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Abstract 
New strategies are needed to counter the growing problem of bacterial resistance to 
antibiotics. One such strategy is to design compounds that target bacterial virulence, 
which could work separately or in concert with conventional bacteriostatic or 
bactericidal antibiotics. Pilicides are a class of compounds based on a ring-fused 2-
pyridone scaffold that target bacterial virulence by blocking the chaperone/usher 
pathway in E. coli and thereby inhibit the assembly of pili. This thesis describes the 
design, synthesis, and biological evaluation of compounds based on the pilicide 
scaffold with the goal of improving the pilicides and expanding their utility. 
Synthetic pathways have been developed to enable the introduction of substituents at 
the C-2 position of the pilicide scaffold. Biological evaluation of these compounds 
demonstrated that some C-2 substituents give rise to significant increases in potency. 
X-ray crystallography was used to elucidate the structural basis of this improved 
biological activity. Furthermore, improved methods for the preparation of oxygen-
analogues and C-7 substituted derivatives of the pilicide scaffold have been 
developed. These new methods were used in combination with existing strategies to 
decorate the pilicide scaffold as part of a multivariate design approach to improve the 
pilicides and generate structure activity relationships (SARs).  
Fluorescent pilicides were prepared using a strategy where selected substituents were 
replaced with fluorophores having similar physicochemical properties as the original 
substituents. Many of the synthesized fluorescent compounds displayed potent 
pilicide activities and can thus be used to study the complex interactions between 
pilicide and bacteria. For example, when E. coli was treated with fluorescent 
pilicides, it was found that the compounds were not uniformly distributed throughout 
the bacterial population, suggesting that the compounds are primarily associated to 
bacteria with specific properties.  
Finally, by studying compounds designed to inhibit the aggregation of Aβ, it was 
found that some compounds based on the pilicide scaffold inhibit the formation of 
the functional bacterial amyloid fibers known as curli; these compounds are referred 
to as 'curlicides'. Some of the curlicides also prevent the formation of pili and thus 
exhibit dual pilicide-curlicide activity. The potential utility of such 'dual-action' 
compounds was highlighted by a study of one of the more potent dual pilicide-
curlicides in a murine UTI model were the compound was found to significantly 
attenuate virulence in vivo. 
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Preface 

The ring-fused 2-pyridone scaffold shown below is central to all the work described 
in this thesis. The major part of the thesis describes how this scaffold has been used 
to synthesize so called pilicides, which are anti-virulence compounds that block 
assembly of extracellular surface organelles (pili) in Gram negative bacteria. The 
first part of the thesis describes the development of synthetic methods for the 
functionalization of this scaffold at the C-2 and C-7 positions. Compounds 
synthesized using these methodologies were used to assess the influence of such 
substitution on the compounds' biological activity (chapters 3 and 4). These methods, 
in conjunction with previously established synthetic procedures, were then used in a 
multivariate design to improve the pilicides (Chapter 5). The following part consists 
of synthetic method development to allow preparation of fluorescently labeled 
pilicides to better understand the nature of the interactions of pilicides with bacteria 
(chapter 6). The last chapter of the thesis deals with the development of compounds 
called curlicides that are derived from inhibitors of the Aβ-peptide. Curlicides 
prevent the polymerization of the functional bacterial amyloid fiber known as curli 
(chapter 7). 
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A schematic representation of the central scaffold used in this thesis. 



 vi 

 



 vii 

Contents 

List of Papers ...................................................................................................... 9 

Abbreviations ................................................................................................... 11 

1. Introduction .................................................................................................. 13 
1.1. Pili/fimbriae .......................................................................................... 14 

1.1.1. Biological relevance..................................................................... 14 
1.1.2. Structure and morphology ........................................................... 15 

1.2. Pilus assembly by the Chaperone/Usher Pathway (CUP) ................. 16 
1.3. Pilicides................................................................................................. 19 

1.3.1 Design of pilicides......................................................................... 20 
1.3.2. Synthesis ....................................................................................... 20 
1.3.3. Biological testing for pilicide activity......................................... 22 
1.3.4. Mode of action.............................................................................. 23 

2. Objectives ..................................................................................................... 25 

3. C-2 substitution (papers I and II) ................................................................ 27 
3.1. Synthetic method development ........................................................... 27 

3.1.1. Michael additions ......................................................................... 28 
3.1.2. Lithiations..................................................................................... 29 
3.1.3. Cross couplings ............................................................................ 30 

3.2. Biological evaluation ........................................................................... 31 
3.3. Elucidating the structural basis of the improved pilicide potency .... 33 
3.4. Summary............................................................................................... 34 

4. C-7 substitution/evaluation (paper III) ....................................................... 36 
4.1. Synthesis of C-7 substituted compounds............................................ 37 
4.2. Biological evaluation ........................................................................... 39 
4.3. Summary............................................................................................... 41 

5. Design of pilicides ....................................................................................... 42 
5.1. Outline .................................................................................................. 43 
5.2. Di-substituted derivatives .................................................................... 43 

5.2.1 Multivariate design........................................................................ 44 
5.2.2 Synthesis ........................................................................................ 44 
5.2.3. Biological evaluation ................................................................... 45 

5.3. Additional studies on the di-substituted derivatives .......................... 47 



 viii 

5.3.1. Studying the indole ...................................................................... 47 
5.3.2. Oxygen analogues (paper IV)...................................................... 48 
5.3.3. Biological evaluation ................................................................... 49 

5.4. Tri-substituted derivatives ................................................................... 50 
5.4.1. Synthesis ....................................................................................... 50 
5.4.2. Biological evaluation ................................................................... 51 

5.5. Additional synthesis and evaluation ................................................... 52 
5.5.1. Tetra-substituted derivatives ....................................................... 53 
5.5.3. Biological evaluation ................................................................... 53 

5.6. Summary............................................................................................... 54 

6. Traceable pilicides (paper V) ...................................................................... 56 
6.1. Synthesis and photophysical evaluations............................................ 57 

6.1.1. Coumarin-substituted derivatives................................................ 57 
6.1.2. BODIPY-substituted derivatives................................................. 59 

6.2. Biological evaluation and bacterial labeling ...................................... 62 
6.3. Summary............................................................................................... 65 

7. Curli & curlicides (paper VI) ...................................................................... 66 
7.1. Development of curlicides................................................................... 67 
7.2. Selectivity and improved potency....................................................... 68 
7.3. Summary............................................................................................... 70 

8. Conclusion and future perspectives ............................................................ 71 

Acknowledgements .......................................................................................... 73 

References......................................................................................................... 74 

 



 9 

List of Papers 

This thesis is based on the following papers, which are referred to in the text by their 
Roman numerals. 
 
I Chorell, E.; Das, P.; Almqvist, F. Diverse functionalization of thiazolo ring-

fused 2-pyridones. J. Org. Chem. 2007, 72, 4917-4924. 
 
II Chorell, E.; Pinkner, J. S.; Phan, G.; Edvinsson, S.; Buelens, F.; Remaut, H.; 

Waksman, G.; Hultgren, S. J.; Almqvist, F. Design and Synthesis of C-2 
Substituted Thiazolo and Dihydrothiazolo Ring-Fused 2-Pyridones; Pilicides 
with Increased Antivirulence Activity. J. Med. Chem. 2010, 53 (15), 5690-
5695. 

 
III Chorell, E.; Bengtsson, C.; Sainte-Luce Banchelin, T.; Das, P.; Uvell, H.; 

Sinha, A. K.; Pinkner, J. S.; Hultgren, S. J.; Almqvist, F. Synthesis and 
application of a bromomethyl substituted scaffold to be used for efficient 
optimization of antivirulence activity. 2010, submitted. 

 
IV Chorell, E.; Edvinsson, S.; Almqvist, F. Improved procedure for the 

enantioselective synthesis of dihydrooxazolo and dihydrothiazolo ring-fused 
2-pyridones. Terahedron Lett. 2010, 51, 2461-2463. 

 
V Chorell, E.; Pinkner, J. S.; Bengtsson, C.; Cusumano, C. K.; Edvinsson, S.; 

Rosenbaum, E.; Johansson, B-Å. L.; Hultgren, S. J.; Almqvist, F. Design and 
synthesis of fluorescently labeled pilicides and curlicides: bioactive tools to 
study bacterial virulence mechanisms. 2010, manuscript. 

 
VI Cegelski, L.; Pinkner, J. S.; Hammer, N.; Cusumano, C. K.; Hung, C. S.; 

Chorell, E.; Åberg, V.; Walker, J. N.; Seed, P. C.; Almqvist, F.; Chapman, M. 
R.; Hultgren, S. J. Small-molecule inhibitors target Escherichia coli amyloid 
biogenesis and biofilm formation. Nature Chem. Biol. 2009, 5, 12, 913-919. 

 
 
Reprints were made with permission from the respective publishers. 



 10 

 



 11 

Abbreviations 

Aβ 
aq 
ATP 
Bn 
BODIPY 
CFU 
CUP 
D-optimal 
DAPI 
 
DCC 
DCE 
DMAP 
DMF 
DMPU 
DMSO 
DSC 
DSE 
E. coli 
e.g. 
EC50 
ee 
equiv 
Et 
FRET 
HA 
HBTU 
 
i.e. 
IBC 
Ig 
IP 
kDa 
LB 
LHMDS 
mCPBA 
Me 

amyloid β 
aqueous 
adenosine triphosphate 
benzyl 
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 
colony forming unit 
chaperone usher pathway 
determinant optimal 
2-(4-amidinophenyl)-6-indolecarbamidine  
dihydrochloride 
N,N'-dicyclohexyl carbodiimide 
1,2-dichloroethane 
4-dimethylaminopyridine 
N,N-dimethylformamide 
1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 
dimethylsulfoxide 
donor strand complementation 
donor strand exchange 
Escherichia coli 
exempli gratia (Latin for "for example") 
half maximal effective concentration 
enantiomeric excess 
equivalent(s) 
ethyl 
Förster resonance energy transfer 
hemagglutination 
O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 
hexafluorophosphate 
id est (Latin for "that is") 
intracellular bacterial community 
immunoglobulin 
intraperitoneal 
kilodalton(s) 
lysogeny broth (Luria-Bertani) 
lithium hexamethyldisilazane 
meta-chloroperoxybenzoic acid 
methyl 



 12 

MeCN 
MeOH 
MRSA 
MS 
MWI 
NMR 
Nte 
PBS 
PC 
PCA 
Ph 
POPOP 
 
PPTS 
PVC 
QSAR 
rt 
S. aureus 
SAR 
SPR 
TEA 
TFA 
THF 
ThT 
UPEC 
UTI 
YESCA 
Å  

acetonitrile 
methanol 
methicillin-resistant Staffylococcus aureus 
molecular sieves 
microwave irradiation 
nuclear magnetic resonance 
N-terminal 
phosphate buffered saline 
principal component 
principal component analysis 
phenyl 
5-phenyl-2-[4-(5-phenyl-1,3-oxazol-2-yl)phenyl]- 
1,3-oxazole 
pyridinium para-toluene sulfonate 
polyvinyl chloride 
quantitative structure-activity relationship 
room temperature 
Staphylococcus aureus 
structure-activity relationship 
surface plasmon resonance 
triethylamine 
trifluoroacetic acid 
tetrahydrofuran 
thioflavin-T 
uropathogenic Escherichia coli 
urinary tract infefction 
yeast extract casamino acids 
Ångström  

  
 



 13 

1. Introduction 

It has been 70 years since the first antibacterial agent was commercialized. This was 
followed by a period of 30 years when antibacterial agent research resulted in many 
marketed drugs. These drugs were so successful that it was no longer necessary to 
consider previously serious bacterial diseases as major threats to human health. 
However, over the last 40 years, antibiotic research has stagnated and those new 
drugs that have been approved have mainly been modified variants of existing drugs. 
The reduced efforts put into antibacterial research in combination with the increasing 
development of bacterial resistance has resulted in the re-emergence of bacterial 
diseases as a global health problem. For example, more people now die of 
methicillin-resistant Staphylococcus aureus (MRSA) infection in US hospitals than 
of tuberculosis and HIV/AIDS combined.1, 2 Furthermore, several highly resistant 
Gram-negative pathogens are emerging to which the therapeutic options are so 
limited that clinicians are forced to use older, previously discarded drugs.3, 4 
Therefore, the development of new antibacterial targets and strategies, especially 
those directed towards Gram-negative bacteria, is of great importance.5 The current 
antimicrobial armamentarium is based on two themes, to eradicate the bacterial 
infection by killing or halting the replication of bacteria (i.e. by bactericidal or 
bacteriostatic strategies). Their activity stems from the inhibition of essential 
bacterial functions such as cell wall and protein synthesis, DNA replication, and 
RNA transcription. New insights in how to empower this 'traditional' antibacterial 
strategies have resulted in novel targets and leads with new modes of action (e.g. 
within the area of bacterial cell surfaces, peptide deformylase, and fatty acid 
synthesis).6 However, although antibiotics that reduce bacterial viability have proved 
to be highly effective, they also impose a selective pressure that favors the evolution 
of bacterial resistance. Therefore, the development of compounds that does not have 
bacterial viability as primary target to complement the existing antibacterial drug 
arsenal is of great interest. Research into bacterial pathogenesis has revealed several 
potential targets that would prevent the bacteria from causing disease without 
threatening their survival.7-9 This has given rise to the concept of targeting bacterial 
virulence factors, where virulence is defined as the capacity of a microbe to cause 
damage to a host.10 Blocking bacterial virulence would lead to living but non-
pathogenic bacteria that eventually will be cleared by the host's immune system. This 
strategy would also be more benign to the human microbiota compared to the 
bactericidal and bacteriostatic antibiotics. Another plausible, although not yet fully 
proven, advantage of this approach is that it would impose a weaker selective 
pressure for the evolution of drug resistant mutants. Anti-virulence therapies could 
thus be used alone, in combination with antibiotics, or as a prophylactic treatment 
during for example epidemics. Whenever used and even if the development of 
resistance should appear, anti-virulence therapies still reserves the broad-spectrum 
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bactericidal and bacteriostatic antibiotics for those times when they are most urgently 
needed. 
When pathogenic bacteria come into contact with the host, they react by producing 
an array of virulence factors to fight the host's immune responses. Many of these 
virulence factors represent potential therapeutic targets11: Bacterial cell-to-cell 
signaling known as quorum sensing is a chemical signaling that regulates community 
behavior and virulence associated genes (e.g. biofilm formation and motility).12, 13 
Many bacteria also secrete toxins that attack the eukaryotic host cell.14 One complex 
secretion systems in bacteria is the type III secretion system that is believed to inject 
effector proteins to the host via a needle like structure.15, 16 Another strategy used by 
bacteria is the formation of bacterial biofilms in which communities of bacteria live 
together for the benefit of the group. Formation of bacterial biofilms leads to 
complex bacterial assemblies exhibiting reduced sensitivity to conventional 
antibiotics, external stress, and host defenses.17-19 A fundamental virulence property 
of almost all microbes is the ability to adhere to host cells.20, 21 This is crucial in 
pathogenesis; non-adherent bacteria are likely to be eradicated by the host. In Gram-
negative bacteria, heteropolymeric extracellular fibers called pili or fimbriae mediate 
bacterial adhesion, invasion and biofilm formation, all of which are important in the 
development of various diseases.20-24 This thesis describes work focused on blocking 
the formation of pili and thereby reducing or eliminating the bacteria’s ability to 
adhere, invade, and form biofilms. 

