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Abstract

This thesis describes the synthesis and biological evaluation of highly substituted, ring-

fused 2-pyridones. The utility of the bicyclic 2-pyridones to gain fundamental insights into the

disease processes of bacterial infections and Alzheimer’s disease has been investigated.

The 2-pyridones have mainly been studied as a new class of anti-infective agents termed

pilicides. The function of the pilicides has been explored using uropathogenic E. coli (UPEC)

as a prototype pathogen and urinary tract infection as a model disease. The pilicides target the

infectious ability of UPEC by inhibiting key proteins (chaperones) in the so-called chaperone-

usher pathway, thus preventing the assembly of bacterial surface organelles (pili/fimbriae).

Synthetic pathways to aminomethylate the 2-pyridones have been developed in order to

increase their aqueous solubility while retaining biological activity. Also, the importance of a

carboxylic acid has been demonstrated in studies with various carboxylate derivatives and by

bioisosteric replacement. Moreover, synthetic procedures to extend the backbone of the rigid,

dipeptide-mimicking 2-pyridones have been established. This rendered peptidomimetic

building blocks and structures that alongside their potential use as pilicides are of more

general interest in peptidomimetic-related research.

The potential pilicides have been screened for chaperone affinity using relaxation-edited
1H-NMR spectroscopy. In addition, their ability to inhibit pilus biogenesis in E. coli has been

demonstrated by assays of hemagglutination, biofilm formation and attachment to bladder

cells, as well as with electron and atomic force microscopy. Moreover, it has been confirmed

that pilicides regulate the expression of pili without affecting the biofunctional properties of

the pilus rod. This was verified by measurements of individual P pili, on living bacteria, using

force measuring optical tweezers. The pilicide binding site was investigated using NMR

spectroscopy and X-ray crystallography of a pilicide-chaperone complex. Based on the results

obtained, a mechanism whereby the pilicides may inhibit pilus assembly was proposed, which

was subsequently experimentally supported by surface plasmon resonance assays and genetic

analysis.

Finally, based on the generic 2-pyridone scaffold, a new collection of substituted

compounds has been synthesized and validated as inhibitors of Amyloid β (Aβ)-peptide

aggregation, which has been suggested to be involved in Alzheimer’s disease.
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1. Introduction

Bacterial infections are reemerging as global health problems that need to
be promptly addressed. However, research in the field has been largely
neglected in recent years, partly because the huge financial commitments
involved in drug development have resulted in the pharmaceutical industry
focusing on market-controlled, profit-based projects.1 The sole example of a
new class of antibiotics introduced to the market in the past 30 years is
linezolid (oxazolidinones).2 With this exception, antibacterial therapy has
mainly focused on small variations of currently available antibiotics. The
lack of innovative approaches has led to the development of largely short-
term solutions and, consequently, a rapid increase in resistance to key
antibiotics.

Drug development lies beyond the scope and resources of academic
research. However, interest in novel strategies to address problems
associated with antimicrobial resistance can be recognized in efforts to
understand the mechanisms of virulence and infectious diseases at a
molecular level. These strategies have the potential to elucidate new
therapeutic approaches that target virulence instead of bacterial replication.3-5

The rationale is to deprive the pathogen of its infectious ability without
imposing evolutionary pressure and thus, theoretically, induce resistance at
much slower rates. Examples of potential applications can be seen in the
small molecules directed against virulence factors of various pathogens e.g.,
type III secretion6-8 (T3S) in Yersinia pestis and ToxT9 in Vibrio cholerae.

Uropathogenic E. coli (UPEC) is the main cause of urinary tract
infections (UTIs) and can serve as a model pathogen for studies to elucidate
the underlying principles of virulence and infectious diseases. UPEC
expresses virulence-associated surface fibers through a highly preserved
mechanism that is shared by a vast number of pathogens.10-12 Thus, studies of
the assembly and function of UPEC virulence factors can provide a platform
for the development of novel antimicrobial therapies.

1.1. Uropathogenic E. coli
More than 85% of all UTIs are caused by UPEC and 40-50% of all

women will experience at least one UTI during their lifetime.13,14

Approximately 25% of the patients will also suffer from recurrent infections
and the annual expenses for treating UTIs are huge.15,16 The high number of
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repeated infections have been explained by the formation of UPEC
reservoirs in uroepithelial cells where bacteria can reside in a dormant state
only to reemerge later and give rise to new infections.17,18 The embedded
bacteria in the latent phase are protected from host defenses in the form of
urine flow and from antibiotics that cannot enter eukaryotic cells, e.g. β-
lactams, which are commonly prescribed for UTI treatment.14

The major health concerns and costs associated with UTIs alone justify
extensive studies of the pathogenicity of UPEC, but the alarming increases
in resistance to currently available antibiotics mentioned above emphasizes
the urgency of elucidating the pathogenic processes and developing new
therapeutic approaches.

1.1.1. Pili - Sophisticated virulence factors
The infectious ability of UPEC depends on adhesive organelles that are

expressed on the bacterial surface (Fig. 1.1). These surface filaments, also
called pili or fimbriae, initiate an infection as they recognize and attach to
host tissue. UPEC commonly express both P pili and type 1 pili, leading to
two types of infections. Type 1 pili mediate the infection of bladder cells19,20

(cystitis) while P pili are involved in kidney infections21,22 (pyelonephritis).

Figure 1.1. Atomic force microscopy (AFM) image of a P-piliated E. coli bacterium
(HB101/pPAP5).

Pili are rod-like, flexible, macromolecular fibers consisting of a number
of repeating protein subunits (PapA, E, F, G, H, and K in the case of P pili,
and FimA, F, G, and H in type 1 pili). Collectively, the repeating subunits
form a pilus fiber with a right-handed helical structure.23-26 The subunits
PapA and FimA are the major components in P pili and type 1 pili,
respectively. The tip of each fiber is equipped with a carbohydrate-
recognizing subunit called the adhesin (PapG or FimH).19,26 The adhesin is
critical in the initial interaction with the host and mediates binding to
specific receptors in the host tissue. The PapG adhesin attaches to Galα1-
4Gal (galabiose)27,28 in the kidney whereas FimH bind to D-mannose
residues29,30 in the bladder, which leads to infection (Fig. 1.2).19-22 This
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triggers an acute inflammatory response in the host leading to rapid
exfoliation of invaded cells, which are excreted with urine.21,31 The crucial
role of pili in invasion has been further demonstrated by experiments
showing that FimH-coated plastic beads can be internalized by bladder
cells.32 However, pili are not only associated with the establishment of the
infection but are also important for the persistence and spread of the
pathogen in the urinary tract. Type 1 pili have been demonstrated to be
involved in the formation of so-called intracellular bacterial communities
(IBCs) in which bacteria enter a biofilm-like state.17,18,21 This facilitates the
evasion of early innate defenses and allows the bacteria to persist in the
urinary tract leading to recurrent infections.16

Figure 1.2. Type 1 pili are required in several steps of the pathogenic cascade. The
infection process starts with recognition and attachment (Step 1). Next, bacteria
invade the uroepithelial cells (Step 2) and can either directly enter a reservoir state
(filled arrow to Step 5) or start to replicate and form IBCs (unfilled arrow, Step 3).
In the latter case, a host immune response is triggered leading to exfoliation and
shedding of the superficial cell layer, which together with bacteria is excreted in
urine (Step 4). Bacteria that evade the early innate defenses can reside in reservoirs
(Step 5) only to recur and establish a new infection (Step 6).

