two types of CLP
seem to fulfill a different role: whereas orfamide is indispensable for swarming, sessilin seems

to oppose swarming and stimulate biofilm formation. !17-*>

Quorum sensing (QS) regulates different bacterial phenotypes such as swarming, virulence
expression, biofilm formation, bioluminescence, etc. in a population density-dependent man-
ner (see Literature overview).?? Strain Pseudomonas sp. CMR12a possesses two QS systems,
both controlled by the GacS/GacA two-component regulatory system. The first, designated
PhzI/PhzR, uses N-(3-hydroxyhexanoyl)-L-homoserine lactone (HO6) 2¢, N-hexanoyl-L-homo-
serine lactone (C6) 1¢, N-(3-hydroxyoctanoyl)-L-homoserine lactone (HOS) 2e and N-octanoyl-
L-homoserine lactone (C8) 1e as signal molecules (Figure 3.16) and regulates phenazine pro-
duction. The second system, Cmrl/CmrR, uses the uncommon N-(3-hydroxydodecanoyl)-L-

homoserine lactone (HO12) 2i but its function is yet unknown. ¢!

The production of CLPs is subjected to complex regulatory circuits. The GacS/GacA two-
component system is often a crucial element (see Literature overview). 133156158159 The biosyn-
thesis gene clusters of sessilin and orfamide of Pseudomonas sp. CMR12a were only recently
fully characterized (Figure 3.24).%? As in many other NRPS genes, LuxR-type regulators are
present in the flanking regions.!'#!%2 Whereas LuxR-type regulators OfaR1 and OfaR2 control
both sessilin and orfamide production in Pseudomonas sp. CMR12a, no apparent function was

found for SesR.3%?
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A)
SesT SesR SesD SesA SesB SesC MacAl MacB1

B)
OfaR1 OfaA OfaB OfaC MacA2 MacB2 OfaR2

4 D D S DD 4

1 Kb

Figure 3.24. Schematic representation of A) sessilin and B) orfamide gene clusters of Pseudomonas sp. CMR12a.
SesR, OfaR1 and OfaR2: LuxR-type transcriptional regulators. SesT: NodT-like outer membrane lipoprotein.
SesD: SyrD-like ABC transporter protein. MacA: periplasmatic membrane protein. MacB: inner membrane pro-

tein. Figure from Olorunleke et al. 36

In only a limited number of cases AHLs play an important regulating role in CLP production
(see Literature overview).2!72>:126.167.363 However, previous research hinted the involvement of
QS in the CLP production of Pseudomonas sp. CMR12a. The aim of this study was therefore
to obtain a better understanding of the complex regulation of CLP-production in the promising

biocontrol strain Pseudomonas sp. CMR12a.

3.4.2 Recycling of the fatty acid tail of HO-AHLSs into CLPs

It is an intriguing observation that Pseudomonas sp. CMR12a uses only a limited number of
different 5-hydroxy fatty acid moieties for its secondary metabolite production. Whereas one
of the AHLs of the PhzI/PhzR QS system, HOS8 2e, shares the same fatty acid moiety with
sessilin A (169a), this overlap is also present between orfamide D (168b) and the AHL HO12
2i used by the Cmrl/CmrR system. Therefore, a first goal of this study was to investigate if
the fatty acid tails of AHLs are recycled into the CLPs. This hypothesis was based on several
observations. First, it is known that several pseudomonads contain an AHL-acylase, enabling
them to metabolize AHLs and use the acyl chain.>>%% Second, when decanoic acid is added to
the fermentation medium of Streptomyces roseosporus, this fatty acid is incorporated, leading
to the production of daptomycin (12) instead of the natural analogues with a branched fatty
acid side chain.'? This experimental result shows the possibility to influence the fatty acid
incorporation of the NRPS. Third, in previous research it was observed that a sessilin mutant
of Pseudomonas sp. CMR12a displayed a remarkably higher phenazine production than the

wild type.?"!

Phenazine production is influenced by the QS signal HOS 2e. As sessilin has
the same [-hydroxyoctanoyl fatty acid side chain, abolishment of sessilin production could
give rise to a higher HO8 2e concentration and hence more phenazine production. Finally, as
long-chain AHLs rely on active transport to be secreted,® these compounds can accumulate in

starving cells. Pseudomonas sp. CMR12a produces such a long-chain AHL, HO12 2i. Using
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this $-hydroxydodecanoyl chain from this AHL 2i to produce orfamide D (168b), which has
the same [3-hydroxy fatty acid chain, could enable Pseudomonas sp. CMR12a to start swarming
and escape the nutrient-depleted environment. As orfamide and sessilin production only starts
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in the late exponential phase,”*” AHLs are expected to be present in abundant concentrations.

To evaluate the effect of QS on the swarming behavior, three AHLs with a different chain
length were synthesized (see section 3.1) and added to the wild type and to two QS mutants
(for a list of mutants used in this study, see Experimental part, section 5.5).?*> The first mutant,
AphzIAcmrl, lacks active LuxI-analogues and therefore displays no AHL-production at all. The
other mutant, AphzRAcmrR, has no active LuxR-type proteins and as a consequence is unable
to detect AHLs. One of the added compounds was a native AHL of Phzl, HOS8 2e. This AHL is
the major AHL produced by this strain. The production of the CLP viscosin by P. fluorescens
5064 is regulated via this QS signal molecule HOS8 2e as well.?! The other two added AHLs had
an acyl chain containing one carbon atom less (HO7 2d) or more (HO9 2f). These unnatural

AHLSs were tested to monitor the specificity of the LuxR-analogue.