1.1. Pili/fimbriae  
The existence of proteinaceous nonflagellar appendages on the surface of 
Escherichia coli (E. coli) was first reported in 1950.25 These appendages were 
initially named fimbriae.26 In 1959 the term pili was introduced,27 and it is this term 
which is used throughout the remainder of this thesis. Since their first description, a 
vast number of pili with different structures and functions have been identified in a 
large number of bacterial species.28, 29 Among the most extensively studied pilus 
systems are the type 1 and p pili, both of which are virulence factors expressed on 
uropathogenic E. coli (UPEC). 22, 23, 30  

1.1.1. Biological relevance 
Bacterial attachment is a crucial event in most bacterial infections and failure to 
attach leads to eradication of the pathogen from the host. Bacteria have therefore 
evolved sophisticated systems to achieve host attachment.20, 21, 28 Type 1 and p pili are 
examples of such systems that are involved in both attachment and invasion of 
UPEC to the host, causing urinary tract infections (UTIs). Type 1 pili have been 
implicated in infections of the lower urinary tract, which results in cystitis (infection 
of the bladder), and p pili are associated with pyelonephritis in the upper urinary 
tracts (infection of the kidney). In more detail, the adhesins at the distal end of the p 
pilus tip fibrillum (see 1.1.2.) bind to a Galα1-4Gal (galabiose) containing glycolipid 
on the surface of kidney epithelial cells.31-34 The adhesins of type 1 pili bind to D-
mannose oligosaccharides on the surface of host cells in the bladder.35-38  
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The binding of the type 1 pilus adhesins to cells in the bladder is followed by 
colonization events that trigger acute inflammatory responses in the host, including 
an influx of neutrophils and epithelial exfoliation.23, 39, 40 Additionally, the bacteria 
also need to tackle the shear forces caused by the flow of urine.  Despite these potent 
innate defenses that eliminate many of the invading pathogens, UPEC are able to 
persist in the bladder. This is largely due to their ability to escape the host's defensive 
systems by invading deeper layers of the urinary tract tissues. These bacteria are 
shielded from antibiotics and may serve as a bacterial reservoir, facilitating recurrent 
infection.23, 41-45 Bacteria have been shown to invade host cells and form so-called 
intracellular bacterial communities (IBCs),46, 47 in which the bacteria enter a biofilm-
like state.48 Inside the IBCs, the bacteria can replicate and reemerge to eventually 
form chronic quiescent reservoirs.43, 49  
UTIs are among the most common bacterial infections in industrialized countries and 
are resulting in costs of US $3.5 billion annually for evaluation and treatment in the 
US alone.50 UPEC is the primary causative agent for UTIs. UTIs are more likely to 
affect women than men; the risk that a woman will suffer at least one UTI in her 
lifetime is as high as 50% and up to 44% of women who suffer an initial episode will 
experience recurrent infections.41 Although the reason for this high likelihood of 
recurrence is not fully understood, the fact that it is not prevented by antibiotic 
treatments, independent of antibiotic resistance, highlights the need for alternative 
therapeutics.  

1.1.2. Structure and morphology 
There are many known types of pili that differ in terms of their complexity and 
morphology. The most extensively studied pilus systems are the type 1 and p pili.51 
Both p pili (encoded by the pap operon) and type 1 pili (encoded by the fim operon) 
consist of a pilus rod connected to a flexible tip fibrillum that enable target 
interactions. The p pilus flexible tip fibrillum measures ~2 nm in diameter and the 
rod forms a right-handed helical cylinder with ~6.8 nm in diameter and 3.3 subunits 
per turn.52, 53 In p pili the pilus rod consists of approximately 1000 copies of the 
major repeating subunit PapA, anchored to the bacterial surface by the termination 
subunit PapH.54, 55 One copy of the adaptor subunit PapK connects the pilus rod with 
the tip fibrillum.55, 56 The tip fibrillum is composed of 5-10 copies of PapE followed 
by the adaptor subunit PapF that binds the adhesin PapG at the distal end of the pilus 
fiber (Figure 1.1).55 The type 1 pilus system is similar but somewhat simpler with 
FimA as the major repeating subunit followed by FimF, FimG and the adhesin FimH 
(Figure 1.1).37, 57-59 Two additional proteins that are vital for the assembly of pili are 
the periplasmic chaperone proteins and the pore forming outer membrane protein 
known as usher (in p pili, the chaperone and usher are PapD and PapC,60, 61 
respectively; in type 1 pili, they are FimC and FimD62, 63) (Figure 1.1).  
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Figure 1.1. A schematic representation of P pili (made up of the Pap system proteins) and type 1 pili 
(made up of the Fim system proteins), showing the number of each individual subunit in the rod and tip 
fibrillum. The chaperones (PapD and FimC) are shown in blue and the usher dimers (PapC and FimD) are 
shown in pink. The growth of P pili is terminated by the incorporation of the papH termination subunit; no 
such subunit is known to be associated with type 1 pili.   

1.2. Pilus assembly by the Chaperone/Usher Pathway 
(CUP) 
The chaperone/usher pathway (CUP) is an ATP independent assembly system that is 
used by numerous adhesive organelles in Gram negative bacteria.29, 64 Although these 
organelles are constructed by processes and proteins that have many common 
structural and functional aspects, they all have their unique subunits, usher and 
chaperone. The construction of pili by the CUP proceeds in a top to bottom fashion, 
meaning that the first subunit that is introduced is the adhesin (PapG or FimH), 
followed by the rest of the tip fibrillum and adaptor subunits (PapF, E, and K or 
FimG and F), the pilus base (PapA or FimA) and finally, in the case of the the pap 
system, the termination subunit (PapH). 
Initiation of the construction of p and type 1 pili systems leads to the translocation of 
unfolded pilus subunits across the cytoplasmic membrane via the general secretory 
pathway.65 The unfolded subunits then bind to periplasmic chaperone proteins that 
stabilize and transport them, prevent their premature aggregation, and catalyze their 
correct folding.66, 67 In the absence of the chaperone, pilus subunits form periplasmic 
aggregates that are rapidly degraded by the protease DegP,68 which is regulated in 
part by the two component CpxRA system.69, 70 Thus, chaperones are crucial for pilus 
biogenesis, and chaperone deficient or dysfunctional strains are unable to produce 
pili.71-74 The periplasmic chaperone (~26 kDa) consists of two immunoglobulin like 
domains oriented in the shape of a boomerang with a cleft between the two domains 
(Figure 1.2, i).62, 75 Pilus subunits have masses of ~12 to ~20 kDa and adopt a fold 
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somewhat similar to that of immunoglobulin (Ig). However, they lack the C-terminal 
β-strand typically found in Ig-like folds; this creates a deep surface-exposed 
hydrophobic groove in their tertiary structure, which makes the subunits unstable in 
their monomeric form. With the exception of the adhesin, each subunit also 
possesses an N-terminal extension (Nte), which is not involved in the Ig-like fold 
achieved upon binding to the chaperone. 
The newly translocated subunits bind to the periplasmic chaperone proteins (PapD 
and FimC) in a process termed donor strand complementation (DSC).57, 76, 77 In more 
detail, DSC initiates with an electrostatic interaction between the C-terminus of the 
subunit and (in the pap system) the Arg8 and Lys112 residues in the cleft of the 
chaperone (Figure 1.2, i).66, 72, 78 Subsequently, four residues (called the P1 to P4 
residues) of the chaperone's G1-strand bind to complementary pockets in the 
hydrophobic groove of the subunit (called the P1 to P4 pockets), leaving the P5 
pocket in the groove exposed. The subunit F-strand and chaperone G1-strand thus 
interacts with a parallel orientation that creates a non-canonical Ig-like fold of the 
subunit (Figure 1.2, ii). By doing so, the chaperone stabilize the groove of the 
subunit while simultaneously keeping it in an activated state and saving favorable 
folding energy for downstream assembly processes.79 
The chaperone-subunit complexes then migrate to the outer membrane, which 
contains the usher protein (PapC or FimD).61, 63 The usher coordinates and catalyzes 
the entire assembly and secretion process at the outer membrane and thus plays a 
pivotal role in pilus biogenesis.80 In vivo, ushers are believed to operate as dimeric 
units, with one monomer being responsible for secretion of the pilus and the other 
being involved in chaperone-subunit recruitment (Figure 1.2, iv).81-83 However, this 
theory is not fully accepted as it has been shown that only a single usher monomer is 
needed for pilus assembly in vitro.84 The usher consists of an Nte periplasmic 
domain (~125 residues), a central β-barrel domain (~500 residues) interrupted by a 
plug domain (~110 residues), and a C-terminal periplasmic domain (~170 
residues).85-87 The central β-barrel domain forms a 24-stranded kidney-shaped 
translocation pore in the outer membrane which is gated by the plug domain located 
between strands 6 and 7 of the pore.82 When the usher binds to the chaperone-
adhesin complex, it undergoes an activating conformational change,80, 88, 89 in which 
the pore is believed to be opened by a repositioning of the plug domain so that it 
either lies along the side of the usher pore or projects into the periplasm (Figure 1.2, 
iv).82 The usher C-terminal interacts with the chaperone-subunit complexes and both 
the usher plug and C-terminal are important for functional assembly of pili.83, 84, 89, 90 
Ford et al. recently reported the structure of the C-terminus, revealing a similar fold 
to that of the plug domain thus suggesting similar functions at different stages in the 
assembly process.91  
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Figure 1.2. i) A ribbon diagram of the chaperone with strands A1-G1 and the cleft residues Arg8 and 
Lys112 marked. ii) Topology diagram showing a pilus subunit and the G1-strand (in red) donated by the 
chaperone in the process of donor strand complementation. The P1-P5 pockets of the subunit are 
indicated. iii) Topology diagram showing two pilus subunits after donor strand exchange; the donated Nte 
are shown in green. iv) A schematic representation of the CUP with twinned ushers. The pilus subunits 
enter the periplasm and bind to the periplasmic chaperone proteins (in blue) (1). The chaperones stabilize 
and fold the subunits, which would otherwise be degraded (*). Chaperone-subunit complexes migrate to 
the outer membrane (2) where they bind to the N-terminus of the usher (3). Donor strand exchange with 
the previously assembled chaperone-subunit complex incorporates the new subunit and simultaneously 
releases the chaperone and usher N-terminus from the previously assembled subunit (4). The released 
chaperones are free to bind new subunits (5). The pilus grows in a stepwise fashion by alternately 
receiving chaperone-subunit complexes from the usher's N-terminal domains and undergoing donor strand 
exchange with them to extend itself by one unit. 
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The first part of the usher that interacts with the incoming chaperone-subunit 
complex is the flexible Nte tail.92, 93 These interactions are primarily formed with the 
Nte domain of the chaperone, particularly with residues near strands F1, D1, and C1, 
but the usher also forms specific interactions with the bound subunits of the 
chaperone-subunit complexes, allowing it to recognize different subunits with 
different affinities.86 The affinities of different chaperone-subunit complexes for the 
usher are ordered in the same way as are the positions of the subunits within the 
mature pilus, with the adhesin having the highest affinity.89, 94 However, the assembly 
of the pilus subunits in the correct order is not regulated solely by the Nte of the 
usher. The next step in the assembly process, the final introduction of subunits into 
the growing pilus, is also believed to be of high importance in the ordering pilus 
subunits.95-97 In this process, which is called donor strand exchange (DSE), the N-
terminus of the incoming subunit acts as a donor strand, displacing the G1-strand of 
the chaperone from the subunit-chaperone complex that was most recently 
incorporated into the growing pilus; note that at this point, both the incoming subunit 
and the terminal subunit of the growing pilus are bound to a chaperone (Figure 1.2, 
iv).79, 98 More specifically, certain residues in the Nte of the incoming subunit bind to 
the unoccupied P5 pocket of the most recently incorporated chaperone-subunit 
complex.99, 100 Subsequent step-wise exchange of positions P4 to P2 via a zip-in, zip-
out mechanism results in the displacement of the chaperone from the most recently-
incorporated subunit, with the Nte of the incoming subunit taking its place and 
forming an anti-parallel interaction with the F-strand of the previously-incorporated 
subunit. This chain of events induces a reorientation of the A1 and F strands of the 
most recently-incorporated subunit that closes the groove, allowing the subunit to 
relax into its final Ig-fold (Figure 1.2, iii).79 The natures of the subunits' Nte acceptor 
grooves and the P5 pocket in particular is believed to be essential for the correct 
ordering of pilus subunits in the assembly process since accurate subunit partners has 
highest DSE rates.96, 97 The termination subunit PapH lacks a P5 pocket and is thus 
unable to participate in DSE, which thereby terminates pilus assembly.54, 101 

1.3. Pilicides 
One drawback of targeting of bacterial virulence is that virulence factors tend to be 
quite pathogen specific. This reduces the general utility of compounds that target 
these systems. However, the high degree of structural homology between the CUP 
proteins in various pathogens makes compounds that target these systems interesting 
as potential broad-spectrum anti-virulence compounds. The CUP contains several 
possible targets for the design of compounds that block this assembly system and 
thus the formation of pili. Compounds with such function are referred to as pilicides. 
Although academia neither has the obligation nor the resources required for drug 
development, the study and development of pilicides is still important as a proof of 
concept showing that anti-virulence strategies can be a useful complement to the 
current antibiotic arsenal. Besides being useful as potential antibacterial agents, 
pilicides have been used as chemical tools to study the details of pilus assembly and 
the role of pili in disease processes.102, 103  
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1.3.1 Design of pilicides 
The chaperones of the different CUP families all exhibit a high degree of structural 
preservation and similarity.29 Jones et al. showed in 1993 that the p pilus chaperone, 
PapD, can replace the type 1 pilus assembly chaperone FimC without impairing the 
function of the assembly pathway, further highlighting the structural similarities 
among the chaperones.62 The invariant residues Arg8 (which is present in all known 
PapD-like chaperones) and Lys112, which are positioned in the cleft of the 
chaperone, comprise the active site where subunit binding starts the DSC process.72, 

78 Mutations in any of these positions completely abolish the chaperone's ability to 
engage DSC with any subunit. Hence, blocking this site in the chaperone would 
inhibit the entire CUP process and thus the formation of pili. Consequently, the cleft 
of the chaperone constitutes a good target for the design of pilicides.  
C-terminal peptides of both PapG (I) and PapH bind to the chaperone and effectively 
inhibit further binding.104 Although these types of peptides efficiently can be used to 
study intricate processes in the CUPs, it is well known that peptides are not 
appropriate as drug candidates. Instead, the wealth of structural information on the 
PapG C-terminus interactions with the chaperone was used to apply structural based 
design of peptidomimetics. This resulted in different structures that mimicked the 
PapG C-terminal that thus potentially could act as pilicides.105-107 The most widely 
studied of these suggested pilicide structures is the dihydrothiazolo ring-fused 2-
pyridone scaffold (II). This scaffold contains the important carboxylic acid which 
can interact with the Arg8 and Lys112 residues in the chaperone cleft (Figure 1.3). 
Furthermore, the scaffold includes a short peptidomimetic backbone and possibilities 
for further modification by the incorporation of substituents at various positions to 
target important hydrophobic motifs and to exploit other potentially useful 
interactions. 
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Figure 1.3. The two final aminoacids (Phe313-Pro314) in the C-terminal of PapG bound to PapD72 served as 
a template for design of the pilicide scaffold that includes the important carboxylate functionality. 
Additional interactions can be exploited by decorating the scaffold with a variety of substituents at 
different positions, e.g. by mimicking the hydrophobic Leu311 residue.  

1.3.2. Synthesis 
The dihydrothiazolo ring-fused 2-pyridone scaffold is synthesized starting from 
commercially available carboxylic acids (III) and nitriles (IV). The carboxylic acid 
is coupled to Meldrum’s acid using standard coupling conditions (DCC, DMAP) to 
give the acyl Meldrum’s acid derivative V. The nitriles (IV) are converted to 
iminoethers under either acidic or basic conditions. The iminoethers are subsequently 
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reacted with cysteine under basic conditions to generate the corresponding thiazoline 
VI. Finally, the thiazoline (VI) is reacted with the acyl Meldrum’s acid derivative 
(V) under acidic conditions at elevated temperatures to produce the desired scaffold 
(II) via an acyl-ketene imine cyclocondensation.108 The substituents originating from 
the carboxylic acids and nitriles are incorporated into the scaffold at positions C-7 
and C-8, respectively. The scaffold can be hydrolyzed using aqueous hydroxide to 
afford the desired carboxylate (Figure 1.4). 
The acyl-ketene imine cyclocondensation was initially performed by refluxing in 
partially HCl-saturated solvents. The use of 1,2-dichloroethane (through which HCl 
had been bubbled for 15 min) gave the product in high yields (63-86%) and 
enantiomeric retentions (Δee between thiazoline and product varied between 0% and 
3%).108 This strategy was also converted into a solid phase procedure, designed for 
library synthesis,109 and a microwave-accelerated procedure that decreased reaction 
times from 14 hours to 2 minutes using microwave irradiation (MWI) at 140 °C.110  
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Figure 1.4. Methods to synthesize the pilicide scaffold with different R1 and R2 substituents and different 
heteroatoms in position 1. Methods for the introduction of substituents at the C-6 position have also been 
developed.   

As mentioned above, the substituent diversity in position C-7 and C-8 is introduced 
already in the scaffold formation by the choice of carboxylic acids (III) and nitriles 
(IV). Furthermore, various synthetic methodologies for the introduction of 
substituents at the C-6 position of the scaffold have been developed. All of these 
methods are based on electrophilic aromatic substitution reactions i.e. by 
brominations, formylations, and nitrations. A wide variety of substituents have been 
introduced in this position by further transformations of these substrates: The 
brominated derivative could be used in a Rosenmund von Braun reaction to furnish 
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the nitrile or by the use of cross couplings to give the aryl substituted compounds.111, 

112 The formylated scaffold could be oxidized to the carboxylic acid, reduced to the 
alcohol, or used in reductive aminations.113 The nitrated scaffold could be reduced to 
the primary amine that could be further reacted with electrophiles.114  
The use of other imines and acyl-ketene sources in the acyl-ketene imine 
cyclocondensation has also been investigated resulting in multi ring-fused systems.115 
The applicability of this procedure was nicely exemplified by the synthesis of the 
natural product sempervilam. In the same work, the importance of the acid was also 
investigated and the possibility to exchange the HCl towards the more convenient 
TFA was reported.  
Finally, to exchange the sulfur in the dihydrothiazolo ring-fused 2-pyridone scaffold, 
methods have been developed to synthesize both dihydroimidazolo and 
dihydrooxazolo ring-fused 2-pyridones.116 The oxygen analogs were prepared using a 
one-pot procedure starting from acylated serine derivatives (VII) and the nitrogen 
analogs were synthesized via protected imidazolines (VIII) (Figure 1.4).  