The biophysical properties of the pilus rod may be far more sophisticated
and important than we currently know. The structure and dynamics of the
pilus fiber appear to affect binding specificity and also resistance to host
defenses, e.g. shear forces generated by body fluids. For example, it has been
demonstrated that the receptor binding specificity of the FimH adhesin is
dependent on the construction of the pilus rod. The involvement of shaft-
induced conformational changes of the adhesin was postulated to explain
both this finding33 and observations that applied shear forces (comparable to
those of body fluids) increased the binding strength of type 1 piliated E. coli
to target cells.34 Moreover, the initial, highly specific interactions between
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the adhesin and the host receptors could be speculated to be subsequently
complemented by secondary interactions provided by the pilus rod.
According to this hypothesis, after the initial recognition-binding event the
hydrophobic pilus shaft35 could participate in hydrophobic interactions with
the host surface. The relevance of the dynamic properties of the shaft has
also been discussed. Since the major subunits (PapA/FimA) are organized in
a helical secondary structure the pilus fiber is dynamic and can unfold and
refold.36,37 Its capacity to elongate and contract could help the bacteria to
remain attached to their host under shear stress. Thus, pili play crucial roles
in the infection process that may not yet have been fully elucidated.

1.1.2. Pilus assembly via the chaperone-usher pathway
The highly conserved chaperone-usher secretion system coordinates the

assembly of adhesive fibers in a large number of pathogens, including P pili
and type 1 pili in UPEC.12 The formation of UPEC pili has been studied and
described in great detail, and thus constitutes a prototype for the chaperone-
usher pathway, which is illustrated for P pili assembly in Fig. 1.3.

Figure 1.3. Model of P pilus assembly via the chaperone-usher pathway. Newly
translocated subunits are folded (Step 1) and stabilized (Step 2) by the chaperone
PapD via donor-strand complementation. The chaperone-subunit complexes travel
through the periplasm and target the pore-like outer membrane assembly site called
usher PapC (Step 3). The pilus subunits are incorporated into the pilus rod in a top to
bottom fashion (Step 4), Donor-strand exchange takes place and PapD is liberated
(Step 5) and recycled (Step 6). In cases of chaperone deficiency or dysfunction, the
premature subunits are proteolytically degraded (Step 7). The assembled subunits
form a surface pilus fiber consisting of the adhesin PapG at the distal end, followed
by PapF, E, K, A, and finally PapH as the anchoring subunit. PapA is the major
subunit in the complete pilus rod.
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The assembly process of pilus subunits relies on cognate periplasmic
chaperones and an outer membrane assembly and secretion site called an
usher. The P pili-producing Pap-system comprises the chaperone PapD and
the usher PapC and, correspondingly, type 1 pili are assembled by the Fim-
system with the chaperone FimC and the usher FimD. The process starts
with newly translocated pilus subunits entering the periplasm. The subunits
consist of a single, incomplete immunoglobulin (Ig)-like fold that lacks a C-
terminal seventh β-strand.38-40 The absence of this C-terminal strand results
in a deep groove on the surface of the subunit that exposes its hydrophobic
core. This makes the subunits highly unstable in their monomeric form, in
which they are easily misfolded and/or aggregated and proteolytically
degraded.41,42 The periplasmic chaperones are essential for correct folding,
stabilization and transport of the subunits across the periplasm. Thus,
chaperones are pivotal for pilus biogenesis, and chaperone-deficient or
dysfunctional strains are unable to produce pili.43-46

In the initial folding event, the chaperone acts as an external source to
complete the Ig-fold of the subunit by donating its G1 β-strand (Fig. 1.4A-
B). This process is referred to as donor-strand complementation.38-40,47

Figure 1.4. (A) Structure of the chaperone PapD. The chaperone has a characteristic
boomerang-shape with the two invariant residues Arg8 and Lys112 located in the
interdomain cleft where the two Ig-like domains meet. (B) Crystal structure of the
PapD-PapK complex39 in which PapD completes the Ig-fold of PapK. The subunit,
PapK, is anchored to Arg8 and Lys112 via its C-terminal.

In more detail, the folding of the premature subunit is critically dependent
on two conserved chaperone cleft residues, Arg8 and Lys112, which anchor
the C-terminal carboxylate of the subunit.48,49 The Arg8 and Lys112 residues
are conserved in all members of the PapD-like chaperone family (Fig.
1.4A).44,50 Following this initial anchoring step, the chaperone G1 β-strand,
with its alternating hydrophobic sidechains, aligns along the hydrophobic
groove of the subunit. This provides the correct spatial arrangement for the
final folding of the subunit, implicating extensive hydrogen bonding
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between the chaperone G1 β-strand and the subunit backbone to complete its
Ig-fold (Fig. 1.4B).

The stable chaperone-subunit complex next targets the outer membrane
and the usher where subunit assembly is coordinated via a two-step
mechanism.51 The first step involves recognition of the incoming chaperone-
subunit complexes via the N-terminal domain of the usher, which is exposed
to the periplasm and binds to the chaperone in the complex with the
subunit.51-54 The usher can thereby discriminate among the incoming
complexes based on N-terminal affinity, thus facilitating a correct order of
assembly. Among the subunits, the chaperone-adhesin complex has the
highest affinity for the usher N-terminal and the subunits are accordingly
assembled in a top to bottom fashion, starting with the adhesin (PapG or
FimH).55-57

While the N-terminal is required for the initial recognition event, studies
of the usher PapC have shown its C-terminal to play an important role in
following processing. It is required for the formation of stable chaperone-
subunit-usher complexes and subsequent incorporation of the subunit into
the pilus rod.51,58 C-terminal truncated mutants of PapC have been shown to
bind to chaperone-adhesin (PapD-PapG) complexes but to be unable to
assemble pili.51 On the other hand, an intact C-terminal of PapC still requires
a functional N-terminal for binding to PapD-PapG complexes,53,58 implying
that the conformational change of the usher that occurs upon N-terminal
binding to chaperone-adhesin is required for accessibility of the C-terminal
processing domain.55,58 Hence, N-terminal binding of the usher to the first
incoming chaperone-adhesin complex is believed to trigger the usher for
pilus assembly.