The typical swarming phenotype observed for the wild type consisted of the formation of a thick
central structure with swarming at the edges (Figure 3.25). This type of swarming was present
without the addition of AHLs and with addition of HO7 2d and HO8 2e. The AphzRAcmrR-
mutant covered the entire plate in all conditions tested. As this mutant does not possess active
LuxR-type proteins it cannot respond to the added AHL molecules. Interestingly, a distinct
difference was observed after addition of HO7 2d and HOS8 2e to the AphzIAcmrl-mutant.
While in the absence of AHLs, swarming similar to the AphzRAcmrR-mutant was observed,
the addition of 10 uM HO7 2d or HOS 2e halted the swarming, and a similar phenotype as
the wild type was observed. The application of HO9 2f on the other hand was unable to stop
swarming, and caused a full coverage of the plates, as observed for the other strains. This type
of AHL-controlled behavior seems to suggest that an activated LuxR-type protein can act as a

brake for swarming.
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AphzlAcmrl

Figure 3.25. Observed swarming behavior of Pseudomonas sp. CMR12a and its QS mutants on 0.6% LB agar with
and without the exogenously added AHLs HO7 2d, HOS8 2e and HO9 2f. Cell density of inoculum: 10° CFU/mL.
Pictures taken after 41 h of incubation at 28 °C.

As sessilin, the CLP linked with biofilm formation and swarming inhibition, also contains the
same [3-hydroxyoctanoyl fatty acid moiety, it is tempting to speculate that at least a part of the
HOS8 AHLs 2e is recycled for the biosynthesis of sessilin. However, analysis of the produced
CLPs after addition of HO7 2d to the AphzIAcmrl-mutant, did not reveal the presence of a
sessilin analogue with a -hydroxyheptanoyl fatty acid tail. This experiment was also repeated
with isotope-labelled HO8 77a (see section 3.1.4),3%* but once again no recycling of the la-
belled fatty acid part into sessilin could be observed. Scraping off the cells and quantification
of the produced CLPs after extraction did not reveal an increase in sessilin after the addition of
HOS8 2e. Unexpectedly, the amount of orfamide did increase (Figure 3.26). These results led to
abandoning the recyclation hypothesis. The origin of the 5-hydroxy fatty acid side chain could
be sought in the poly-/-hydroxyalkanoates (PHA), which are typically composed of 5-hydroxy
365

fatty acids with 4 to 12 carbon atoms and which are accumulated in several pseudomonads.

Alternatively, the 3-hydroxy fatty acid tail could also originate from the primary metabolism. '!”
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Figure 3.26. Sessilin and orfamide levels of the Pseudomonas sp. CMR12a AphzIAcmrl-mutant, without and
with the addition of 10 uM of HOS 2e. Cell density of inoculum: 10> CFU/mL. Cultures were inoculated on 0.6%
LB agar plates and after 41 h of incubation at 28 °C, all cells were scraped off and ultrasonicated. Represented
values are the mean of three repetitions. Bars with a different letter are statistically different according to a two

sample t-test (p = 0.05).

The fact that the shorter-chain AHLs HO7 2d and HOS 2e, unlike the slightly longer HO9 2f,
had a clear phenotypic effect, suggests mainly involvement of the PhzI/PhzR operon, which
produces and detects the shorter-chain AHLs HO6 2¢, HO8 2e, C6 1¢ and C8 1e. To evaluate if
the PhzI/PhzR QS system was activated differently by the applied HO-AHLs 2d—f, phenazine

18.366 was monitored spectrophotomet-

production which is controlled by the PhzI/PhzR operon,
rically after the addition of the AHLs (Figure 3.27). As expected, phenazine production was
observed in all cases for the wild type. Because of the absence of active LuxR-type proteins
in the AphzRAcmrR-mutant, no phenazine production was observed in all conditions evalu-
ated for this mutant. For the AphzIAcmrl-mutant on the other hand, the absence of phenazine
production could be restored to wild type levels by the addition of HO7 2d or HO8 2e. The
longer-chain analogue HO9 2f failed to evoke phenazine production. As the Cmrl/CmrR sys-
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tem does not lead to a distinct phenotype upon (de)activation,”®" it was not possible to perform

a similar assay to evaluate the activation of this QS operon by the different AHLs.
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Figure 3.27. Observed phenazine production of Pseudomonas sp. CMR12a and its QS mutants AphzIAcmrl
and AphzRAcmrR with and without the exogenously added AHLs HO7 2d, HO8 2e and HO9 2f after 24 h of
incubation on a shaker at 28 °C. Represented values are the mean of two repetitions. Bars with a different letter

are statistically different according to Tukey’s post-hoc test (p = 0.05).

3.4.3 Effect of HOS8 on the swarming phenotype of Pseudomonas sp. CMR12a and its QS
mutants
To further assess the effect of HOS8 2e and the role of the two different QS systems, the swarm-
ing assay was repeated with the wild type, the AphzRAcmrR-mutant (unable to detect AHLSs),
the AphzIAcmrIR-mutant (with only phzR active) and the AphzIRAcmrl-mutant (with only
cmrR active) (Figure 3.28). One striking observation is the difference in colony morphology
between the AphzRAcmrR-mutant (without active LuxR-analogues) and the other strains with
at least one active LuxR-analogue. Whereas the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>