1.3.3. Biological testing for pilicide activity 
The first pilicides were evaluated on the basis of their ability to bind to the chaperone 
using in vitro techniques such as surface plasmon resonance (SPR) or relaxation 
edited NMR.107, 109 Eventually, their bioactivity was also verified using a whole 
bacterial hemagglutination (HA) assay.78 In this assay, the degree of piliation of a 
culture is related to its HA titer.  Thus, after growth in the presence of a pilicide, the 
HA titers of the cultures are determined to evaluate the relative potencies of the 
compounds in blocking pilus formation. Some of the most promising compounds 
identified in these studies (1 and 2) are shown below (Figure 1.5). However, these 
first generation pilicides displayed quite low potency and the millimolar 
concentrations needed to achieve the desired effect was in many cases accompanied 
with severe solubility problems. This could, in part, be circumvented by introduction 
of aminomethylene substituents at the C-6 position of the scaffold. Some of these 
aminomethylene substituted compounds, such as compound 3 (Figure 1.5), have 
been shown to both reduce the ability of UPEC to adhere to bladder cells and reduce 
the abundance of pili on the bacterial surface.103 Furthermore, 3 has also been shown 
to prevent the formation of biofilms, with an estimated EC50 of approximately 250 
µM.103  
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Figure 1.5. From the evaluation of the first generation pilicides compounds 1 and 2 were among the most 
promising. Aminomethylene substitution of pilicide 2 resulted in compound 3 with improved solubility 
properties. 

Throughout the work described in this thesis, potential pilicides were generally first 
evaluated for their ability to block pilus formation as measured in a pili-dependent 
biofilm assay on a polyvinylchloride surface.117 In this assay, blocking the formation 
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of type 1 pili formation in the clinical isolate E. coli strain, UTI89, completely 
destroys the bacteria's ability to form biofilm. Thus, the amount of biofilm that is 
formed in UTI89 grown in the presence of pilicide is related to the potency of the 
compound in blocking the formation of pili. The best compounds from the biofilm 
evaluations were further tested using a HA assay (see above).103 These whole 
bacterial assays are very suitable for the evaluation of potential pilicides and provide 
more relevant biological information than elementary in vitro binding assays.  

1.3.4. Mode of action 
The carboxylic acid functionality on the pilicide scaffold, which was initially 
designed to interact with Arg8 and Lys112 in the cleft of the chaperone, is vital for 
the activity of the pilicides.118 Carboxylic acid isosteres can be tolerated and in some 
cases improve the pilicide's potency whereas exchanging the carboxylic acid for 
other groups such as -CO2Me, -CH2OH, -CH2OMe, -CHO, or -CH3 substantially 
reduces the pilicide activity.118, 119 However, an NMR-based study designed to 
elucidate the pilicides binding site using 15N-labeled chaperone showed that the cleft 
of the chaperone is not the only possible binding site.120 Instead, this study suggested 
that, although these compounds act as pilicides, they may not bind in a manner 
consistent with their initial design. This suggestion was supported by the finding that 
blocking the cleft of the chaperone did not affect the binding of pilicide 3 as judged 
by binding experiments using the PapD-PapK complex. Additional supporting 
evidence for this hypothesis came from the finding that Arg8 and Lys112 deletion 
mutants were unable to bind the PapG C-terminus but still bound to pilicide 3.103 
Finally, a crystal structure of pilicide 3 bound to the P pilus chaperone PapD 
revealed that 3 binds to Arg58, Arg96, and the hydrophobic patch on the N-terminal 
domain of the chaperone, formed by residues Ile93, Leu32, and Val56 (Figure 1.6, i 
and ii).103 This hydrophobic patch constitutes the position where the usher binds to 
the chaperone-subunit complex prior to DSE. Thus, the pilicide 3 seems to prevent 
delivery of subunits to the usher rather than the binding of subunits to the chaperone 
(Figure 1.6, ii and iii). This was further confirmed by SPR studies, in which 3 
inhibited binding of FimC-FimH complex to FimDN-His in a dose dependent 
manner.103 Additionally, point mutations of Arg58 on PapD do not interfere with 
subunit interactions or chaperone stability but do result in dysfunctional pilus 
assembly in vivo. Pilicide 3 therefore functions by blocking the delivery of subunits 
to the usher and thereby preventing donor strand exchange and inhibiting pilus 
assembly. 
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Figure 1.6. (i) The pilicide (green) binds to a hydrophobic patch formed by Ile93, Leu32, and Val56 
(purple). (ii) The pilicide 3 (green) binds to the N-terminal domain of the chaperone PapD (blue). (iii) 
Through this interaction the pilicide blocks the binding site of the usher N-terminus on the chaperone-
subunit complex and thus inhibits pilus assembly (chaperone in blue, subunit in orange, usher N-terminal 
domain in yellow).   
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2. Objectives 

This thesis describes work that builds on the discovery of the pilicides and their 
ability to block pilus assembly in uropathogenic E. coli. The general aims of the 
project were to develop the pilicides into besides being useful as potential 
antibacterial agents, also being tools for researchers to study details of pilus 
assembly and the role of pili in disease processes. More specifically, the objectives 
were to improve the potency of the pilicides, to establish structure-activity 
relationships (SAR), and to facilitate uptake and distribution studies. To achieve 
these objectives, it was necessary to develop synthetic methods to facilitate 
decoration of the scaffold with an updated arsenal of substituents. Furthermore, 
biomolecular labeling of the pilicides would make it possible to study pilicide uptake 
and distribution, identify their targets, would facilitate assay development, and might 
also make it possible to specifically image conserved pili assembly systems in 
bacterial populations. 
As the project progressed the possibilities to target curli formation using the same 
scaffold with substituents based on compounds with ability to inhibit aggregation of 
Aβ-peptide was discovered. This gave rise to additional objectives to investigate 
these compounds, named curlicides, and their relationship with the pilicides in terms 
of SAR and mechanism of action. 
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3. C-2 substitution (papers I and II) 

The first generation pilicides needed millimolar concentrations to completely block 
pili formation. These high concentrations were frequently accompanied by solubility 
problems, which could be circumvented by the introduction of aminomethylene 
substituents at the C-6 position of the scaffold (Figure 3.1, compound 3). However, 
even though the aminomethylene substituents did increase the compounds' water 
solubility, they did not significantly increase their potency.  
In the crystal structure showing pilicide 3 bound to the chaperone there is 
unoccupied space near the thiazolo-part of the pilicide scaffold (Figure 1.6, i). It is 
therefore possible that substituents in this part of the scaffold could interact 
favorably with the chaperone, leading to increased biological activity. These 
interactions could be reached by substitution of position C-2 in the pilicide scaffold. 
However, the developed synthetic strategies to decorate the pilicide scaffold had 
prior to this work only included positions C-6, C-7 and C-8 (see section 1.3.2.). As a 
consequence, we first sought to develop synthetic strategies to functionalize the C-2 
position in an attempt to improve pilicide activity and gather SAR data. 
Two derivatives of the pilicide scaffold with different C-8 substituents were used in 
the development of the methods for introduction of C-2 substituents. The first was 
one of the most promising compounds from the first generation of pilicides (2), and 
the second (4) was chosen due to its ability to inhibit the aggregation of Aβ-peptide 
into amyloids (Figure 3.1) (see chapter 7).121 
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Figure 3.1. The two lead compounds for the development of methods for the introduction of C-2 
substituents (2 and 4). Compound 2 is one of the first generation pilicides and compound 4 is an inhibitor 
of Aβ-peptide aggregation. Compound 3 is the aminomethylated compound that was crystallized with the 
chaperone PapD (see Figure 1.6). 

3.1. Synthetic method development 
We hypothesized that position C-2 on the pilicide scaffold could be substituted 
starting from the oxidized thiazolo ring-fused 2-pyridone system. This oxidized 
scaffold could subsequently be used to prepare both saturated and unsaturated C-2 
substituted pilicide derivatives. The saturated products could potentially be obtained 
by conjugate addition reactions and the unsaturated compounds via cross couplings 
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or deprotonation followed by reaction with electrophiles. The identification of a 
reliable and high-yielding method for the oxidation of the pilicide scaffold to 
produce the α,β-unsaturated methyl esters 7 and 8 was therefore prioritized. There 
are several reported procedures for oxidations of similar substrates such as 
thiazolines and imidazolines (e.g. the use of MnO2 or DBU and BrCCl3). However, 
when applying these methods on our system none of them proved successful: MnO2 
gave no conversion of starting material and the DBU/BrCCl3 gave only low yields 
with poor consumption of starting material. Efforts were therefore made to improve 
the BrCCl3/DBU method by varying the base (NaOMe, t-BuOK, NaH and LDA) and 
the solvents (THF, MeCN, DCE and MeOH, and combinations thereof). This 
identified NaH and acetonitrile as the most useful base and solvent because the 
combination improved the yields and suppressed the unwanted hydrolysis of the 
methyl ester during the reaction. Nevertheless, the conversion of starting material 
was still low. After further adjustments of the conditions, it was found that the 
addition of 1.5 equiv of MeOH (larger amounts of MeOH resulted in hydrolysis of 
the ester) afforded the desired 2-pyridones 7 and 8 in 89% and 83% yields, 
respectively (Scheme 3.1).  

3.1.1. Michael additions 
Efforts to introduce C-2 substituents could now be undertaken on the oxidized 
scaffolds 7 and 8. First, the use of higher order cuprates in Michael additions was 
investigated. This worked nicely and after 15 minutes treatment with the 
Ph2CuCNLi2 reagent, the 2-phenyl substituted ring-fused 2-pyridones 9 and 10 were 
obtained in 77% and 76% isolated yields, respectively (Scheme 3.1). Also an alkyl 
substituent could be introduced via this method, with the methyl substituted 
analogues 11 and 12 being obtained in isolated yields of 75% and 77%, respectively. 
These higher order cuprate reagents resulted in complete trans selectivity both for the 
transfer of aryl and alkyl substituents and thus sp3-sp2 as well as sp3-sp3 carbon-
carbon bonds are available via this method. Additionally, a copper mediated 
Grignard addition to 7 could be performed in 77% yield but this resulted in a 1:1 
mixture of cis and trans stereoisomers.  
To further test the scope of the oxidized scaffold as a Michael acceptor we used 
alkoxides as nucleophiles. The addition of 2-propoxide was difficult to control and 
resulted in mixtures of hydrolyzed, transesterified, and Michael addition products. 
By contrast, methoxide proceeded smoothly giving methoxy substituted analogues as 
pure trans by using LiOMe in THF:MeOH (3:1). Consistent with our previous 
observations, the ester was hydrolyzed under these conditions. However, this was not 
a serious problem, as the carboxylic acids are the active species in the pilicide 
project. Thus, by using 4 equiv of LiOMe the 2-pyridones 13 and 14 were obtained 
in 75% and 77% yields respectively (Scheme 3.1).  
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Scheme 3.1. Synthesis of the oxidized scaffold (7 and 8) and Michael additions of cuprates and lithium 
methoxide. apure trans diastereomers. 

3.1.2. Lithiations 
Methods for the introduction of C-2 substituents without disrupting the double bond 
and forming two new stereocenters were next explored. One potential way to 
accomplish this would involve converting the Michael acceptor into a nucleophile, 
e.g. by deprotonation. The possibility to lithiate thiazoles has previously been 
shown,122 and even though our system contains several plausible positions to 
deprotonate, we still decided to test this strategy. Fortunately, treating 7 or 8 in THF 
at -78 °C with 1.05 equiv of LDA gave exclusive lithiation of the desired position. 
These lithiated derivatives could subsequently be reacted with various electrophiles 
to give C-2 substituted thiazolo ring fused 2-pyridones (15-26) in good to excellent 
yields (Table 3.1). This method thus allowed for the formation of both sp2-sp2 and 
sp2-sp3 carbon-carbon bonds. 
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Table 3.1. Lithiation followed by reaction with different electrophiles. 

N

S

O

R1

CO2Me

N

S

O

R1

CO2Me

E

1. LDA (1.05 equiv), THF, 
   -78 °C, 0.5 - 1 min

2. Electrophile,
   -78 °C, 5-15 min

7 or 8 15-26  
R1 electrophile E product yield (%)a 

Cyclopropyl- BrCCl3 -Br 15 93 
3-CF3-Ph- BrCCl3 -Br 16 87 

Cyclopropyl- PhSO2Cl -Cl 17 75 
3-CF3-Ph- PhSO2Cl -Cl 18 76 

Cyclopropyl- Me-I -Me 19 90 

3-CF3-Ph- Me-I -Me 20 65 

Cyclopropyl- PhCOCl -COPh 21 72 
3-CF3-Ph- PhCOCl -COPh 22 74 

Cyclopropyl- Ph-NCO -CONHPh 23 78 
3-CF3-Ph- Ph-NCO -CONHPh 24 75 

Cyclopropyl- Bn-Br -Bn 25 75 

Cyclopropyl- (CH3)2CO -C(CH3)2OH 26 82 
aIsolated yield.  

3.1.3. Cross couplings 
To expand the range of possible C-2 substituents with retained C-2/C-3 double bond, 
the use of transition metal catalyzed cross couplings was examined. This approach 
nicely complements the lithiation strategy discussed above both in terms of 
substituent diversity and also because cross couplings tend to be fairly mild 
compared to the highly basic conditions used in the lithiations. Heck couplings of the 
α,β-unsaturated methyl ester were initially investigated. This did not turn out to be 
straightforward: initial attempts using conventional heating and Pd(OAc)2 with 
Na2CO3 in DMF resulted in low yields of the desired product after 24 hours reaction 
time. To improve this reaction, heating by microwave irradiation was investigated to 
reduce the reaction time and thereby facilitate screening of different conditions. 
Thus, the microwave-accelerated reaction was improved by examining different 
solvents (DMF, NMP, MeCN, toluene), bases (Na2CO3, K2CO3, TEA), catalysts 
(Pd(OAc)2, Pd2(dba)3, tetrakis(PPh3)Pd), ligands (BINAP, PPh3), reaction times (5-60 
min), and temperatures (80-150 °C). The best conversion and yield was obtained by 
using DMF as solvent, K2CO3 as base, 9 mol% Pd(OAc)2 without any ligands, and 
heating for 25 minutes at 105 °C. Reducing the amount Pd(OAc)2 to 4 mol% also 
reduced the yield of 27, from 83% to 53%, leaving considerable amounts of 
unconsumed starting material. Applying these conditions to 7 and 8 resulted in the 
formation of aryl substituted 2-pyridones 27-30 in high yields (Scheme 3.2). Having 
identified a viable protocol for Heck coupling, the possibility of using boronic acids 
in Suzuki—Miyaura couplings with a C-2 brominated pilicide scaffold was explored. 
To implement these cross coupling reactions a bromo-substituted unsaturated ring-
fused 2-pyridone 15 was desired. This brominated compound can be synthesized, 
using the lithiation strategy discussed above, in a two step process starting with 
oxidation of 5, followed by lithiation and bromination. However, on the basis of the 
successful lithiations described above, we reasoned that it would be possible to 
develop a one-pot procedure going directly from 5 to 15 by adjusting the developed 
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oxidation method. This proved to be the case, treating 5 with 3 equivalents of NaH 
followed by 3 equivalents of BrCCl3 and 2 equivalents of MeOH gave bromo 
derivative 15 in 91% yield (Scheme 3.2). The Suzuki—Miyaura cross couplings 
were performed using a method previously developed in our lab for similar 
couplings.123 Once again, we discovered that this reaction could be performed 
without the use of additional ligands and still give the same or increased yields 
without influencing reaction time and temperature. Hence, by using 10 mol% 
Pd(OAc)2, 2 equivalents of boronic acid, and 1.9 equivalents of KF in dry MeOH 
and microwave irradiation (MWI) at 100 °C for 10 min, seven different aryl or 
heteroaryl boronic acids could be coupled to give C-2 substituted thiazolo ring-fused 
2-pyridones 31-37 (Scheme 3.2). Overall, the reaction resulted in good to excellent 
yields (72-97%) with the furane boronic acids as exceptions resulting in 36 and 37 in 
46% and 34% isolated yield, respectively (Scheme 3.2).  
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Scheme 3.2. C-2 substitution using Heck and Suzuki—Miyaura couplings.  