Once a ternary chaperone-subunit-usher complex has been formed, a
process termed donor-strand exchange takes place in which the G1 β-strand
of the chaperone is replaced by an N-terminal extension of an incoming
subunit.38,59 The exchange has recently been shown to proceed via a
concerted mechanism in which both the acceptor subunit and the N-terminal
donating subunit are still in complex with a chaperone.60,61 While the groove
of the acceptor subunit is closed around the donating subunit’s N-terminal
extension, the chaperone dissociates from the acceptor subunit and the Ig-
fold of the acceptor subunit is then instead complemented by the donating
subunit.

The complex molecular machinery of pili production is regulated by the
so-called CpxRA-system to avoid accumulation of misfolded or aggregated
subunits in the periplasm.50,62,63 Thus, in the absence of chaperones or when
the subunits fail to interact with the chaperones, which occasionally happens
during pilus assembly, expression of the dsbA and degP genes is induced.
The dsbA gene encodes proteins that aid folding of periplasmic proteins
whereas degP encodes proteases that degrade improperly folded subunits.14
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1.2. Targeting virulence
The essential roles of pili make them attractive targets in the development

of new anti-infective compounds. By interfering with pilus function or
assembly it should theoretically be possible to disarm the pathogen without
exposing it to evolutionary pressure. Hypothetically, this would reduce the
risk of resistance developing.

Two different strategies to interrupt the first specific bacterium-host
interactions have been described and applied. One successful study with
vaccine development implications describes the immunization of a mice
cystitis model with the FimH adhesin.22 Using this approach, the
colonization of the bladder by clinical isolates of UPEC could be reduced by
more than 99%. In the second strategy anti-adhesive agents in the form of
carbohydrates are applied to block the host cell receptors.64-68 External
blocking of the attachment to the host could be advantageous since
penetration of the bacterium would not be required. In addition, anti-
adhesive agents would not threaten replication and thus induce resistance.
However, the approach has drawbacks, such as the high receptor affinity and
occupancy that is probably required for a biologically significant effect. The
potential to develop broad-spectrum anti-infective agents using this strategy
is also limited since infectious bacteria express a variety of different
adhesins. Moreover, due to the poor pharmacokinetic properties of
carbohydrates they are not attractive drug candidates. This necessitates the
development of more suitable carbohydrate derivatives or mimetics
analogous to peptides and peptidomimetics.

An alternative approach would be to disrupt the assembly process in order
to prevent the pilus rod from being expressed on the cell surface. This could
be achieved by interfering with the chaperone-usher pathway at any stage of
the assembly process. A compound causing this biological effect is referred
to as a pilicide.69

The chaperones, subunits and ushers all constitute potential targets of a
pilicide. Moreover, each of these targets is involved in several events in the
assembly process that could block pilus biogenesis if disrupted. However, to
increase the chances of potential inhibitors having activity against a broad
range of pathogens utilizing the chaperone-usher pathway, the target and the
event should ideally be highly conserved among these pathogens.

To date, no published research has presented the usher as a target in the
development of new therapeutics to block pilus biogenesis. However, two
types of inhibitors of the critical chaperone-subunit interactions have been
described in the literature.70,71 One class was directed against the interaction
surface of the subunit in the chaperone-subunit and subunit-subunit
complexes (see section 1.1.2. and Fig. 1.4B).70,72 Inhibitors targeting
subunits could benefit from a dual mode of action since the target site is
involved in both donor-strand complementation and donor-strand exchange.
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Support for the concept was provided using peptides that either
corresponded to the binding epitope of the FimC G1 β-strand or the subunit
N-terminals of FimA, FimF or FimG. Several peptides from both classes
were able to interfere with the formation of FimC-FimH complexes in vitro.
The observed activity of the peptides has led to continued studies using
designed peptides70 and peptidomimetics73 with improved properties as drug
candidates.

The second class of inhibitors of chaperone-subunit interactions targets
the interaction surface on the chaperone. Several advantages can be
anticipated for pilicides directed against chaperones, and the foundation of
chaperones as targets of anti-infective agents is solid. As already mentioned,
the chaperone family has a high level of structural preservation and is
commonly abundant in chaperone-usher secretion systems in a variety of
pathogens. The prototype chaperones PapD and FimC and their interactions
with subunits have been extensively characterized by NMR spectroscopy
and X-ray crystallography.39,40,44,74-76 Several conserved surfaces on the
UPEC chaperones have been assigned that are essential for pilus assembly
and their high sequence homology is reflected in the fact that PapD is
capable of assembling type 1 pili.77 In addition, in vitro studies of PapD and
FimC are facilitated by their monomeric stability. Furthermore, subunit (or
subunit peptide) binding induces only small structural changes in the
chaperone. This invariability in the protein structure should facilitate design
and computer-based modeling. All PapD-like chaperones consist of two Ig-
like domains that meet in an L-shape (Fig. 1.4A). There are more than 30
known examples of PapD-like chaperones, including HifB in Hemophilus
influenzae causing meningitis, MyfB in Yersinia enterocolitica causing
gastrointestinal syndromes, and also Caf1M in plague-causing Yersinia
pestis.12 Thus pilicides that target conserved chaperone surfaces potentially
have broad-spectrum activity.

1.2.1. Design and synthesis of chaperone inhibitors
Based on known molecular details of the subunits’ interactions with the

chaperone, the Almqvist group suggested a strategy to design small non-
peptidic pilicides that initially targeted the invariant Arg8 and Lys112 in the
cleft region of the chaperone.69,71 This well-preserved domain with Arg8 and
Lys112 has already been mentioned as the anchoring location of the
subunit’s carboxylate in the donor-strand complementation process (see
section 1.1.2). A competitive inhibition of the highly conserved subunit
binding site of the chaperones was envisioned, which would prevent subunit
binding and thereby pilus assembly. The invariant residues Arg8 and Lys112
are buried in the cleft where the two Ig-like domains meet (Fig. 1.4A). The
importance of these two residues has been clearly demonstrated with
mutations of Arg8 or Lys112 in PapD, which abolished chaperone
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function.41,44,48 The concept of targeting Arg8 and Lys 112 with small
synthetic compounds was further encouraged by previous studies. It had
been shown that a C-terminal deficient subunit (PapG lacking its final 13
amino acids) was unable to associate with PapD in the periplasm.42

Moreover, C-terminal peptides of both PapG and PapH inhibited binding
between PapD and maltose binding protein (MBP)-fused PapG in an
inhibition ELISA (enzyme-linked immunosorbent assay).78

Thus, the Almqvist group used structure-based design to propose three
classes of compounds as peptidomimetics of the C-terminal PapG peptide.71

The three classes comprised amino-acid derivatives71 (collaborations with
Prof. J. Kihlberg), β-lactams79,80 and 2-pyridones,71 of which only the 2-
pyridones will be discussed in this thesis. The rational design of the 2-
pyridone based pilicides II as mimetics of the PapG C-terminal I  is
illustrated in Fig. 1.5.