3.2. Biological evaluation 
Prior to biological evaluation, the new derivatives of the pilicide scaffold had to be 
hydrolyzed to the corresponding carboxylic acids. Normally, this would be 
accomplished by simply treating the compound with LiOH in methanol and/or THF 
for 24 hours. However, this method did not work well with substrates having a C-
2/C-3 double bond. This may be because in these derivatives, the methyl esters are 
conjugated and in many cases the conjugation extends across the C2 substituent. A 
lot of different hydrolysis methods were tested and ultimately it was found that by 
using solid KOH in THF:MeOH under microwave irradiation at 90 °C for 10-25 
minutes, most of the conjugated products could be hydrolyzed with acceptable to 
excellent yields. With a suitable hydrolysis protocol in hand, the ability of the 
cyclopropyl series of compounds to block pilus assembly and thereby act as pilicides 
was evaluated. This was performed by first screening all compounds in a biofilm 
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assay and subsequently test the best compounds in an HA titer assay (see 1.3.3).78, 103, 

117 Furthermore, a selected set of compounds were also tested to assure that the 
compounds do not prevent bacterial growth. The results are summarized in table 3.2. 

Table 3.2. The synthesized compounds were hydrolysed and evaluated for their ability to prevent pili-
dependent biofilm formation. 

N

S

O CO2Me

R

single bond: 5, 9, and 11 
double bond: 19, 21, 23, 25-27,
                      29, and 31-37

N

S

O CO2H

R

method 1-3

single bond: 2, 38, and 39 
double bond: 40-53

1

2

34
56

7

8
9

 
compound bond  C-2/C-3 R methoda yieldb EC50

c (µM) HA titerd 

2 single H- 1 quant >800e 7 

39 single Me- 1 92 54  

13 single MeO- -f 75f 167  

38 single Ph- 1 95 22 4 

40 double Me- 2 85 90  

41 double HO(CH3)2C- 1 93 304  

42 double Ph- 2 85 11 4.5 

43 double 4-MeO-Ph- 2 90 NAg  

44 double PhCO- 3 80 NAg  

45 double PhNHCO- 2 88 159  

46 double 3-tolyl- 2 92 11 3 

47 double 4-tolyl- 2 91 13  

48 double 5-indole- 2 78 NAg  

49 double 6-(1,4-bensodioxane)- 2 80 NAg  

50 double 3-thiophene- 2 81 25 3.5 

51 double 3-furane- 2 70 78  

52 double 2-furane- 2 50 61  

53 double Bn- 2 70 7 3 

54 double Ph-h 2 - 39  

DMSO      8 

-i      8 
aMethod 1: (i) LiOH in THF/MeOH rt, (ii) H+ Method 2: (i) KOH in THF/MeOH, microwave irradiation 
(MWI) 90 °C 10-25 min, (ii) H+ Method 3: (i) Et3N, LiBr in MeCN/H2O rt, (ii) H+.124 bIsolated yield. 
cEstimated from 16-32 data points on every concentration (supporting information paper II). dNumber of 
wells with agglutination (2n), E. coli was grown in the presence of pilicide (250 µM) and HA titers were 
determined; the values reported are an average of two runs. eSupporting information paper II. fThis 
derivative underwent hydrolysis during the addition of the methoxy group; no separate hydrolysis step was 
required. gNot active. hThis compound is a methyl acyl sulfonamide carboxylic acid isostere iOnly UTI89. 

We found that the introduction of substituents at the C-2 position of the pilicide 
scaffold resulted in significantly enhanced potency. Many of the aryl and heteroaryl-
substituted compounds efficiently inhibited the formation of pili dependent biofilm. 
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The most potent compound was the benzyl substituted compound 53, which had an 
estimated EC50 of 7 µM, followed by the tolyl, phenyl, and thiophene substituted 
compounds 46, 47, 42, 38, and 50. Interestingly, the more sterically demanding 
substituents such as the indole (48) and bensodioxane (49) were not tolerated and 
abolished all activity. Of the derivatives bearing smaller heteroaryl C-2 substituents, 
the thiophene substituted 50 proved to be superior to the furan substituted 51 and 52. 
The smaller methyl substituents in 39 and 40 also increased the bioactivity and were 
more potent than the methoxy substituted 13. The influence of the spatial 
arrangement of the substituents is not uniform; with methyl substituents (39 and 40) 
the saturated system seems to be superior whereas with phenyl substituents (38 and 
42) the unsaturated arrangement seems to be favored. Furthermore, the acid isosteric 
methyl acyl sulfonamide in 54, that is reported to be able to increase pilicide 
potency,119 did not give any additive effect but instead gave a 3-fold decreased 
potency compared to the carboxylic acid 42 (see paper II for the synthesis of 54). 
The most potent inhibitors of biofilm were further tested using a hemagglutination 
(HA) assay (Table 3.2).78, 103 In this assay, the degree of piliation of the bacterial 
culture can be directly related to the HA titer.  Thus, after having grown the bacteria 
in the presence of the pilicides, the HA titers of the bacterial cultures were 
determined to evaluate the potencies of the compounds in blocking the formation of 
pili. Bacteria grown in the presence of the compounds that were most active in the 
biofilm assay exhibited significantly reduced HA titers. The most active compounds 
in this assay proved to be the benzyl substituted 53, the 3-tolyl substituted 46, and 
the thiophene substituted compound 50, all of which were more active than the 
phenyl substituted compounds 38 and 42 (Table 3.2). Importantly, the compounds 
did not affect bacterial growth at 400 µM (see supporting information, paper II). 

3.3. Elucidating the structural basis of the improved 
pilicide potency 
The crystal structure of pilicide 3 bound to the chaperone PapD (Figure 1.6) shows 
that the pilicide binds to Arg58 and Arg96 and the hydrophobic patch formed by 
Leu32, Val56 and Ile93 on strands F1, C1, and D1 and should thus not interfere with 
chaperone-subunit binding. Additionally, it was found that the pilicide prevented the 
binding of chaperone-subunit complex (PapD-PapH) to the usher PapC (see section 
1.3.4.). To compare the nature of the interactions of the pilicide with the chaperone-
subunit complex to those formed between the pilicide and the uncomplexed 
chaperone, the complex formed by pilicide 3, PapD, and PapH was crystallized. The 
X-ray structure of this complex shows that pilicide 3 occupies the same globular 
binding site as in the pilicide 3-PapD crystal structure (Figure 3.2, i). To elucidate 
the structural basis of the improved potency of the pilicides upon C-2 substitution, 
soaks with the best C-2 substituted pilicides and PapD-PapH crystals were set up. 
Fortunately, it was possible to obtain an X-ray crystal structure of the complex 
formed with pilicide 38. In this structure, the pilicide binds in almost exactly the 
same position on the PapD-PapH complex as does pilicide 3 (Figure 3.2, ii). The C-2 
phenyl substituent in 38 is accommodated in a shallow pocket that is created by a 
conformational change of Leu32 in the hydrophobic patch (Figure 3.2, ii and iii). 
This suggests that the improved C-2 substituted pilicides have a similar mode of 
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action to their C-2 unsubstituted counterparts, preventing the delivery of subunits to 
the usher by occupying the usher binding site of the chaperone-subunit complex and 
thereby blocking pilus assembly (Figure 3.2, iv). 

 
Figure 3.2. (i) pilicide 3 bound to the PapD-PapH chaperone-subunit complex (pink) occupies the same 
globular binding site as when bound to the PapD chaperone (cyan). (ii) pilicide 38 (cyan) binds to the 
PapD-PapH chaperone-subunit complex at almost exactly the same position as does the C-2 unsubstituted 
pilicide 3 (pink). (iii) in the complex formed between 38 and PapD-PapH  Leu32 undergoes a 
conformational change that creates a shallow pocket that accomodates the pilicide's C-2 substituent 
(cyan). (iv) Modeling based on the N-terminal domain of the FimD usher (pink) bound to the FimC-
FimH158-279 chaperone-subunit complex93 clearly shows that the pilicides (cyan and pink) bind to the N-
terminal usher binding site on the chaperone-subunit complex (chaperone FimC in green and subunit 
FimH in blue).  

3.4. Summary 
Synthetic protocols for the functionalization of the C-2 position of the pilicide 
scaffold have been developed, using oxidized analogues of the pilicide scaffold as 
the key intermediates. An efficient procedure for the synthesis of these unsaturated 
starting materials has been developed. Michael additions to these oxidized scaffolds 
using cuprates or methoxide resulted in the formation of a series of saturated C-2 
substituted pilicide analogues as trans isomers. It was found that the C-2 position of 
the oxidized pilicide scaffold could be lithiated, and that the resulting organolithium 
intermediates can be quenched with a variety of electrophiles to form a series of 
unsaturated pilicide analogues bearing a diverse range of substituents at the C-2 
position. Methodology was also developed to allow the synthesis of C-2 substituted 
pilicide analogues using palladium-catalysed cross-coupling chemistry, including 
Heck couplings using the α,β-unsaturated esters or Suzuki—Miyaura couplings 
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using C-2 brominated derivatives of these esters. A convenient and high yielding 
one-pot procedure for the preparation of this C-2 brominated derivative was 
developed, which greatly facilitated the use of the Suzuki—Miyaura coupling in this 
context. Conditions were identified for the efficient hydrolysis of both saturated and 
unsaturated C-2 substituted pilicide analogues. 
Biological evaluation using biofilm and HA assays revealed that proper substitution 
of the C-2 position significantly can increase the anti-virulence activity of the 
pilicides. The substituents with highest positive impact on pilicide activity proved to 
be phenyls in general and the benzyl and tolyl substituents in particular having 
estimated EC50 values of 7-13 µM. Smaller heteroaryl substituents (thiophene and 
furans) and methyl groups also improved activity while more sterically demanding 
groups such as 1,4-benzodioxanes and indoles abolished all activity.  
The structural basis of the pilicides' binding to the chaperone-subunit complex 
(PapD-PapH) was revealed. The C-2 substituted derivative was found to adopt 
binding poses similar to those observed with the C-2 unsubstituted parent 
compounds, but their binding induced a reorientation of one of the residues in the 
hydrophobic patch on the chaperone, generating a shallow pocket that accommodates 
this substituent. 
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4. C-7 substitution/evaluation (paper III) 

The SAR for the dihydrothiazolo ring-fused 2-pyridone pilicide scaffold has not been 
fully established. There is only one previous study where the effect of varying the C-
7 and C-8 positions of the scaffold have been examined.109 In that study, seven aryl 
and alkyl C-7 substituents were evaluated and on the basis of in vitro binding data, it 
was concluded that having a naphthyl substituent at the C-7 position is beneficial.  
This CH2-1-naphthyl substituent has subsequently been present in all following 
pilicide studies. The SAR data available for the C-7 position is relatively limited (in 
particular, heteroatom-linked substituents have not been examined) because of the 
restrictions imposed by the acyl-ketene imine cyclocondensation used to prepare the 
pilicide scaffold, in terms of substituents that are tolerated during the 
cyclocondensation and during the synthesis of the acyl Meldrum's acid derivatives. 
Furthermore, variation of the C-7 position based on the existing strategy requires 
synthesis of a new acyl Meldrum’s acid derivative followed by synthesis of the 
pilicide scaffold for every new substituent. This approach would be both ineffective 
and time consuming. We therefore wanted to develop a synthetic platform that would 
facilitate the introduction of various C-7 substituents using fast and efficient 
transformations. Hence, we decided to use a synthetic strategy based on the synthesis 
of a pilicide scaffold with a reactive C-7 group for late-stage introduction of various 
substituents. This strategy would not only make the synthesis more convenient and 
time efficient, but could potentially also generate compounds that would otherwise 
be difficult to synthesize. Biological evaluation of the set of compounds prepared 
using this method would finally provide some insight into the influence of the C-7 
substituent on the biological response. 
As with the work described in chapter 3, pilicide scaffolds bearing two different C-8 
substituents were prepared. The cyclopropyl group was examined because compound 
2 was one of the most promising of the first-generation pilicides. The 3-CF3-phenyl 
group was also investigated because of the ability of compound 4 to inhibit Aβ-
peptide aggregation (Figure 4.1).121 By the time the synthetic work in this project was 
undertaken, it had been shown that compound 4 has both pilicide and curlicide 
properties (see chapter 7). 
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Figure 4.1. The two lead compounds for the development of efficient methods for the introduction of C-7 
substituents. 
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4.1. Synthesis of C-7 substituted compounds 
The synthetic strategy centered on the synthesis of C-7 bromomethyl substituted 
derivatives of 5 and 6 (which are methyl esters of 2 and 4) as scaffolds onto which 
various substituents could be introduced. To obtain these bromomethyl substituted 
compounds the corresponding brominated acyl-Meldrum’s acid derivative 55 was 
synthesized by coupling Meldrum’s acid with bromoacetic acid. 55 underwent acyl-
ketene imine cyclocondensation with 56 and 57 to give the desired bromomethyl 
substituted compounds 58 and 59 in 87% and 92% yields, respectively (Scheme 4.1).  
Initially, the nucleophilic addition of alcohols and amines to these brominated 
derivatives was examined. The presence of both a stereogenic center and a methyl 
ester in 58 and 59 made the choice of reaction conditions crucial to avoid 
epimerization and nucleophilic attack on the ester. It was found that ethers could be 
prepared by the use of Cs2CO3 in combination with phenol or naphthol in DMF to 
give compounds 60-63 in yields of 82-96% (Scheme 4.1). The incorporation of 
amines also turned out to be straightforward and stirring piperidine, morpholine, or 
1,2,3,4-tetrahydro-isoquinoline in DMF with 58 or 59 at room temperature for 30 
minutes gave the amine derivatives 64-69 in yields of 81-86% (Scheme 4.1).    
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R1= 3-CF3-Ph-: 57, 59, 61, 63, 65, 67, and 69

 
Scheme 4.1. Synthesis of the bromomethyl substituted scaffolds and nucleophilic additions to these 
scaffolds using alcohols and amines.   

Converting the electrophilic C-7 bromomethyl group of compounds 58 and 59 into a 
nucleophile such as an amine would facilitate the synthesis of C-7 amides and 
sulfonamides. Therefore, the bromomethyl substituent was transformed into a 
primary amine by treating 58 and 59 with sodium azide followed by reduction of the 
azides to the primary amines 70 and 71 using zinc in ammonium chloride in overall 
yields of 74% and 73%. 70 and 71 were acylated with benzoyl or 1-naphthoyl 
chloride to give the amides 72-75 in yields of 79-83%. The sulfonamides were 
synthesized in a similar manner by reacting 70 and 71 with phenylsulfonyl or 1-
naphthylsulfonyl chloride to give 76-79 in yields of 78-81% (Scheme 4.2). 
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Scheme 4.2. Conversion of the bromomethyl group to a primary amine and subsequent couplings to form 
amides and sulfonamides.   

With methods for the introduction of heteroatom-linked substituents at the C-7 
position in hand, the possibilities of using the bromomethyl substituted scaffold to 
introduce carbon-carbon bonds was investigated. Since all of the known active 
pilicides feature a CH2-naphthyl substituent at the C-7 position, the scope for using 
the bromomethyl-substituted derivatives 58 and 59 as coupling partners in Suzuki-
Miyaura couplings with arylboronic acids was explored.  The conditions developed 
for Suzuki—Miyaura couplings at the C-2 position (chapter 3) were not directly 
transferable to the sp3-hybridized carbons in 58 and 59. However, the reaction could 
be improved by varying the catalyst. After testing four catalysts (see paper III) the 
use of Pd(PPh3)2Cl2 was found to give the best yields. Consequently, microwave 
irradiation of 58 or 59 at 110 °C for 10 minutes with 5 mol% Pd(PPh3)2Cl2, 
arylboronic acid, and KF in MeOH afforded the CH2-aryl substituted derivatives 80-
85 with isolated yields of 56-88% (Scheme 4.3). 
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Scheme 4.3. Suzuki—Miyaura couplings with the bromomethyl substituted scaffolds.   
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4.2. Biological evaluation 
All of the synthesized compounds with varying C-7 substituents were hydrolyzed to 
give the corresponding lithium carboxylates using LiOH (aq.) in THF in yields that 
were generally greater than 90% (see paper III for details). All compounds except 
those incorporating an amine at C-7 (90-95) were subsequently protonated to give 
the carboxylic acids. It has previously been shown that protonation of the acid does 
not influence the biological response,109 but can be beneficial when dissolving the 
compounds in DMSO prior to biological testing. After hydrolysis, all 24 compounds 
were evaluated for their ability to prevent formation of pili-dependent biofilm (Table 
4.1).103, 117 All compounds were first screened at 200 µM and compounds with over 
60% inhibition at this concentration were further tested to estimate their EC50 values. 
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Table 4.1. Hydrolysis of the C-7 substituted compounds and evaluation of their ability to block type 1 
pilus dependent biofilm formation.  