PapG C-terminus
Val310-Leu311-Ser312-Phe313-Pro314

N
H
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Figure 1.5. 2-pyridones II are mimetics of the PapG C-terminal I. The substituent at
R2 reproduces the hydrophobic properties of the side chains of Phe313 and Leu311
while R3 can be utilized to extend the backbone of the 2-pyridones providing
improved resemblance to PapG. R1 provides additional, hydrophobic interaction
possibilities.

The bound form of the C-terminal 19-mer of PapG to PapD44 served as a
template in the design.71 The 2-pyridone scaffold II mimics the backbone of
the two final aminoacids (Phe313-Pro314) of PapG (Fig. 1.5). The Pro314 C-
terminus was mimicked by the carboxylate functionality and the features of
the hydrophobic sidechains of Phe313 and Leu311 were sought by varying
the R2 substituent. Additional interaction possibilities that could enhance
chaperone binding could be provided by the R1 and R3 substituents.

A synthetic route to the 2-pyridones II had previously been developed by
members of the Almqvist group.81 It involves five steps starting from
commercially available carboxylic acids and nitriles (Fig. 1.6). The
formation of the ring-fused 2-pyridone proceeds via an acyl-ketene imine
cycloadditon in which thiazolines III and Meldrum’s acid derivatives IV are
used as building blocks. The Meldrum’s acid derivatives IV are synthesized
from carboxylic acids and Meldrum’s acid, while the thiazolines III are
derived from L-cysteine and nitriles. The synthetic method is attractive in
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that it allows R1 and R2 to be easily varied via combinatorial chemistry on
the two different building blocks. Solid-phase supported82 and microwave-
assisted83 versions of the method were also subsequently developed (Fig.
1.6). The R3 position had so far been left unsubstituted.
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Figure 1.6. Schematic diagram of 2-pyridone synthesis: Disubstituted (R1 and R2) 2-
pyridones II can be synthesized in four steps via thiazolines III and Meldrum´s acid
derivatives IV, starting from nitriles and carboxylic acids. Synthetic protocols have
been developed, in solution, using both conventional (A) and microwave-assisted
(B) heating as well as solid phase methodology (C).

The R1 and R2 substituents accessed by the developed synthesis were
found to be relevant according to docking studies and affinity predictions
using VALIDATE.71 A lipophilic substituent in R2 appeared to be beneficial
for binding in the interdomain cleft, given that the 2-pyridone carboxylate
was anchored to Arg8 and Lys112 on the chaperone. The binding models
demonstrated a nice fit of the R2 group in the hydrophobic pocket that was
occupied by the Phe313 and Leu311 sidechains of PapG. In addition, the R1

substituent resided in a hydrophobic cavity that was not occupied by the
natural ligand I and could thus provide new beneficial interactions. The
relevance of the bound conformation of the substituted 2-pyridones was later
supported by the three-dimensional structure of an independent X-ray crystal
of a brominated analogue.84 The crystallized and docked structures had a
matching spatial positioning of the hydrophobic R1 and R2 substituents (not
shown). The design was further validated by direct binding studies using
surface plasmon resonance (SPR) in which the affinity ranking was
consistent with the observed binding affinity of the 2-pyridones to PapD and
FimC.71



21

1.3. Screening pilicide activity
Three main screening techniques have been used in previous studies of

pilicides. Studies of direct binding to chaperones have been performed using
relaxation-edited 1H-NMR spectroscopy and SPR.71,82 The techniques allow
potential pilicides to be ranked with respect to chaperone affinity. The
effects of the pilicides on pilus biogenesis in E. coli have been assessed by
hemagglutination (HA).85 After experiencing problems with some pilicides
when utilizing SPR,† NMR spectroscopy screening has been the preferred
technique in studies of direct binding. A brief introduction to the screening
methodologies of relaxation-edited 1H-NMR spectroscopy and HA will be
given here since they have been used both in previous pilicide research71,85

and frequently in the projects described in this thesis.

1.3.1. Ranking chaperone affinities
Relaxation-edited one-dimensional 1H-NMR spectroscopy allows the

binding of small molecules to large proteins to be directly studied.86,87 The
technique relies on the fact that when a small ligand binds to a large protein
it adopts the slow tumbling rate and fast T2 relaxation of the protein.
Consequently, an appropriate spin lock filter allows the signals originating
from the large protein and its bound ligand to be removed. The observed
relaxation rate for the pilicide will be an average of the rates of the free and
bound forms (in the region of fast exchange). Hence, in the presence of
protein, binding causes a reduction in signal intensity from the ligand. The
reduction in signal intensity can be related to the peak intensity for a non-
binding reference compound in the presence of protein (Fig. 1.7).

Figure 1.7. Pilicide affinity for the chaperone PapD was evaluated by relaxation-
edited 1H-NMR spectroscopy. A reference sample (top spectrum) contains pilicide
(marked with *) and the non-binding control 1-naphthylacetic acid (unmarked).
When PapD is added to the reference sample (bottom spectrum) and the pilicide
binds, a reduction in signal intensity from the pilicide is observed.

                                
† Difficulties in regenerating the sensor chip surface arose when evaluating derivatives
lacking the carboxylate functionality (see section 4.1), implying the occurrence of tight,
unspecific binding.
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Binding strength is correlated to the reduction in signal intensity and,
hence, the signals from a sufficiently strong binder will be extinguished
upon binding. This enables series of compounds to be ranked in terms of
binding affinity, given that their T2 relaxations are comparable. In all our
studies of pilicides, 1-naphthylacetic acid was used as a non-binding
reference.71 Like most screening techniques, relaxation-edited 1H-NMR
spectroscopy does not provide any information about the location of binding.
NMR spectroscopy can, however, be utilized to acquire information about
the binding site of a ligand, but this is not a trivial task since both an isotope
labeled protein and a complete structural assignment of the backbone of the
protein is required. The binding site is revealed by the chemical shift
changes seen for interactive amino acids upon binding. However, since the
monitored isotope is incorporated in the backbone of the protein, it can be
difficult to obtain detailed knowledge of the interactions between specific
amino acid sidechains and the ligand. A study with 15N-labeled chaperone
FimC has been published by Hedenström et al.88 This paper is frequently
cited in this thesis as it describes the search for the binding site of the
pilicides.

1.3.2. Evaluation of ability to block pilus biogenesis
Piliated bacteria bind to and agglutinate erythrocytes i.e., hemagglutinate,

via specific receptor-host interactions.27,89 Hemagglutination can thus be
used to evaluate the in vivo effect of a pilicide since it reflects the abundance
of bacterial pili. Bacteria are first cultured statically, either on plate or in
broth, in the presence of pilicide. After washing with PBS and normalization
with respect to optical density, the bacterial suspensions are gently mixed
with erythrocytes on a glass slide (Fig. 1.8A). No agglutination occurs with
an efficient pilicide since pilus assembly has been blocked. The
hemagglutination on a glass slide can be visually assessed within minutes.
As can be seen in Fig. 1.8, piliated E. coli bacteria will bind to erythrocytes
and cause them to cluster (Fig. 1.8A, HB101/pPAP5) while an even
distribution of erythrocytes can be seen for non-piliated bacteria that are
unable to interact (Fig. 1.8A, HB101/pBR322). When an E. coli strain that
normally produces pili is treated with pilicides 1 or 2 (Fig. 1.8B), pilus
assembly is blocked and no agglutination occurs (Fig. 1.8A, bottom left and
right). For a more precise determination of the degree of piliation the
bacterial suspensions can be serially diluted in a V-bottomed 96-well
microtiter plate (Fig. 1.9A-B). The serial dilution is commonly two-fold and
heavily piliated bacteria will retain their hemagglutinating ability for several
dilutions (wells). On the other hand, completely depiliated bacteria will not
agglutinate at all.
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Figure 1.8. (A) HA glass slide test. The top left image shows a non-piliated negative
control (HB101/pBR322) while the top right image shows agglutination with P
piliated bacteria (HB101/pPAP5). The lower images show the results for bacteria
(HB101/pPAP5) grown in the presence of two active compounds 1 (left) and 2
(right). The pilicide-treated bacteria are pili-deficient and unable to agglutinate
erythrocytes. (B) Structures of pilicides 1 and 2.

A B

Figure 1.9. (A) HA-assay performed in a V-bottomed 96-well microtiter plate. (B)
Illustration of a representative result from an HA-assay: Row A, positive control i.e.,
fully piliated E. coli HB101/pPAP5 with an HA-titer of 64 (agglutination for seven
wells); row B, negative control i.e., non-pili producing E. coli HB101/pBR322 with
an HA-titer of 1 (one well); row C, HB101/pPAP5 grown in the presence of an
active pilicide has a reduced HA-titer of 1 (one well) corresponding to complete
depiliation; row D, HB101/pPAP5 treated with an active but less potent pilicide than
in row C, which results in a reduced HA-titer of 4 (three wells).

Reduced amounts of pili will lead to observable hemagglutination only at
high concentrations of bacteria, which ceases after a few dilutions (causing
the erythrocytes to sediment at the bottom of the well). The read-out is
always compared to a fully piliated control (Fig. 1.9B, row A) and a non-pili
producing control (row B). Agglutination-like clustering is often seen in the
first well(s) with the pili-deficient strain (row B) too, due to non-specific
interactions caused by the high bacterial concentrations.
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A pilicide that gives rise to completely depiliated bacteria will have the
same outcome as the negative control (compare rows C and B). Reduced
amounts of pili simply require more bacteria to give rise to agglutination and
bacteria treated with an active pilicide (rows C and D) will stop
agglutinating prior to the fully piliated control (row A). The results are
reported either as the number of wells with observed hemagglutination or as
the so-called HA-titer, which is the highest dilution of bacteria that still
provides observable hemagglutination (see Fig. 1.9B for typical read-outs).

1.4. Hit identification
Several compounds in the first generation of 2-pyridone based pilicides

displayed affinity for the chaperones PapD and FimC. Direct binding of the
compounds to the chaperones was studied by SPR using a Biacore 3000
instrument and by relaxation-edited 1H-NMR spectroscopy.71 The potential
of the pilicides to inhibit pilus biogenesis was evaluated in an HA-assay.85

Encouragingly, the best binder, 1 (Fig. 1.10), was found to be active in vivo
and prevented pilus formation in uropathogenic E. coli. The hit identification
led to the synthesis and evaluation of a second set of twenty 2-pyridone
based pilicides.82 Statistical design was applied in the selection of building
blocks and the syntheses were carried out on solid-phase support. Several of
the compounds bound to the chaperones PapD and FimC and three
additional hits were found, 2-4 (Fig. 1.10) that blocked P pilus formation in
vivo.85 1 and 2 were the most potent pilicides whereas 3 and 4 were slightly
less active, all with millimolar activity. It should be mentioned that many of
the compounds had limited solubility under the HA evaluation conditions.†

This resulted in considerable problems with precipitation, and hence
uncertainty in the biological data, including potentially underestimated
potencies or false negatives.
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Figure 1.10. 2-pyridones 1-4 were the first identified pilicides with the ability to
block pilus biogenesis in E. coli. 1 and 2 were the most potent pilicides among the
hits.85

The active compounds 1-4 displayed high structural similarities and the
two leads (1 and 2) had a common R2-substituent (-CH2-1-naphthyl) while

                                
† The HA-evaluation was performed by Emtenäs and Åberg.
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the R1-substituent was either a cyclopropyl or a phenyl. The importance of a
hydrophobic substituent in R2 had been previously recognized in affinity
measurements and, indeed, the activity of 1 was abolished when the -CH2-1-
naphthyl group in R2 was replaced by a methyl.71,82,85 An R2-methyl
derivative was therefore included as a negative control in the biological
assays. The in vivo activity of compounds 1  and 2 was clear at a
concentration of 3.5 mM of the pilicides, which blocked pilus formation in
E. coli.85
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2. Objectives

This project was initiated following the identification of substituted 2-
pyridones as pilicides that blocked pilus biogenesis in uropathogenic E. coli.
The general objective was to gain insight into the function of the pilicides at
a molecular level. More specific aims were to establish structure-activity
relationships (SARs) and to increase the limited solubility of the compounds.
Although it was desirable to improve potency, the central issue was to create
a platform for modulating the chemical features and biological activity of the
2-pyridone scaffold. This involved focused synthesis and method
development to derivatize and functionalize the 2-pyridone scaffold, as well
as biological evaluations.