N

S

O

R2

CO2Me

R1

N

S

O

R2

CO2R3

R1

1) LiOH (aq.), THF,
    rt, 4-24 h

60-69
72-85

86-109

2) H+ for 86-89 

    and 96-109

1

2

3
4

56

7
8

9

 
substrate prod R1 R2 R3 

% inhibition at 
200 µM 

EC50
a 

(µM) 
60 86 cyclopropyl- H 43% - 
61 87 3-CF3-Ph- O  H 80% 21 

62 88 cyclopropyl- H 96% 32 

63 89 3-CF3-Ph- O  H 72% 37 

64 90 cyclopropyl- Li NAb - 
65 91 3-CF3-Ph- 

N

 Li 30% - 

66 92 cyclopropyl- Li NAb - 
67 93 3-CF3-Ph- 

N

O  Li NAb - 

68 94 cyclopropyl- Li NAb - 
69 95 3-CF3-Ph- 

N

 Li 84% 130 

72 96 cyclopropyl- H NAb - 
73 97 3-CF3-Ph- 

N
H

O

 H NAb - 

74 98 cyclopropyl- H NAb - 
75 99 3-CF3-Ph- 

N
H

O

 H 65% 130 

76 100 cyclopropyl- H NAb - 
77 101 3-CF3-Ph- 

N
H

S

OO

 H 48% - 

78 102 cyclopropyl- H NAb - 
79 103 3-CF3-Ph- 

N
H

S

OO

 H 91% 38 

80 104 cyclopropyl- H NAb - 
81 105 3-CF3-Ph- O  H 93% 9 

82 106 cyclopropyl- H 37% - 
83 107 3-CF3-Ph- N

H  H 97% 30 

84 108 cyclopropyl- H 76% 43 

85 109 3-CF3-Ph- 
O

F

 H 75% (3)c 

- 2 cyclopropyl- H 54% - 
- 4 3-CF3-Ph-  H 92% 17 

aEstimated from the average of three experiments at five concentrations. bNot active. cThis compound 
never reached higher than 75% inhibition even at 200 µM. 

We discovered that many of the C-7 substituted compounds were able to block 
formation of type 1 pilus dependent biofilm. Of the compounds tested, the Suzuki-
Miyaura coupling products 105 and 109 had the lowest estimated EC50 values of all 
tested compounds, although the latter did not completely inhibit biofilm formation, 
even at 200 μM. These two compounds were more active than the C-7 1-naphthyl 
substituted derivative 4, highlighting the scope for improving pilicide activity by 
optimizing the nature of the C-7 substituent. In general, compounds having a 3-CF3-
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phenyl substituent at the C-8 position were more active than their C-8 cyclopropyl 
counterparts. Overall, hydrophobic C-7 substituents seem to be beneficial with room 
for improvements compared to the CH2-naphthyl substituent used in 2 and 4. 
Extended linker lengths by ethers are accepted and can improve activity whereas 
amines, amides and sulfonamides diminished biofilm inhibition capacity (with 103 
as exception). To further confirm the observed activity, four of the most potent 
compounds were evaluated in a HA titer assay (see 1.3.3). All four tested compounds 
(88, 89, 105, and 107) efficiently reduced the HA titers (see Experimental in paper 
III). Importantly, at a concentration of 200 μM, none of the compounds affected the 
growth of the E. coli clinical isolate UTI89 over a 24 hour period (see Experimental 
in paper III). Moreover, in a preliminary study using HeLa cells, none of the eight 
tested compounds were found to be cytotoxic at concentrations of 50, 25, or 12.5 μM 
for 24 hours (see Experimental in paper III). 

4.3. Summary 
Methods for the fast and efficient introduction of various substituents at the C-7 
position of the pilicide scaffold have been developed. The methods rely on the use of 
a C-7 bromomethyl substituted scaffold that can be synthesized in high yield. This 
versatile scaffold was used to introduce amines and ethers by nucleophilic additions 
using amines and alcohols. The bromomethyl substituted scaffold was also 
transformed into the corresponding primary amine via the azide and subsequent 
reduction. This primary amine was reacted with electrophilic reagents to form 
amides and sulfonamides. Additionally, the bromomethyl substituted scaffold was 
used in Suzuki—Miyaura couplings to form carbon-carbon bonds. 
Hydrolysis and biological evaluation of the 24 target compounds in whole bacterial 
assays revealed that the nature of the substituent at this position strongly affects the 
biological response. In general, sterically demanding substituents are favorable, with 
the Suzuki—Miyaura coupled compounds and extended ether linkers being 
particularly interesting. In contrast, compounds incorporating a basic amine or a 
smaller amide- or sulfonamide-linked substituent were generally inactive.  
The straightforward and efficient new protocols for the substitution of the C-7 
position and the SAR data obtained in the course of this work will be important and 
useful in the ongoing search for more potent pilicides. Furthermore, the new 
synthetic procedures may also be valuable in the development of this class of 
compounds as peptidomimetics targeting other systems.  
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5. Design of pilicides 

The pilicide core structure can be decorated with substituents in all open positions. 
Rational alteration of these substituents using multivariate design could generate 
valuable new insights into the intricate relationship between pilicide structure and 
biological activity. Multivariate design can be used to decipher the complex 
correlation patterns between chemical structures and specific biological responses 
and properties. This technique is therefore frequently used in drug development, but 
it can also be highly useful for optimizing activities and properties of compounds to 
be used as research tools. In multivariate design, a representative subset of 
compounds is selected from a more complete virtual set. This considerably reduces 
the number of compounds to be synthesized and evaluated while retaining much of 
the information associated with the full compound set. To enable this subset 
selection, all compounds need to be described by numerical molecular descriptors. 
There are a vast number of molecular descriptors that describe different molecular 
features. These descriptors varies from simple descriptors such as molecular weight 
and atom counts to more complex descriptors that also include the two- and three-
dimensional structure of the compounds, e.g. surfaces and volumes.  
In table format, the different compounds with their corresponding descriptors quickly 
make it difficult to visualize the data set. To overcome this, the use of principal 
component analysis (PCA)125 is often applied. In brief, PCA calculate principal 
components (PC) that describe systematic variation in the data set. This allows for 
the data to be represented in easily interpretable two-dimensional plots where the 
compounds will spread the space depending on their properties, as measured by the 
molecular descriptors. From this compound space, a representative selection of a 
subset can be performed by applying experimental designs such as the D-optimal 
design.126, 127 The D-optimal design select compounds that will span as large volume 
as possible of the compound space. Hence, the selected subset should give a 
balanced set of compounds that capture as much as possible of the significant 
variation from entire data set.  
It was anticipated that by applying a multivariate design strategy to the pilicide 
scaffold, it might be possible to identify more potent pilicides and to obtain valuable 
SAR information. In addition, the generated data could potentially also be used to 
construct a quantitative structure-activity relationship (QSAR) model to predict 
pilicide activity. 
The work described in this chapter was conducted in parallel with the other projects 
described in this thesis. 
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5.1. Outline 
Two sets of building blocks for C-7 and C-8 (R2 and R1, respectively) in the pilicide 
scaffold were generated from commercially available carboxylic acids and nitriles. 
After calculation of molecular descriptors for these substituents and filtration, the 
property spaces of the sets of potential C-7 and C-8 substituents were visualized 
using PCA. Using these PCA models, C-7 and C-8 substituents were manually 
chosen to span a broad range of properties with respect to the limited SAR that could 
be concluded from the first generation pilicides. Virtual introduction of these 
substituents into the pilicide scaffold result in a diverse set of derivatives with 
substituents in position C-7 and C-8. A representative subset of compounds could 
subsequently be selected using a D-optimal design. After synthesis and biological 
evaluation of these di-substituted compounds, the best pilicides could be further 
substituted in position C-2 or C-6. Synthesis and biological evaluation of these tri-
substituted compounds could finally suggest one or two tetra-substituted compounds 
to be synthesized and evaluated (Figure 5.1).  
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Figure 5.1. The multivariate design strategy adopted to obtain SAR data for the pilicides and identify 
more potent compounds. C-7 and C-8 substituents were selected from PCA models to generate a set of di-
substituted derivatives of the pilicide scaffold. D-optimal design was used to generate a subset of 
compounds to be synthesized and biologically evaluated. The best compounds identified in this way were 
further substituted at the C-2 and C-6 positions and from the results of the biological evaluation of these 
compounds some tetra-substituted compounds can be synthesized. 

5.2. Di-substituted derivatives  
The rationale for performing the design on the di-substituted derivatives was partly 
because inclusion of position C-2 and C-6 increases the number of reaction steps to 
the target compounds. Furthermore, the inclusion of C-2 and C-6 substituents in the 
first design would reduce the diversity of C-7 and C-8 substituents, given that the 
number of compounds to synthesize is constant. Therefore, introduction of these 
substituents was instead performed in a later stage in the design process on di-
substituted derivatives with verified biological activity.  
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5.2.1 Multivariate design 
Starting from suitable commercially available carboxylic acids and nitriles, two sets 
of potential C-7 and C-8 substituents were created and visualized by PCA. Eight 
substituents at each position were manually selected from each PCA model (Figure 
5.2). The choices of substituents were based on the first generation pilicides 1 and 2 
(see Figure 1.5) that both had a CH2-1-naphthyl substituent in C-7 and a phenyl or 
cyclopropyl in C-8. Hence, substituents were selected from the PCA models in the 
vicinity of these substituents with varying sizes, polarities and degrees of flexibility 
(Figure 5.2). A fluorescent coumarin substituent was also selected as a C-8 
substituent, in the hope of identifying traceable pilicides. Thus, with eight C-7 and 
eight C-8 substituents, a virtual set of 64 different pilicides was obtained. A D-
optimal design was used to select a representative subset of 24 compounds from this 
set, in which all of the substituents are represented three times. These 24 derivatives 
of the pilicide scaffold were synthesized in a five step synthetic sequence and then 
subjected to biological evaluation. 
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Figure 5.2. The building blocks used when constructing the library of C-7 and C-8-substituted pilicides. 

5.2.2 Synthesis 
The pilicide scaffold is synthesized by reacting acyl Meldrum’s acid derivatives with 
thiazolines in an acyl-ketene imine cyclocondensation.108 Hence, carboxylic acids 
110a-h were coupled with Meldum’s acid using DCC and DMAP in CH2Cl2 to give 
the corresponding acyl Meldrum’s acid derivatives. The nitriles 111a-h were stirred 
in EtOH through which HCl(g) was bubbled to form the iminoethers that were 
further reacted with cysteine and Et2N in CH2Cl2 to give the eight thiazolines in 
yields over 90% (with the exception of 111g, which was obtained in 65% yield). The 
24 C-7- and C-8-substituted pilicide derivatives selected using the D-optimal design 
were then synthesized. In general, the acyl-ketene imine cyclocondensation produced 
the desired compounds in good yields (66-93%). However, the C-7 substituent in 
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building block 110g proved problematic and resulted in lower yields (15-50%). The 
C-8 indole building block 111f also resulted in low yields in the acyl-ketene imine 
cyclocondensation, primarily due to acylation of the indole by the acyl-ketene.  
Before biological evaluation could be undertaken, the compounds had to be 
hydrolyzed to the corresponding lithium carboxylates. This was straightforward and 
all 24 target compounds 112-135 were isolated in yields above 90% (Scheme 5.1).  
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Scheme 5.1. Synthesis of the set of 24 di-substituted derivatives of the pilicide scaffold.  

5.2.3. Biological evaluation 
The 24 compounds were evaluated using a pili dependent biofilm assay.103, 117 All of 
the compounds were screened at 200 µM, 100 µM, and 50 µM and the results are 
summarized in table 5.1. 
Six compounds (112, 113, 118, 123, 124, and 135) were insoluble in DMSO as 
lithium carboxylates and were therefore protonated prior to the biological evaluation. 
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Table 5.1. Biological evaluation of the library of di-substituted compounds. 

N

S

O

R1

R2

CO2Li or H

1

2

3
4

56

7
8

9

 
ID R1 R2 200 

(µM)a 
100 

(µM)a 
50 

(µM)a ID R1 R2 200 
(µM)a 

100 
(µM)a 

50 
(µM)a 

112b 

  99 ± 1 93 ± 1 68 ± 4 125 
O

O

 S  
95 ± 2 73 ± 6 38 ± 4 

113b 

 O  
100 ± 0 94 ± 10 81 ± 22 126 

O

O

 
O

 
98 ± 3 95 ± 5 81 ± 10 

114 
 O

O

O

 
18 ± 5 19 ± 4 - 127 

NH

  87 ± 14 39 ± 13 52 ± 15 

115  O

O

O

 
11 ± 3 22 ± 1 - 128 

NH

 
O

 
100 ± 0 100 ± 0 100 ± 0 

116  
S  

0 0 - 129 
NH

 

O

O  65 ± 18 48 ± 22 26 ± 26 

117  N

N N  
38 ± 3 36 ± 9 38 ± 10 130 

N

 O  
0 6 ± 5 0 

118b 
  - 50 ± 19 36 ± 14 131 

N

 
N

N N  
39 ± 16 36 ± 10 16 ± 11 

119  N

N N  
26 ± 22 32 ± 18 - 132 

N

 
O

O  11 ± 2 3 ±3 1 ± 0 

120  
 

70 ± 9 50 ± 11 - 133 O  
S  

34 ± 10 40 ± 12 44 ± 14 

121 S

 O

O

O

 
20 ± 2 20 ± 6 - 134 O  

 
45 ± 14 49 ± 15 46 ± 15 

122 S

  
100 ± 0 100 ± 0 87 ± 7 135b O  

O

O  2 ± 29 18 ± 5 18 ± 6 

123b S

 
O

 
99 ± 1 96 ± 3 95 ± 6 1 

  
70 ± 6 39 ± 3 39 ± 1 

124b 
O

O

 O  
92 ±12 93 ±10 90 ±12 2  

 
41 ± 5 44 ± 3 38 ± 3 

a% inhibition at the given concentration, average from 16-72 data points per concentration. bTested as 
carboxylic acids and not as lithium carboxylates. 

We discovered that many of the di-substituted compounds efficiently prevented 
pilus-dependent biofilm formation. In general, the potency of the compounds turned 
out to be highly dependent upon the nature of both substituents. The best compound 
in the set was the C-8 indole and C-7 naphthoxy substituted 128, which completely 
blocked biofilm formation at all tested concentrations. Compounds incorporating a 
thiophene or 3,4-methylenedioxyphenyl group at C-8 (122, 123, 124, and 126) were 
also effective. The C-8 phenyl substituent was also favorable, but pyridine and the 
smaller methoxy, cyclopropyl, and isopropyl substituents resulted in reduced 
potency. The most useful C-7 substituents were the 1-naphthylmethyl, 
naphthoxymethyl, 3-tolylethyl, and 2,3-dimethylphenoxymethyl groups. As 
indicated in chapter 4, exchange of the 1-naphthylmethyl group and extension of the 
C-7 linker were well tolerated, but heteroaryls were not. 
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Overall, the design produced many active compounds but the three compounds that 
were chosen for further studies were 122, 126, and 128. 

5.3. Additional studies on the di-substituted derivatives 
Compound 128 was the most potent of the tested compounds but was also one of the 
derivatives whose synthesis was problematic. Consequently, some derivatives based 
on this compound were examined. Furthermore, some analogues of the best three 
compounds were synthesized in which the scaffold's dihydrothiazolo ring was 
replaced by a dihydrooxazolo species. 

5.3.1. Studying the indole 
Since 128 was the most effective inhibitor of biofilm formation of the 24 di-
substituted derivatives examined, a small set of analogues of this compound was 
prepared. In the first analogue (136), the C-7 naphthoxy was replaced with the C-7 
naphthyl substituent that also was promising in the screen of the di-substituted 
derivatives. The second (137) featured the same exchange of C-7 substituents and 
also introduced a one-carbon spacer between the core pilicide scaffold and the indole 
substituent at C-8. The third analogue (138) retained the C-7 naphthoxy group but 
contained an N-methylated indole at C-8 rather than the free N-H indole found in 
128. The indole nitrogen was methylated to avoid the acylation problems in the 
cyclocondensation step and to se how this affected the biofilm inhibition properties. 
In the final analogue (139), the indole was similarly methylated and in addition, the 
carboxylic acid was replaced with a methyl acylsulfonamide. The use of such groups 
as bioisosteres of carboxylic acids has been reported to enhance pilicide activity.119  
The analogues 136 and 137 (Figure 5.3) were synthesized as described in scheme 
5.1, and the carboxylic acid isostere 139 (Figure 5.3) was synthesized as detailed in 
paper II and by Åberg et al.119 To obtain the methylated indole derivative the indolyl 
thiazoline was treated with NaH followed by MeI. This did not generate the desired 
N-methylated indole compound but instead the methyl group was inserted alpha to 
the methyl ester. Consequently, the methylation procedure was performed on the 
nitrile instead. This was straightforward and gave the desired N-methylated nitrile 
that subsequently could be transformed into the desired dihydrothiazolo ring-fused 2-
pyridone 138 in 76% yield over five steps (Figure 5.3). 

N

S

O CO2H

N

S

O

O

CO2H

N

S

O CO2H

HN

NHN
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Figure 5.3. Some derivatives of the most potent compound (128) identified from the di-substituted library. 
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5.3.2. Oxygen analogues (paper IV) 
The sulfur atom in the pilicide scaffold can be exchanged for either nitrogen or 
oxygen as previously described (see 1.3.2.).116 Biological evaluation of the nitrogen 
and oxygen analogues showed that the nitrogen derivatives with a free N-H group 
were not tolerated, but that the oxygen analogues retained much of their parents' 
pilicide activity. The synthesis of oxygen analogues was performed using refluxing 
toluene in a soxhlet apparatus (3 Å MS) with excess TFA. Unfortunately, the 
stereogenic center in the scaffold was epimerized under these conditions. We wanted 
to address this deficiency before undertaking the synthesis of new dihydrooxazolo-
pilicide analogues. Consequently, an experimental design was used to improve the 
enantiomeric retention in the reaction while maintaining the good yields. The 
reaction time, acid, and equivalents of acid were therefore varied in a D-optimal 
design using a total of ten experiments (see paper IV for details). The type and 
amount of acid used proved to be the most influential factors whereas the reaction 
time was less important. It was found that a weak acid, pyridinium p-toluene 
sulfonate (PPTS), was strong enough to catalyze the acylketene imine cyclo-
condensation without epimerizing the stereogenic center in the final ring-fused 
product. In fact, the use of catalytic amounts of PPTS in refluxing toluene gave both 
high enantiomeric excess and acceptable yields and this was therefore adopted as the 
method of choice for the preparation of oxygen analogues.  
Using this method, oxygen-containing analogues of 122, 126, and 138 were 
prepared. First, L-serine methyl ester (140) was acylated with the acid chlorides 
(141-143) to give amides 144-146 in 74-93% yield (Table 5.2). Next, a one-pot 
synthesis of the desired oxygen analogues via the oxazoline was performed. The 
formation of the intermediate oxazoline is catalyzed by a molybdenum oxide catalyst 
and continuous removal of water using a soxhlet apparatus (3 Å MS). Subsequent 
addition of Meldrum’s acid derivative (147 or 148) and 0.2 equivalents of PPTS 
gave the desired oxygen analogues 149-151 in 61-71% yields and 95-97% 
enantiomeric excess (Table 5.2). Hydrolysis of the methyl esters was accomplished 
as previously described for the oxygen analogues,116, 124 by using LiBr and TEA in 
aqueous MeCN to give 152-154 in yields of 64%, 62%, and 59%, respectively. 
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Table 5.2. Synthesis of oxygen analogues. 

H3N

HO

CO2Me
Cl

Cl

O

R1

140

141-143

HN

HO

CO2Me

O
R1

Et3N, CH2Cl2

-8 - 0 °C, 3h

144-146, 74-93%

N

O

O

R1

R2

CO2R3

149-151: R3 = Me, 61-71%

152-154: R3 = H, 59-64%

LiBr, Et2N, 
MeCN 2v/v% H2O,

0 °C - rt, 4-5h

O

O

O

O

OH

R2

147 and 148

1) 10 mol% (NH4)2MoO4, 
    toluene, Soxhlet, 4h

2) PPTS, 147 or 148,
    Soxhlet, 1 - 3.5h

N S

O
O

H

PPTS

O

 
ID R1 R2 yield (%) enantiomeric 

excess (%) 

149 
N

 
O

 
61 96 

150 
O

O

 
O

 
67 97 

151 S

  
71 95 

 

5.3.3. Biological evaluation 
The four C-8 indole substituted compounds together with the three oxygen analogues 
were evaluated using the pili-dependent biofilm formation assay. The results are 
summarized in table 5.3. 

Table 5.3. Biological evaluation of C-8 indole substituted compounds and oxygen analogues. 

N

X

O

R1

R2

CO2H

1

2

3
4

56

7
8

9

 
ID R1 

(C-8) 
R2 

(C-7) X EC50 
(µM)a ID R1 

(C-8) 
R2 

(C-7 X EC50 
(µM)a 

136 
NH

  
S 31 153 

O

O

 
O

 
O (45)c 

137 
HN

  
S 13 154 S

  
O 117 

138 
N

 
O

 
S 10 128 

NH

 
O

 
S 12 

139b N

 
O

 
Sb 9b 126 

O

O

 
O

 
S 21 

152 
N

 
O

 
O 18 122 S

  
S (30)c 

aEstimated from 16-72 data points per concentration. bIn this derivative, the C-3 carboxylic acid was 
replaced with a methyl acylsulfonamide carboxylic acid isostere cIncomplete data. 

Importantly, the biofilm evaluations suggest that N-methylation of the C-8 indole 
substituent in 128 to give 138 does not have a negative effect on the biological 
response, which greatly facilitates the synthesis of such compounds (Table 5.3). The 
use of a naphthoxy group as the C-7 substituent seems to be superior to the C-7 
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naphthyl substituent (Table 5.3, 136 and 128). The introduction of the methyl 
acylsulfonamide carboxylic acid isostere as in 139 and of flexibility at the C-8 
position by the introduction of a one carbon spacer as in 137 were both well 
tolerated, with these two compounds having EC50 values of 9 μM and 13 μM, 
respectively. The oxygen analogues retain much of the biological activity of the 
parent sulfur derivatives, which is encouraging in case metabolic sulfur oxidation 
would emerge as a problem. The oxygen analogues of both indole and 3,4-
methylenedioxyphenyl results in a two fold drop in activity whereas the thiophene 
seems to result in a somewhat larger drop in activity (Table 5.3, 152-154 and 128, 
126, and 122).  

5.4. Tri-substituted derivatives 
Compounds 138, 126, and 122 were chosen for further substitution at the C-2 and C-
6 positions. Introduction of a third substituent in position C-2 or C-6 on the pilicide 
scaffold was based on both previous SAR studies of these positions as well as the 
size of the substituent. Consequently, position C-2 was decorated with either a 
phenyl or methoxy substituent and C-6 with a morpholinomethyl or a hydroxymethyl 
substituent. 

5.4.1. Synthesis 
The C-2 substituents were introduced using the methods described in chapter 3. The 
C-2 phenyl and methoxy substituents were thus introduced using the C-2/C-3 
oxidized derivatives as intermediates. Using the previously developed oxidation 
conditions, 138, 126, and 122 were converted to the corresponding α,β-unsaturated 
derivatives 155-157 in yields of 82%, 80% and 60%, respectively (Scheme 5.2). The 
addition of the phenyl cuprate to 155-157 gave the desired compounds, but the 
products were difficult to purify because of the presence of starting material. This 
could be circumvented by directly performing the hydrolysis on the crude material. 
The methyl esters of 158-160 reacts much faster than 155-157 and the traces of 
hydrolyzed 155-157 still formed were easier to separate as acids, thus giving 158-
160 in 66%, 77%, and 30% yields, respectively (Scheme 5.2). The low yield (30%) 
of 160 was probably due to poor solubility of 157 in THF at the low temperatures (-
78 °C) needed in the reaction. The introduction of the methoxy substituent was 
straightforward and gave the desired carboxylic acids 161-163 in one step with 
yields of 82%, 80%, and 60%, respectively (Scheme 5.2).  
Addition of a morpholinomethyl or a hydroxymethyl substituent in position C-6 was 
uncomplicated by following previously published protocols.113 Formylation of 139, 
126, and 122 gave the desired aldehydes 164-166 in yields of 76%, 65%, and 62%, 
respectively (Scheme 5.2). Reductive amination using morpholine followed by 
hydrolysis gave the morpholinomethyl substituted derivatives 167-169 in yields of 
85%, 86%, and 75%, respectively (Scheme 5.2). To obtain the hydroxymethyl 
substituent, 164-166 were first reduced to the alcohols followed by hydrolysis to give 
170-172 in yields of 88%, 80%, and 85%, respectively (Scheme 5.2). The lithium 
carboxylates 170-172 were not protonated because it has previously been found that 
treatment of similar substrates with amberlite in THF/MeOH mixtures results in the 
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incorporation of a methoxymethyl substituent at the C-6 position. This probably 
occurs by means of an acid-catalyzed elimination of the C-6 alcohol to give a highly 
electrophilic intermediate which is then trapped by methanol.  
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1) 1,5 equiv Ph2CuCNLi2
    THF, -78 °C, 20 min
2) i) LiOH (aq), 
    THF, rt, on; ii) H+

1) i) Morpholine, CH2Cl2:MeOH (7:3), 
    3Å MS, 0 °C, 30 min
    ii) NaBH(OAc)3, rt, 3h
2) LiOH (aq), THF, rt, on

1) 2 M BH3 SMe2,
    THF, rt, 2h
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138, 155, 158, 161, 164, 167, and 170
R1= 3,4-methylenedioxyphenyl, R2= 1-naphthoxymethyl-: 
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R1= 2-thiophene-, R2= 1-naphthylmethyl-: 
122, 157, 160, 163, 166, 169, and 172

 
Scheme 5.2. Synthesis of tri-substituted compounds by introduction of substituents at the C-2 and C-6 
positions. 

5.4.2. Biological evaluation 
The 12 tri-substituted derivatives 158-163 and 167-172 were evaluated using the pili-
dependent biofilm formation assay and the results are summarized in table 5.4. 
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Table 5.4. Biological evaluation of tri-substituted derivatives. 

N

S

O

R1

R2

R3

CO2H or Li

R4

1

2

3
4

5
6

7
8

9

 
ID R1 

(C-8) 
R2 

(C-7) 
R3 

(C-6) 
R4 

(C-2) 
EC50 
(µM)a ID R1 

(C-8) 
R2 

(C-7) 
R3 

(C-6) 
R4 

(C-2) 
EC50 
(µM)a 

158 
N

 
O

 
-H  9 169 S

  O

N

 
-H 88 

159 
O

O

 
O

 
-H  6 170 

N

 
O

 
OH  -H 16 

160 S

  
-H  11 171 

O

O

 
O

 
OH  -H 30 

161 
N

 
O

 
-H OMe  9 172 S

  
OH  -H 250 

162 
O

O

 
O

 
-H OMe  30 138 

N

 
O

 
-H -H 10 

163 S

  
-H OMe  92 126 

O

O

 
O

 
-H -H 21 

167 
N

 
O

 O

N

 
-H 18 122 S

  
-H -H (30)b 

168 
O

O

 
O

 O

N

 
-H 32 - - - - - - 

aEstimated from 16-72 data points per concentration. bNot complete data. 

The C-2 phenyl substituent was the most effective in terms of increasing the 
pilicides' potency. The most potent of the trisubstituted compounds was the C-2 
phenyl substituted 159, which is more than three times as potent as the C-2 
unsubstituted 126 (Table 5.4). The incorporation of a C-2 phenyl substituent in 160 
similarly resulted in an almost threefold increase in activity relative to 122. 
However, 138 did not benefit substantially from the introduction of a C-2 phenyl 
group and its potency was similar to that of 158. The C-2 methoxy substitution did 
not increase potency, 161 retained its activity from 138 and both 162 and 163 were 
less potent than their parent compounds. Both C-6 substituents (morpholinomethyl 
and hydroxymethyl) reduced the potencies of the compounds. However, both 138 
and 126 retained much of their potencies by C-6 substitutions, which could be highly 
valuable when improving the compounds pharmacokinetic properties.  

5.5. Additional synthesis and evaluation 
The synthesis and biological evaluation of the di- and tri-substituted compounds has 
showed that the incorporation of indole or 3,4-methylenedioxyphenyl substituents at 
the C-8 position and a naphthoxymethyl substituent at the C-7 position of the pilicide 
scaffold results in compounds with enhanced potency. Moreover, the introduction of 
an appropriate C-2 substituent can further increase the compounds' potency, while 
substituents can be incorporated at the C-6 position to improve the pilicides' 
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pharmacokinetic properties, such as solubility. As a consequence, we wanted to use 
this SAR data to synthesize tetra-substituted pilicide derivatives. 

5.5.1. Tetra-substituted derivatives 
138 and 126 were used as substrates for the introduction of substituents at both C-2 
and C-6. On the basis of the work described in chapter 3, we decided to incorporate a 
3-tolyl substituent at the C-2 position of the oxidized scaffold. Thus, our one-pot 
oxidation-bromination procedure was performed on substrates 138 and 126 to give 
173 and 174 in isolated yields of 82% and 93%, respectively.  Suzuki—Miyaura 
coupling of 173 and 174 with 3-tolyl boronic acid gave the C-2 substituted 
intermediates 175 and 176 in yields of 91% and 85%, respectively (Scheme 5.3). 
Both C-2/C-3 oxidation and the introduction of a C-2 tolyl substituent make these 
compounds rather hydrophobic and as a consequence, the morpholinomethyl 
substituent was used in position C-6 to increase the compounds' water solubility. 
Formylation at C-6 was straightforward and gave 177 and 178 in yields of 85% and 
89%, respectively. Subsequent reductive amination gave 179 and 180 in yields of 
74% and 80%, respectively. Finally, the tetra-substituted derivatives and the 
intermediate 175 and 176 were hydrolyzed to give the target compounds 181-184 
(Scheme 5.3). 
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O
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O
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MWI: 45 min, 90 °CR1= 1-methyl-3-indolyl: 138, 173, 175, 177, 179, 181, and 183
R1= 3,4-methylenedioxyphenyl: 126, 174, 176, 178, 180, 182, and 184  

Scheme 5.3. Synthesis of tetra-substituted derivatives of the pilicide scaffold. 

5.5.3. Biological evaluation 
The ability of the tetra-substituted derivatives 181 and 182 and the intermediates 183 
and 184 to prevent pili-dependent biofilm formation were evaluated. The results are 
shown in Table 5.5. 
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Table 5.5. Biological evaluation of tri- and tetra-substituted derivatives of the pilicide scaffold. 

N

S

R1

O

R2

R3

CO2H or Li

R4

1

2

3
4

5
6

7
8

9

 

ID R1 

(C-8) 
R2 

(C-7) 
R3 

(C-6) 
R4 

(C-2) 
EC50 
(µM)a ID R1 

(C-8) 
R2 

(C-7) 
EC50 
(µM)a 

181 
N

 
O

 O

N

  
5 138 

N

 
O

 
10 

182 
O

O

 
O

 O

N

  
5 126 

O

O

 
O

 
21 

183 
N

 
O

 
-H 

 
86 - - - - 

184 
O

O

 
O

 
-H 

 
20 - - - - 

aEstimated from 16-72 data points per concentration.  

In chapter 3, it was found that C2-C3 oxidized pilicides bearing a 3-tolyl C-2 
substituent were more active than saturated pilicides bearing a phenyl group at the C-
2 position (Table 3.2, 46 versus 38). However, the incorporation of a 3-tolyl 
substituent at the C-2 positions of 183 and 184 resulted in decreased activities 
compared to the analogous unsubstituted (138 and 126) and C-2 phenyl substituted 
(158 and 159) compounds (Table 5.5). Interestingly, the introduction of a C-6 
morpholinomethyl substituent, which was found to decrease the activity of the tri-
substituted compounds (Table 5.4), resulted in 17- and 4-fold increases in the 
respective activities of the tetrasubstituted derivatives 181 and 182 relative to their 
C-6 unsubstituted counterparts 183 and 184 and also increased their water solubility.  