As the project progressed, the discovery of a novel decarboxylation
reaction also gave rise to a further objective apart from the pilicide project.
This was the potential application of 2-pyridones as aggregation inhibitors of
the amyloid β (Aβ)-peptide related to Alzheimer’s disease.
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3. Uptake studies and scaffold substitutions to
enhance solubility

Evaluations of the first generation of pilicides resulted in hit
identifications of four 2-pyridones that bound to the chaperones PapD and
FimC and inhibited pilus assembly in uropathogenic E. coli.71,82,85 1  and 2
were considered lead compounds (Fig. 1.10).

However, the potencies of the compounds were poor and millimolar
concentrations were required for complete inhibition of pili formation. Their
poor potencies could have been due to problems with reaching the targeted
periplasmic chaperones, for several reasons. First, whole cell-based studies
of Gram-negative bacteria are complex and often encounter problems related
to uptake and/or efflux. Second, the solubilities of the compounds were
limited in the biological assays. Several of the pilicides precipitated in the
agar or broth when culturing bacteria. This could give rise to inaccurate and
underestimated potencies of the compounds. On this basis we decided to
study the uptake of the pilicide 1  and to enhance the solubility of the
pilicides by introducing hydrophilic substituents on the 2-pyridone scaffold.

3.1. Uptake of pilicides in E. coli
Radioisotope labeling can be utilized in studies of molecular uptake and

distribution, so a 3H-labeled derivative 1’ (Scheme 3.1) of the active
compound 1 was applied in studies of pilicide uptake in E. coli. T h e
synthesis of 1’ could be performed by iodination of position 6 in the 2-
pyridone (6) followed by hydrolysis of the methyl ester to give the iodo-
substituted carboxylic acid 7. Successful subsequent dehalogenation via
hydrogenation with H2-gas and PdO at atmospheric pressure confirmed the
final step of the synthesis and the tritium-labeled compound 1’ could be
afforded using the same reaction conditions with 3H2-gas. The labeled
compound 1’ was then used to study uptake in P pili-expressing E. coli
(HB101/pPAP5).†

                                
† The 3H-labeling was kindly performed by Petter Sjölin at AstraZeneca in Lund.
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Scheme 3.1. (a) NIS, AcOH, rt. (b) 0.1 M aq. LiOH, THF:MeOH, rt, quant. (c)
3H2(g) at atmospheric pressure, PdO, DMF, rt.

E. coli strains HB101/pPAP5, HB101/pBR322 and NU14 were cultured
in the presence of 3.5 mM pilicide (1 and 1’), a concentration known to
prevent the expression of pili, and bacterial uptake of the pilicide was
subsequently determined by measurements of radioactive decay with
scintillation counts (unpublished results, see Appendix). It could be
concluded that the pilicide entered the bacteria and, furthermore, the results
indicated that an active transport mechanism was involved, since the cellular
concentration of pilicide exceeded the external concentration. This would
only be valid for energy-driven penetration, since diffusion would be
gradient-controlled, resulting in equal intra- and extra-cellular concentrations
of the pilicide unless, presumably, the pilicide bound to one or more intra-
cellular components.

 A separate experiment further demonstrated that no uptake occurred after
30 minutes incubation with static bacteria (number of cells corresponding to
24-hour growth) together with pilicide. This further supported the active
uptake hypothesis, since diffusion would be virtually instantaneous.
Importantly, it also ruled out the possibility that the uptake was biased by
unspecific interactions between the lipophilic compounds and hydrophobic
parts on the bacterial surface.

Comparable levels of uptake were observed for the P pili-producing E.
coli strain HB101/pPAP5 (0.1 mol%, Fig. 3.1) and the non-pili-producing
strain HB101/pBR322 (0.1 mol%, data not shown). Two different culture
volumes (1.2 and 2.4 ml) were used, and the results verified that the uptake
was proportional to the number of cells (Fig. 3.1). Higher uptake was seen
for the UPEC clinical isolate NU14 (0.4 mol%, data not shown).
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Figure 3.1. Mol percent uptake of pilicide 1 in E. coli HB101/pPAP5 after 24 hours
incubation with a 3.5 mM concentration of pilicide. The uptake was proportional to
the number of bacterial cells as shown by the results with two different culture
volumes (2×108 CFUs/ml). Uptake for 1.2 and 2.4 ml cultures was determined from
seven and five replicate runs, respectively.

The intracellular concentration of pilicide 1 could be estimated based on
an aqueous bacterial cell volume of 5×10-13 µl (literature value90) and 2×108

colony forming units (CFUs)/ml (experimentally determined). A 0.12 mol%
uptake would then correspond to an intracellular pilicide concentration of
approximately 17 mM. The accuracy of this concentration relies on the
accuracy of the cell volume and the assumption that the detected tritium was
part of unmodified 1’ that was evenly distributed within the aqueous cell
volume. Consequently, the results indicate that adequate amounts of the
pilicide were taken up, but the quoted intracellular concentration should be
considered an estimate rather than an accurately determined value. The
results suggested that the poor potencies of the pilicides should not be
ascribed to limited uptake or efflux problems in E. coli. However, they could
still have been due to factors such as uneven distribution, since this study did
not elucidate the concentrations of pilicide in the periplasm where the
targeted chaperones are located. It is well known that uptake is influenced by
minor structural changes such as the incorporation of a fluorine atom in the
case of Enoxacin91 and is consequently difficult to predict. The putatively
active uptake of the dipeptide mimetic 1 is therefore interesting, but cannot
be directly ascribed to other compounds within this class.

3.2. Scaffold substitutions to enhance solubility
Efforts were made to address the limited aqueous solubilities of the

pilicides by aminomethylations of the unsubstituted position (R3) of the 2-
pyridone scaffold. According to computer-based modeling,92 the
aminomethylations could be performed without disturbing the anchoring of
the carboxylic acid to the active site residues, Arg8 and Lys112.
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The predicted binding mode is demonstrated for a derivative of the lead
compound 2, having a CH2-morpholine unit in R3 (21, Fig. 3.2A-B). Given
that the carboxylate was anchored to Arg8 and Lys112, the morpholine unit
provided additional interactions, while the hydrophobic substituents (R1 and
R2) still resided in hydrophobic pockets created by neighboring residues in
the chaperone cleft (Fig. 3.2B).
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Figure 3.2. (A ) Structure of pilicide 2 and an aminomethylated derivative (later
synthesized as 21, see Table 3.1). (B) Computer-based modeling of compound 21 in
the FimC interdomain cleft.92 An energy-minimized model of the complex between
FimC and 21 is shown. Polar parts of the FimC surface are blue, non-polar parts are
brown, while green parts have intermediate polarity. The carboxylic acid
functionality binds to the invariant amino acid residues Arg8 and Lys112 in the cleft
via hydrogen bonds and electrostatic interactions.