5.6. Summary 
Various synthetic methods for the introduction of substituents onto the pilicide 
scaffold were used to prepare a series of highly-substituted analogues for use in a 
multivariate design experiment. Biological testing of the 24 di-substituted 
compounds produced in the initial step of the design process revealed that ideally, 
both the C-7 and C-8 positions should carry fairly hydrophobic and sterically 
demanding substituents. The addition of a flexible linker between the C-7 and C-8 
substituents and the core pilicide scaffold also proved to be beneficial.  Three of the 
most efficient di-substituted inhibitors of biofilm formation were used as platforms 
to study the effects of further substituting the C-2 and C-6 positions. A set of 14 tri-
substituted and two tetra-substituted compounds was synthesized. This showed that 
substitution of the scaffold's C-2 position can increase pilicide potency, while 
substituents at the C-6 position can have beneficial effects on pharmacokinetic 
properties such as solubility.  However, the effect of C-2 and C-6 substitution seems 
to be dependent on the other substituents on the scaffold and is not simply an 
additive effect. Compounds in which the sulfur atom in the pilicide scaffold was 
exchanged for an oxygen retained much of the potency of the parent compounds and 
may thus be useful complements for use in oxidative environments. The use of a 
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methyl acyl sulfonamide as a carboxylic acid isostere was tolerated but did not 
substantially increase activity.   
In total, 48 target compounds were synthesized and evaluated resulting in potent 
pilicides and important SAR. This data will be used to construct a QSAR model with 
the aim to enable future predictions of the activity of novel pilicides. 
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6. Traceable pilicides (paper V) 

In addition to their possible therapeutic applications, pilicides could potentially be 
useful tools for the study of pilus formation. Therefore, the development of traceable 
pilicides would be highly desirable, as it would facilitate a detailed study of the 
nature of the interaction between pilicides and bacteria. More specifically, traceable 
pilicidies could be attractive for uptake/distribution studies, development of 
competition-based assays, förster resonance energy transfer (FRET) studies on 
binding interactions, and to specifically image pili assembly machineries in bacterial 
populations. Such traceable pilicides could be obtained using a biomolecular labeling 
strategy, for example by radiolabelling or by the introduction of a fluorescent label. 
Fluorescent labeling is often performed by introduction of a fluorescent probe via a 
linker to the bioactive compound in a position that does not interact with target 
binding. However, applying this strategy on the low molecular weight pilicide 
scaffold risk to change the overall molecular composition to the extent that its 
biological activity would be abolished. Therefore, we hypothesized that replacement 
of key substituents on the pilicide scaffold with fluorophores, which have similar 
physiochemical properties to the original substituents, potentially could introduce 
fluorescent properties and simultaneously retain the biological activity (Figure 6.1). 
However, one potential drawback with this strategy is the risk of photo-quenching by 
the closely positioned fluorophore and bioactive scaffold. Nevertheless, based on the 
known SAR information of the pilicide scaffold, position C-7 and C-8 were selected 
for introduction of fluorophores. Two fluorescent probes, the 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (BODIPY) and coumarin, were selected for incorporation at 
these sites (Figure 6.1). These particular fluorescent probes were chosen because of 
their good to high quantum yields, hydrophobicity, absorption/emission wavelengths, 
photostability, lack of net ionic charge, different emission colors and relatively small 
size.128-130 
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Figure 6.1. The pilicide scaffold, the two fluorescent probes (BODIPY and coumarin), and an example of 
a potent pilicide. The positions where the fluorophores will be connected to the C-7 and C-8 positions of 
the pilicide scaffold are indicated. 
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6.1. Synthesis and photophysical evaluations 
The substrates for the acyl-ketene imine cyclocondensation used to prepare the 
pilicide scaffold, thiazolines and acyl Meldrum’s acid derivatives, can be synthesized 
from carboxylic acids. As a consequence, carboxylic acid functionalized 
fluorophores were used as starting materials for further incorporation into position C-
7 and C-8 on the scaffold. Furthermore, coumarins could also be introduced directly 
to bromomethyl substituted scaffolds using deprotonated 4-methyl coumarins as 
nucleophiles. In total, 14 new C-7 or C-8 coumarin or BODIPY substituted 
derivatives of the pilicide scaffold were prepared and photophysically evaluated. 

6.1.1. Coumarin-substituted derivatives 
7-methoxy and 7-diethylamino coumarins are frequently used coumarin 
fluorophores. We decided to use the 7-methoxy coumarin both to facilitate synthesis 
and to mimic the neutral and hydrophobic properties of the C-7 naphthyl substituents 
that are known to be beneficial for pilicide activity. The connection to the pilicide 
scaffold was preferred at position 4 on the coumarins to mimic the geometry of the 
analogous 1-naphthyl and 1-naphtoxy substituents. Consequently, 7-methoxy 
coumarin-4-yl acetic acid was coupled with Meldrum’s acid under standard 
conditions to give the corresponding acyl Meldrum’s acid derivative 185. 185 was 
next reacted with four different thiazolines 56, 57, 186, and 187 in the acyl-ketene 
imine cyclocondensation to give the coumarin substituted dihydrothiazolo ring-fused 
2-pyridones 188-191 in yields of 68-86% (Scheme 6.1). These were then hydrolyzed 
to furnish the corresponding carboxylic acids, 192-195, in yields of 53-66% (Scheme 
6.1). 
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Scheme 6.1. Synthesis of C-7 coumarin substituted derivatives.  

The photophyscal evaluation of derivatives 192-195 showed overall low quantum 
yields. The C-8 phenyl substituted 195 gave the highest quantum yield (ΦF = 5%), 
followed by 193 (3-trifluomethylphenyl C-8 substituent, ΦF = 1%), 194 (2-
thiophenyl C-8 substituent, ΦF = 0.7%) and finally 192 (cyclopropyl C-8 subtituent, 
ΦF = 0.4%). The overall low quantum yields obtained may be an effect of photo-
quenching due to the close proximity of the fluorophore to the pilicide scaffold. In an 
attempt to circumvent this, the distance between the fluorophore and the pilicide 
scaffold was increased from a methyl to an ethyl linker. This was accomplished by 
using deprotonated 4-methyl coumarins as nucleophiles on the previously described 
C-7 bromomethyl substituted pilicide scaffolds (see chapter 4). Using this strategy, 
both the 7-methoxy and 7-diethylamino coumarins could be incorporated to the 
pilicide scaffold. Hence, addition of the lithiated coumarins 196 and 197 to 58 and 
59 gave the ethylene-linked coumarin substituted ring-fused 2-pyridones 198-201 in 
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yields of 74-83%. Subsequent hydrolysis gave 202-205 in yields of 81-91% (Scheme 
6.2). 
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Scheme 6.2. Synthesis of C-7 coumarin substituted derivatives with an ethylene linker. 

The fluorescent properties of 202 (ΦF = 0.6%) and 203 (ΦF = 0.5%) clearly show that 
extension of the linker by one carbon did not improve the quantum yields. However, 
exchanging the electron donating 7-methoxy group on the coumarin for a 
diethylamine significantly improved the compounds' fluorescent properties. Once 
again, the C-8 3-trifluoromethylphenyl-substituted 204 (ΦF = 15%) gave a higher 
quantum yield than the C-8 cyclopropyl substituted 205 (ΦF = 6%). Consequently, 
compounds carrying a coumarin in position C-7 with useful fluorescent properties 
had now been obtained.  
Having established that 7-dimethylamino-substituted coumarins are preferable to 
those bearing a 7-methoxy group, the scope for incorporating a 7-diethylamino 
coumarin at the C-8 position of the pilicide scaffold was explored.  Also in this 
synthetic sequence, deprotonation of the 4-methylcoumarin 197 was applied. Thus, 
197 was lithiated and reacted with ethyl 2-bromoacetate as electrophile to give 206 
in 77% yield (Scheme 6.3). A one-pot hydrolysis of 206 followed by coupling with 
trityl-protected cysteine (207) gave 208 in 60% yield. The thiazoline 209 was 
obtained by means of a tandem deprotection-cyclodehydration reaction using 
TiCl4.131 Reacting 209 with acyl Meldrum’s acid derivative 147 gave the C-8 
coumarin substituted pilicide scaffold 210 in 73% yield (Scheme 6.3). Hydrolysis of 
210 using standard conditions gave the target compound 211 in 91 % yield.  
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Scheme 6.3. Synthesis of a pilicide scaffold with a coumarin in the C-8 position. 

The quantum yield of 211 (ΦF = 11%) was comparable to that obtained with the other 
7-(diethylamino)coumarin substituted compounds. Thus, compounds with useful 
quantum yields were synthesized by incorporating a coumarin fluorophore at the C-7 
or C-8 positions of the pilicide scaffold.  

6.1.2. BODIPY-substituted derivatives 
To increase the likelihood of identifying a fluorescent compound with biological 
activity, the possibility of introducing a different fluorophore on the pilicide scaffold 
was investigated in parallel. The 1,3,5,7-tetramethyl substituted 4,4-Difluoro-4-bora-
3a,4a-diaza-s-indacene (BODIPY, see Figure 6.1) core structure is a known 
fluorophore that normally gives high quantum yields, carries no net charge, is fairly 
hydrophobic, and should give a different emission color than the coumarins.130 
Unfortunately, the synthesis of BODIPY derivatives often gives low yields. 
Nevertheless, the scope for introducing the 1,3,5,7-tetramethyl substituted BODIPY 
fluorophore at the C-8 position of the pilicide scaffold was investigated.  
The 8-propanoic acid functionalized 1,3,5,7-tetramethyl substituted BODIPY (212) 
has previously been synthesized in 21% yield.132 212 was converted to the 
corresponding acyl chloride using oxalyl chloride and then coupled with the methyl 
ester of cysteine (213) to give the intermediate 214 in 64% yield (Scheme 6.4). Ring 
closure of 214 using TiCl4 in CH2Cl2 and subsequent treatment with BF3•OEt2 at 
room temperature for 40 minutes gave the BODIPY substituted thiazoline 215 in 
over 95% yield (Scheme 6.4). Acyl-ketene imine cyclocondensation of 215 and the 
acyl Meldrum’s acid derivative 147 gave the C-8 BODIPY substituted pilicide 
scaffold 216 in 64% yield (Scheme 6.4). The hydrolysis of this derivatives proved to 
be problematic, and various hydrolysis conditions were tested without success. The 
desired carboxylic acid 217 was ultimately prepared using a two-step process. First, 
the ester was cleaved by heating 216 with LiI in pyridine for 15 minutes under 
microwave irradiation at 140 °C. Unfortunately, these conditions also eliminated the 
central -BF2 group of the BODIPY core structure. Hence, to restore this group a 
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second step using BF3•OEt2 and Et3N in dichloroethane at 80 °C for 15 minutes was 
needed to finally give 217 in an isolated yield of 29% (Scheme 6.4). As expected, the 
harsh conditions required for this transformation also epimerized the stereogenic 
center at the C-3 position. However, previous reports have shown that both 
enantiomers of the pilicide scaffold are biologically active and it is therefore entirely 
possible that racemic 217 would display interesting bioactivity.118, 133 
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Scheme 6.4. Synthesis of a pilicide scaffold with a C-8 BODIPY substituent. 

The quantum yield of 217 was 10%, which was unexpectedly low. To improve this, 
we decided to replace the methyl spacer separating the BODIPY and the pilicide 
scaffold by a phenyl group. This would not only restrict the rotation and flexibility of 
the BODIPY but increase the separation between the two scaffolds, which could be 
beneficial if the low observed quantum yield of 217 were due to photoquenching.130 
The introduction of a phenyl spacer resulted in the need of a revised synthetic 
approach. Speculatively, from a pilicide analogue having a 4-benzoic acid 
substituent at the C-8 position, it might be possible to transform the benzoic acid into 
a BODIPY group in the later stages of the synthesis. Therefore, pilicide scaffold 218, 
which incorporates a 4-benzoic acid substituent in the C-8 position, was synthesized 
by Suzuki—Miuyara coupling using a C-8 brominated pilicide derivative.111 218 was 
treated with oxalyl chloride and then reacted with 2,4-dimethylpyrrole in the 
presence of BF3•OEt2 and triethylamine to form the desired BODIPY substituted 
scaffold 219 in 15% yield. Fortunately, the hydrolysis of this derivative proceeded 
smoothly to give the corresponding carboxylic acid 220 in 84% yield (Scheme 6.5). 
As had been hypothesized, the incorporation of a phenyl spacer into 220 gave a very 
satisfactory quantum yield of 67%. 
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Scheme 6.5. Synthesis of a pilicide scaffold with a C-8 BODIPY substituent having a phenyl linker. 

Derivtives of the pilicide bearing a BODIPY substituent at C-7 was next prepared. 
BODIPY acid 212 was coupled with Meldrum's acid under standard conditions and 
purified by trituration with methanol to give the BODIPY-substituted acyl 
Meldrum’s acid 221 in 82% yield. 221 was reacted with 187 by heating with TFA in 
dichloroethane under microwave irradiation to form the C-7 BODIPY substituted 
pilicide scaffold 222 in 85% yield (Scheme 6.6). Hydrolysis of the methyl ester of 
222 gave the corresponding carboxylic acid 223 in 88% yield (Scheme 6.6). The 
photophysical properties of 223 suggest that the C-7 BODIPY fluorophore is once 
again partially quenched by the pilicide scaffold (ΦF = 11%).  
Many of the synthesized compounds display useful and, in the case of 220, high, 
quantum yields. However, the quantum yields seemed to be limited by photo-
quenching in many cases, and the origin of this quenching was not known. It was 
proposed that the sulfur atom in the pilicide scaffold may play a role in the observed 
quenching. To test this hypothesis the sulfur atom at position 1 of the pilicide 
scaffold was replaced by an oxygen using the method described in chapter 5 (see 
5.3.2). Applying this one-pot two-step method to the coupling of serine derivative 
224 with the BODIPY-functionalized carboxylic acid 221 gave the oxygen analogue 
225 in 73% yield (Scheme 6.6). Hydrolysis of 225 proceeded smoothly to give 226 
in 88% yield. It was found that the quantum yield of 226  (ΦF = 29) was almost three 
times greater than that of its sulfur-containing counterpart 223 (ΦF = 11%). This 
suggests that the sulfur atom at position 1 of the pilicide scaffold is at least partially 
responsible for the photo-quenching. To further verify this, the electronic properties 
of position 1 in the pilicide scaffold were altered by oxidation of the sulfur. Pilicide 
223 was oxidized by treating it with m-CPBA for 30 minutes to give an 80% yield of 
sulfoxide 227 as a 4:1 mixture of diastereomers (Scheme 6.6). Photophysical 
evaluation of sulfoxide 227 showed its quantum yield to be much greater (ΦF = 71%) 
than that of the parent sulfide 223 (ΦF = 11%). This further supports the theory that 
the heteroatom at position 1 of the pilicide scaffold plays a role in the observed 
partial photo-quenching.  
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Scheme 6.6. Synthesis of C-7 BODIPY substituted compounds and alterations of the heteroatom at 
position 1 of the pilicide scaffold.  

6.2. Biological evaluation and bacterial labeling 
The aim of this study was to develop fluorescent pilicides by exchanging substituents 
that are important in pilicide activity for fluorophores with similar physicochemical 
properties. 14 new derivatives of the pilicide scaffold carrying a coumarin or 
BODIPY at the C-7 or C-8 position had been synthesized and photophysically 
evaluated. These compounds were next biologically evaluated for their ability to 
inhibit pili-dependent biofilm formation. The compounds' EC50 values for the 
inhibition of biofilm formation and photophysical properties are summarized in table 
6.1. 

Table 6.1. Data on the fluorophore-substituted pilicide scaffolds' photophysical properties and abilities to 
inhibit pilus-dependent biofilm formation. Photophysical characterization was conducted using solutions 
of the compounds in DMSO, further diluted with aqueous PBS buffer. 

N

X

R1

O

R2

CO2H

1

2

3
4

56

7
8

9

 

ID R1 

(C-8) 
R2 

(C-7) X EC50
a 

 (µM) 
λabs 

b  

(nm) 
λfl 

c  

(nm) 
Quantum Yield (ΦF)  

(nm) 

192  O

O

MeO

 
-S- >200 328 413 0.4%  
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aEstimated from 16-32 data points on every concentration. bWavelengths of the peak absorption. cThe peak 
fluorescence. dReference: POPOP in MeOH. eReference: Perylene in cyclohexane. fReference: Rhodamine 
6G in water. 

The strategy of generating fluorescent pilicides was successful and many of the 
tested compounds were both highly potent and fluorescent. The most potent 
compounds were the pilicide scaffolds incorporating a coumarin or BODIPY with a 
methylene linker at the C-8 position (211 and 217). Both 211 and 217 had improved 
potencies compared to compound 3 and their potencies were in fact comparable to 
those of the tetra-substituted compounds 181 and 182, described in chapter 5. 
Compounds having a BODIPY substituent at the C-7 position were also very 
biologically active, with the dihydrothiazolo- (223) and dihydrooxazolo-derivative 
(226) being slightly more potent than the sulfoxide (227). The fact that the sulfoxide 
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227 retains the ability to inhibit biofilm formation may be important in terms of the 
pilicides' therapeutic potential (in the view of metabolic oxidation). 
Compounds having a 7-(diethylamino)coumarin in position C-7 on the pilicide 
scaffold (204 and 205) were more active than the C-7 7-(methoxy)coumarin 
substituted compounds (202, 203, and 192-195). Furthermore, the compounds having 
a ethylene linker at the C-7 position were generally more active than their methylene 
counterparts, as can be seen by comparing the activity of 202 and 203 to that of 193 
and 192 (similar findings were described in chapter 5). 
Finally, to illustrate the utility of the fluorescent properties of these bioactive 
compounds, fluorescent images of UPEC strain UTI89 grown under pili producing 
conditions with two of the compounds (217 and 223) were created. Interestingly, the 
compounds are not only highly associated with the bacteria they also seem to 
discriminate between different bacteria in a population (Figure 6.2). 