On this basis, synthetic routes to both primary and tertiary amines were
developed using well-established transformations, but under modified and
improved reaction conditions (paper I). Microwave-assisted chemistry was
advantageously applied in several steps of the synthesis.

3.2.1. Microwave-assisted aminomethylations
Tertiary alkylamines are commonly introduced via the well-known

Mannich reaction.93 Employed conditions typically involve in situ formation
of an imine, which reacts with a nucleophile resulting in the formation of a
new carbon-carbon bond.94 We used modified Mannich conditions with
preformed iminium salts and microwave-assisted heating to introduce the
tertiary amines into the 2-pyridone core structure (Table 3.1). Under these
reaction conditions the highly substituted 2-pyridones 10-15 could be
isolated in moderate to high yields (48-93%). The moderate yields were
considered satisfactory given the substantial steric demands of the R1 and R2
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substituents. (Note for example entry 1 compared to entry 3, Table 3.1). The
reaction times of 7-14 minutes were substantially shorter than the times (>22
hours) seen in the literature.95,96

Table 3.1. Microwave-assisted Mannich reaction with substituted 2-pyridones.

N

S

O CO2Me

R1

R2

N

S

O R

R1

R2
CH2=R'Cl, 1,2-dichloroethane

MW 140°C

10-15: R = CO2Me
16-21: R = CO2LiHydrolysisa5: R1 = Ph, R2 = CH2-1-naphthyl

8: R1 = cyclopropyl, R2 = CH2-1-naphthyl
9: R1 = Ph, R2 = Me

R'

Entry R1 R2 R’ time
(s)

product yield
(%)b

1 phenyl methyl -NMe2 400 10 92

2 phenyl methyl morpholine 400 11 93

3 phenyl -CH2-1-naphthyl -NMe2 400×2c 12 48

4 phenyl -CH2-1-naphthyl -morpholine 400×2c 13 64

5 cyclopropyl -CH2-1-naphthyl -NMe2 400×2c 14 55

6 cyclopropyl -CH2-1-naphthyl morpholine 400×2c 15 66

aHydrolysis according to published procedures with 0.1 M aq. LiOH in MeOH:THF. b Yield
of the purified product. c An additional amount of 1.1 eq. iminium salt was added.

The primary amines were synthesized by halogenation and subsequent
cyanodehalogenation followed by reduction (Scheme 3.2). The synthetic
route was considered appealing since it involved a nitrile intermediate,
which is a valuable precursor to other functionalities, e.g. tetrazoles and
amidines. Initially, the transformations appeared to be reasonably
straightforward, but several unexpected obstacles arose along the way.

Brominations of the 2-pyridones to 22-24 were straightforward using
bromine in acetic acid (Scheme 3.2). However, the following
cyanodehalogenation required substantial efforts. It was first attempted by
employing palladium-catalyzed reactions with zinc cyanide. This reaction
had previously proved successful for aromatic cyanodehalogenations,97,98 but
the 2-pyridone 22 was not consumed under these conditions. Attention was
then turned to the original Rosenmund von Braun conditions with refluxing
CuCN in DMF. This yielded the cyanated products but long reaction times
and harsh work-up procedures were required, and the yields were poor and
irreproducible.



32

Scheme 3.2. (a) Br2, AcOH, rt (b) For 22-24: CuCN, NMP, MW 220 °C, 20 min; (c)
BH3

•Me2S, THF, MW 100 °C, 1 min; (d) 0.1 M aq. LiOH in MeOH:THF (4:1).

Since microwave-assisted approaches had previously been found to be
useful for cyanodehalogenations of other systems,97,99-101 the technique was
applied to the 2-pyridones. After changing the solvent to N-methyl-2-
pyrrolidone (NMP) and adjusting reaction times, temperature and
equivalents of CuCN it was possible to isolate the nitriles 25-27 in good
yields (82-86%, Scheme 3.2). A loss in enantiomeric excess (43% Δee) was
observed under these reaction conditions.

 The final step to the primary amines was the reduction of the nitriles.
This well-established transformation turned out to be surprisingly
troublesome. Encouraged by the previously successful use of PdO in a
dehalogenation of iodopyridone 7 at atmospheric pressure (Section 3.1,
scheme 3.1), hydrogenation was utilized in the initial attempts to reduce the
nitriles. Unfortunately, hydrogenations at atmospheric pressure using various
catalysts e.g. PdO, Pd/C,102 Pd-S/C,103 Rh/C and PtO2

104 as well as different
sources of hydrogen (hydrogen gas or ammonium formate) or elevated
pressure at 50 psi all proved unsuccessful. At this point the hydrogenation
strategy was abandoned since it was known that transition metal-catalyzed
hydrogenation reactions at high pressure (90 psi) saturate the 2-pyridone
skeleton.105 Next, reducing agents reported to be suitable for the reduction of
nitriles (with respect to the ester function) such as N -e thyl -N -
isopropylaniline-borane (BACH-EI™),106,107 A l H3•NMe2Et108 a n d
BH3•Me2S

109 were tested. Again, the cyano group remained intact using both
BACH-EI™ and AlH3•NMe2Et, but in the latter case the methyl ester was
reduced to the corresponding alcohol according to LC-MS analysis. The
most promising result was achieved with BH3•Me2S in THF, with which
minute amounts of the desired amine could be detected after several hours at
room temperature. More of the starting material was consumed when the
conditions were forced by refluxing overnight, but unfortunately this also
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31: R1 = Ph, R2 = CH2-1-naphthyl (quant.)
32: R1 = cyclopropyl, R2 = CH2-1-naphthyl (quant.)
33: R1 = Ph, R2 = Me (quant.)
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yielded considerable amounts of byproducts. Aiming to improve the
unsatisfactory yields and reaction times, microwave irradiation was tested as
an alternative source of heating. To the best of our knowledge, microwave-
assisted reductions with BH3•Me2S had not previously been utilized, but
usefully led to complete conversion of the cyano functionality in one minute
at 100 °C. The primary amines 28-30 were isolated in good yields (67-73%,
Scheme 3.2). However, the optical purity also continued to deteriorate
during this transformation, and the enantiomeric excess for primary amine
29 was only 8%. This could be at least partially explained by the catch-and-
release purification procedure applied, using a cation exchange resin from
which the amines were liberated by NH3(g) in MeOH. It was later observed
that purification with silica gel chromatography gave a higher enantiomeric
excess as determined with chiral HPLC analysis (unpublished data).

Complementary synthetic routes to both primary and secondary amines
have been subsequently developed by members of the Almqvist group.110

The route to the primary amines proceeds via formylation, oxime formation
and subsequent reduction. This pathway to the primary amines proved to be
beneficial since it proceeded without racemization. This was also true for the
synthesis of the secondary amines, which were obtained by reductive
amination of the formyl intermediate.