 
Figure 6.2. E. coli, clinical isolate UTI89, grown for 24 hours with and without pilicides 217 and 223. 
The blue colour arises from the DAPI-nuclear stain; the green is due to the compounds. i) Bacteria grown 
in the presence of 100 µM of compound 223. ii) Bacteria grown in the presence of 100 µM of compound 
217. iii) Bacteria grown without any added compound. 
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6.3. Summary 
The synthesis of traceable pilicides was initiated to facilitate detailed studies of the 
mechanism of action of this class of compounds and of the complex systems 
involved in the formation of pili. These fluorescent and biologically active pilicide 
analogues were prepared using a strategy that centered on replacing important 
substituents on the pilicide scaffold with fluorophores having similar 
physicochemical properties. Synthetic routes were developed for the preparation of 
14 pilicide derivatives incorporating a coumarin or BODIPY fluorophore at either 
the C-7 or the C-8 position. Coumarins could be introduced at the C-7 position with 
either a methylene or an ethylene linker. Furthermore, pilicides with a C-8 coumarin 
substituent were also prepared. The BODIPY fluorophore was similarly incorporated 
at the C-8 position with either a methylene or a phenyl linker. Derivatives with C-7 
BODIPY substituents were also prepared, with various heteroatoms at the 1 position 
of the core pilicide scaffold. Photo-quenching was observed in several of the 
derivatives synthesized, its origin could be elucidated and circumvented to give 
compounds with useful fluorescent properties. Biological evaluation of the 
synthesized compounds demonstrated that several of them were indeed both 
fluorescent and active inhibitors of pili-dependent biofilm formation. Finally, E. coli 
strain UTI89 was treated with two of the compounds under pili producing conditions. 
It was found that the compounds are heterogeneously distributed across the bacterial 
population, which suggests that the compounds can discriminate between different 
bacteria in a population. Given that pilus production does not occur in every cell in 
the bacterial population, it is interesting to speculate on the origin of this apparent 
selectivity. 
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7. Curli & curlicides (paper VI) 

Bacterial biofilms are complex bacterial communities that have been implicated in 
several serious infectious diseases.134-136 Bacteria in biofilms exhibit reduced 
sensitivity to conventional antibiotics, external stresses, and host defenses.8, 17-19 The 
formation and maintenance of a biofilm relies on different factors that are highly 
dependent on the environmental conditions.137 This makes strategies directed towards 
biofilm formation challenging and it may be necessary to simultaneously target 
multiple factors implicated in biofilm formation in order to achieve useful 
therapeutic results.  
In addition to the pili described in the preceding chapters, curli have also been shown 
to be involved in the formation of biofilms under certain environmental condition.138 
Curli are adhesive amyloid fibers that are assembled at the bacterial cell-surface and 
mediate adhesion to mammalian and plant cells or surfaces such as plastic, glass, and 
stainless steel.139-142 In contrast to amyloid fibre formation, which is a result of 
protein missfolding, curli is a functional amyloid oligomer that is a product of a 
highly regulated assembly process.139, 143, 144 Curli assembly depends upon at least six 
proteins known as CsgA, CsgB, CsgD, CsgE, CsgF, and CsgG. It is believed that 
CsgB both nucleates polymerization of CsgA, which is the major subunit in the fibre, 
and anchors the curli amyloid fiber to the bacterial outer membrane.145 The roles of 
CsgD, CsgE, CsgF, and CsgG are not completely known but it has been shown that 
CsgD is involved in gene regulation and that CsgE, CsgF, and CsgG are required for 
the stabilization and transport of CsgA and CsgB to the cell surface to mediate fiber 
formation.146, 147 
We have previously shown that properly substituted derivatives of the ring-fused 
dihydrothiazolo 2-pyridone pilicide scaffold can prevent amyloid formation by 
blocking Aβ-peptide aggregation.121 Considering that curli are also a type of 
amyloid, we hypothesized that these compounds might also prevent the formation of 
curli. The development of compounds capable of blocking curli formation, hereafter 
referred to as "curlicides", is interesting because of their potential therapeutic 
applications but also because they could be useful in elucidating the complex 
macromolecular interactions involved in amyloid fiber formation. Furthermore, 
compounds that can act as both pilicides and curlicides would have increased 
therapeutic value because they would inhibit the formation of multiple adhesive 
fibers important in biofilm formation. 
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7.1. Development of curlicides 
14 derivatives of the pilicide scaffold that are known to inhibit Aβ-peptide 
aggregation were evaluated for the ability to inhibit the biosynthesis of curli in the 
laboratory E. coli K-12 strain MC4100. Three compounds (4, 228, and 229, Figure 
7.1, i) caused reductions in the levels of CsgA in bacteria grown on YESCA agar in 
the compound's presence. Compound 4 completely inhibited CsgA formation at 1 
mM, 228 did so at 2.5 mM, and 229 effected near-complete inhibition at this latter 
concentration. Compounds 4 and 228 also caused reductions in the levels of CsgB, 
but none of the compounds affected the levels of CsgF or CsgG. In a YESCA broth-
based assay using the uropathogenic E. coli strain UTI89, compounds 4, 228, and 
229 were found to be effective at lower concentrations; complete inhibition of CsgA 
expression was observed at concentrations of 125 μM, 250 μM, and 250 μM, 
respectively. The improved efficiencies in this assay were most likely attributed to 
the more efficient distribution of the curlicides in the broth than on the solid agar. To 
determine whether the compounds were interfering with CsgA polymerization they 
were evaluated using an in vitro thioflavin-T (ThT) amyloid polymerization assay. In 
accordance with previous assays compound 4 was the most potent of the compounds 
evaluated and inhibited ThT fluorescence at concentrations as low as 10 µM whereas 
the reference pilicide 2 did not inhibit curli polymerization.  
The compounds' ability to inhibit biofilm formation was investigated using two 
different assays. First, a curli dependent pellicle assay was developed, which 
measures biofilm formation at the air-liquid interface. In this assay, compounds 4 
and 228 completely blocked pellicle formation at 5µM and 25µM, respectively, 
whereas the reference pilicide 2 had no effect on pellicle formation at concentrations 
of up to 500 µM (Figure 7.1, ii). The results of the second assay suggested that curli 
are required for biofilm formation on a PVC surface. However, in contrast to the pili-
dependent biofilm assay, in which bacteria are grown in LB broth, the bacteria in the 
curli-dependent biofilm had to be grown in YESCA broth. Remarkably, compounds 
4 and 228 were found to efficiently inhibit both pili- and curli-dependent biofilm 
formation (Figure 7.1, iii). Once again, compound 4 was the more potent of the two 
and at a concentration of 50 μM it effected 50% inhibition of the curli-dependent 
biofilm formation and complete inhibition of pili-dependent biofilm formation, thus 
being a dual pilicide-curlicide (Figure 7.1, iii).  
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Figure 7.1. Biological evaluation of curlicides and pilicides. i) The tested compounds and the reference 
pilicide 2. ii) Pellicle formation is inhibited by 4 and 228 but unaffected by the pilicide 2. iii) 4 and 228 
are dual pilicide-curlicides and inhibit both type 1 pili-dependent and curli-dependent biofilm formation. 
iv) Evaluation in a mouse model of UTI shows that pretreatment of bacteria with 4 attenuates their 
virulence. 

Finally, the in vivo potential of the dual pilicide-curlicide 4 was assessed using a 
murine UTI model in which both pili and curli increase bacterial fitness. E. coli 
strain UTI89 was grown in the presence or absence of 250 μM of 4. It was found that 
pretreatment of the bacteria with compound 4 reduced the colony forming unit 
counts by an order of magnitude at 6 hours post infection and thus significantly 
attenuated virulence in vivo (Figure 7.1, iv). 

7.2. Selectivity and improved potency 
Inspired by these dual pilicide-curlicide results we decided to test a set of the best 
pilicides from the C-2 substituted library (chapter 3), the designed library of 
compounds (chapter 5), and the fluorescent library (chapter 6) in the curli-dependent 
biofilm assay. The results are summarized in table 7.1. 
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Table 7.1. EC50 values for the inhibition of curli- and pili-dependent biofilm formation for some of the 
best pilicides described in chapters 3, 5, and 6. 

N

X

R1

O

R2

R3

CO2H or Li

R4

1

2

3
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5
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8

9
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N

 
O

 O

N
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O

O
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-S- 5 9 

193 
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 O

O

MeO

 
-H -H -S- >200 NA 

202 
CF3

 O

O
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-H -H -S- 65 175 

217 
N

BF2

N

 
O  

-H -H -S- 4 14 

223 
 

N
F2B

N

 

-H -H -S- 10 24 

226 
 

N
F2B

N

 

-H -H -O- 13 14 

227 
 

N
F2B

N

 

-H -H -S(O)- 29 40 

38   
-H  -S- 22 NA 

2   
-H -H -S- 189 NA 

4 
CF3

  
-H -H -S- 17 38 

aEstimated from 16-32 data points at every concentration. 

Several of the tested pilicides displayed dual pilicide-curlicide activity with 
improved both pilicide and curlicide potencies compared to 4. The best compounds 
tested were the tetrasubstituted derivatives 181 and 182, which exhibited EC50 values 
of 5 µM and 5 µM, respectively, in pili-dependent biofilm inhibition and 12 µM and 
9 µM, respectively, in curli-dependent biofilm inhibition. Many of the fluorescent 
compounds also displayed potent dual pilicide-curlicide activity with 217, 223, and 
the oxygen analogue 226 being the most promising. This further expands the 
potential utility of these fluorescent compounds to also being interesting for future 
studies of the curlicides and the relationships between pilicide and curlicide.  
Interestingly, the introduction of a hydrophobic phenyl substituent at the C-2 
position of 2 to give 38 results in substantially increased pilicide activity but no 
detectable curlicide activity. This selectivity suggests that the observed curlicide 
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activities are not simply a consequence of the introduction of hydrophobic 
substituents. 

7.3. Summary 
Biofilm formation often plays a key role in the bacterial pathogenic cascade that is 
controlled by different factors depending on the surrounding environmental 
conditions. Therefore, it would be desirable to develop anti-virulence compounds 
that target multiple factors that contribute to biofilm formation and virulence, such as 
the formation of pili and curli. Pili and curli function independently of one-another in 
the formation of biofilms. The crucial role of type 1 pili during urinary tract 
infections previously prompted the development of the pilicides, which block their 
formation. We have now developed anti-virulence compounds termed curlicides that 
prevent the formation of curli. The curlicides are believed to inhibit the assembly of 
curli by inhibiting polymerization of the main curli subunit CsgA. Assays of curli-
dependent biofilm formation were developed and used to probe the activity of these 
new compounds. It was found that the curlicides efficiently inhibit both pellicle 
biofilm formation at the air-surface interface and the formation of biofilms on PVC 
surfaces. Interestingly, when the curlicides were tested in an assay for pili-dependent 
biofilm formation, it was found that some of them were active pilicides as well. The 
potential of these dual pilicide-curlicides was tested in more detail using a murine 
model of UTI, in which pretreatment of UPEC with compound 4 resulted in a 
substantial attenuation of bacterial virulence. The most potent pilicides synthesized 
in the course of the work described in the preceding chapters of this thesis were 
tested using the assays for inhibition of curli-dependent biofilm formation. Several of 
them were found to be better dual pilicide-curlicides than 4. The most active 
compounds were the tetrasubstituted derivatives 181 and 182, but several fluorescent 
compounds also displayed improved activity. Compound 38, a derivative of 2 having 
a C-2 phenyl substituent, was found to be a potent pilicide (estimated EC50 of 22 
μM) but displayed no detectable curlicide activity. This suggests that curlicide 
activity is not simply attributable to the introduction of hydrophobic substituents. 
The dual pilicide-curlicide activity of several of the compounds increases their 
therapeutic potential. Furthermore, the fluorescent dual pilicide-curlicides and 
selective pilicides could potentially be used as tools for research into the mode of 
action of the pilicides and curlicides and into the biological processes they disrupt.  
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8. Conclusion and future perspectives 

It has only been 70 years since the first antibiotic was brought onto the market and 
we are today already confronted by a global reappearance of bacterial infections as a 
health threat. This problem must be tackled on multiple levels, both with intensified 
research in the field of bactericidal/bacteriostatic antibiotics and with research 
directed towards the development of anti-virulence compounds to ensure that we do 
not once again find ourselves having to treat simple bacterial infections as life-
threatening diseases. This thesis describes research directed towards the development 
of compounds with anti-virulence properties that block the biogenesis of pili and 
curli. The main focus has been to develop synthetic methods to study the pilicides in 
terms of improving compound potency, generation of SAR information, and to 
prepare fluorescently-labeled derivatives that could be used to study the interactions 
between pilicides and the bacterial machinery involved in the formation of pili. The 
effects of varying the substituents at the C-2 and C-7 positions of the ring-fused 
dihydrothiazolo 2-pyridone pilicide scaffold were studied in more detail. Synthetic 
protocols for the efficient introduction of C-2 substituents were developed and used 
to prepare a diverse set of C-2 substituted pilicide analogues. Biological evaluation 
of these compounds generated important SAR data showing that C-2 substitution can 
substantially increase compound potency. Furthermore, X-ray crystal structures of 
the complex formed between PapD-PapH and a pilicide suggested that the structural 
basis of this improved potency lies in the reorientation of one of the chaperone 
residues to create a shallow hydrophobic pocket that accommodates the C-2 
substituent. To increase the range of accessible C-7 substituted pilicide analogues 
and facilitate the development of compounds based on the pilicide core scaffold as 
peptidomimetics towards other biological targets, a new synthetic approach to C-7 
substituted pilicides was designed. This new approach relies on the use of C-7 
bromomethyl substituted pilicide derivatives that can undergo a variety of fast and 
efficient reactions to generate pilicide analogues with various C-7 substituents. 
Biological evaluation of the generated set of compounds gave important SAR 
information and showed that the nature of the C-7 substituent is very important in 
determining a pilicide's biological activity. A small number of dihydrooxazolo- 
analogues of the dihydrothiazolo- pilicide scaffold could be synthesized by 
improving the synthetic route for the dihydrooxazolo- derivatives. It was found that 
these analogues retained much of the activity of their sulfur-containing parent 
compounds. 
A multivariate design strategy was used to identify novel and potent pilicides. The 
designed compounds were synthesized to give a collection of di-, tri-, and 
tetrasubstituted analogues of the pilicide scaffold. Biological evaluation of these 
analogues revealed several highly potent new compounds and a lot of useful SAR 
data. In future, these compounds will be used to generate QSAR data for the pilicide 
scaffold and its substituents. 
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A series of fluorescent pilicide analogues was designed using a strategy based on 
replacing substituents that are important for pilicide activity with fluorophores whose 
physicochemical properties are similar to those of the original substituent. This 
strategy proved successful and generated multiple compounds that are both 
fluorescent and more active pilicides than the starting compounds. By growing 
UPEC bacterial strain UTI89 in the presence of these fluorescent pilicides, it was 
found that they are highly associated to the bacteria with a heterogeneous 
distribution. Studies aimed at understanding this seemingly selective bacterial 
labeling are currently underway.  
The pilicide scaffold was used when developing compounds (curlicides) that inhibit 
the biogenesis of the functional bacterial amyloid curli, supposedly by inhibiting 
polymerization of the major subunit, CsgA. Several of the curlicides are also active 
pilicides and thus exhibit dual pilicide-curlicide activity. Such dual activity may be 
of great utility in the development of anti-virulence compounds. Moreover, potent 
and selective pilicides were discovered, which suggests that there is no simple 
correlation between the curlicide activity and the introduction of more hydrophobic 
substituents. Development of selective curlicides as a complement to the selective 
pilicides would be a useful research tool for studies of the curli and pili systems and 
efforts towards this are to be undertaken in the future. In addition, the discovery of 
compounds with dual pilicide-curlicide activity expands the utility of the libraries of 
designed pilicides prepared in this work, potentially making them useful for the 
study of curlicides and the structural similarities and differences between pilicides 
and curlicides. One of the dual pilicide-curlicides was assayed using a murine model 
of UTI and was found to substantially attenuate virulence in vivo. Future in vivo 
studies using more potent dual pilicide-curlicides and intraperitoneal (IP) and oral 
dosing are currently being planned. Finally, some of the curlicides are able to prevent 
the polymerization of both functional amyloid (curli) and the Aβ-peptide, which 
raises the prospect that these compounds may function as more general amyloid 
inhibitors. 
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