The synthesized aminomethylated derivatives 10-15 and 28-30 were
hydrolyzed to their corresponding lithium carboxylates 16-21 and 31-33
using one equivalent aqueous lithium hydroxide in MeOH/THF.

3.2.1. Biological evaluation
The aminomethylation protocols were applied to the methyl esters (5 and

8) of two biologically active pilicides and a negative control (9). This
rendered a total of nine compounds (16-21 and 31-33) to be evaluated.

Rewardingly, the intended increase in water solubility of the
aminomethylated compounds became evident in the biological evaluations.
No precipitation in the culture media was observed, which importantly
increased the reliability of the results. In addition, the enhanced solubilities
facilitated the testing from a practical perspective.

The aminomethylated compounds were tested for their ability to disrupt
the assembly of both type 1 and P pilus biogenesis in E. coli HB101/pPAP5
and the clinical UPEC isolate NU14, respectively. Using the previously
described hemagglutination assay several of the trisubstituted pilicides were
shown to have preserved ability to prevent pilus assembly in vivo (Table 3.2,
HA-titer).
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Table 3.2. Screening of aminomethylated compounds: Ranking
of affinities for PapD (Relative PapD affinity) and ability to
block type 1 and P pilus assembly in E. coli at a concentration of
3.5 mM pilicide (HA-titer).(unpublished data and paper IV)

Compound R1 R2 R3 Relative

PapD

affinity

(%)a

HA-

titerb

HB101

/pPAP5

HA-

titerb

NU14

1 phenyl -CH2-1-naphthyl H 100 0 4

2 cyclopropyl -CH2-1-naphthyl H 76 0 4

16 phenyl methyl -CH2-NMe2 0 4-8 128

17 phenyl methyl -CH2-morpholine 17 4-8 - c

18 phenyl -CH2-1-naphthyl -CH2-NMe2 56 0 8

19 phenyl -CH2-1-naphthyl -CH2-morpholine 45 2-4 16

20 cyclopropyl -CH2-1-naphthyl -CH2-NMe2 13 2-4 - c

21 cyclopropyl -CH2-1-naphthyl -CH2-morpholine 30 1 4

31 phenyl -CH2-1-naphthyl -CH2-NH2 - c - d - c

32 cyclopropyl -CH2-1-naphthyl -CH2-NH2 - c - d - c

33 phenyl methyl -CH2-NH2 - c - c - c

None 4-8 128

None 0 e -
a Relative affinity compared to 1; 6% RSD from triplicate runs; PapD:pilicide, 95 µM:95 µM.
b Representative HA-titer for duplicate runs (see section 1.3.2 for details).  c Not evaluated. d Evaluated at
a concentration of 1.8 mM: HA-titers for 31 and 32 were 32, compared to HA-titers of 8 for 2 and 64 for
an untreated, piliated control. e Result for the non-pili producing strain HB101/pBR322, included as a
negative control.

Furthermore, the potencies of 18 and 21 were similar to those of the parent
lead compounds 1 and 2. Reduced activity was seen for 19 and 20 and, in
accordance with previous results, none of the derivatives with a methyl
group in R2 (16 and 17) were active. Finally, the primary amines 31 and 32
were found to be significantly less active than the two lead compounds.

The binding properties of the aminomethylated (16-21) and the parent
disubstituted compounds (1 and 2) were studied in more detail. First, their
affinities for the chaperone PapD were ranked using relaxation-edited 1H-
NMR spectroscopy (Table 3.2, Relative PapD affinity). With the exception
of 20, the R3-substituents were well tolerated. Moreover, the importance of
the naphthyl unit was once again confirmed since the derivatives 16 and 17,
having a methyl group in R2, were poor binders. From these experiments it
was also possible to estimate the dissociation constants to be in the low mM
range (1-10 mM).88

R2

N

S

O

R1

CO2H
R3
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Next, Hedenström et al. investigated the binding location of the pilicides
using NMR spectroscopy and chemical shift mapping with 15N-labeled
FimC.88 As anticipated, binding of the pilicides induced chemical shift
changes in the cleft region of FimC, but unexpectedly the pilicides also
affected a second location near the flexible F1-G1 loop of the chaperone.
This site was later recognized to be involved in the uncapping and delivery
of the subunits to the usher.52 Compound 1 appeared to bind to the loop-
region whereas the pilicides 2 and 21 seemed to favor the cleft site, and 21
was indeed able to interfere with binding of the 7-mer of PapG. It was shown
by chemical shift mapping that 21 prevented binding of the PapG 7-mer to
15N-labeled FimC.† This was consistent with the hypothesis of competitive
binding to the chaperone cleft.

Collectively, the ambiguous binding data, pointing to two possible
binding sites for the active compounds, were puzzling and further studies
were required to elucidate the binding mode(s) and mechanism of action of
the pilicides.

3.3. Summary
Synthetic protocols to functionalize the already highly substituted 2-

pyridone scaffold have been developed. Tertiary aminomethylenes were
introduced via modified Mannich conditions, in which the use of preformed
iminium salts and microwave heating technique was beneficial. Furthermore,
conditions to halogenate and cyanodehalogenate the 2-pyridones have been
established and the afforded nitriles could be efficiently reduced with
BH3•Me2S and microwave heating to yield primary amines.

The biological evaluations confirmed that the solubility of the
aminomethylated derivatives was improved under assay conditions. It could
also be concluded that substituents in the R3-position of the scaffold could be
introduced with maintained ability to block both type 1 and P pilus
biogenesis. Furthermore, pilicide binding affected the targeted cleft residues
Arg8 and Lys112, as determined by NMR spectroscopy studies with 15N-
labeled FimC. Overall, these results supported the design. However, a
second binding site near the F1-G1 loop of the chaperone was also indicated
by the NMR spectrosopy studies and, hence, a clear picture of the binding
site of the pilicides could not be attained.

                                
† The experiment with the PapG peptide and FimC was significant since the 7-mers of PapG
and FimH displayed comparable affinities for FimC. Moreover, the PapG 7-mer was
completely soluble under the experimental conditions whereas the FimH-peptide was not.
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4. SAR studies of the C-terminal mimicking
properties

Neither a binding site nor a mode of action for the pilicides had yet been
unambiguously verified. According to the design, the pilicides should
competitively inhibit subunit binding by occupying Arg8 and Lys112 in the
interdomain cleft of the chaperone. The activity of the 2-pyridones would
hence rely on successful mimicking of the C-terminal ends of the subunits.

The importance of the C-terminal of the subunits had been investigated in
previous studies, that had shown that deletion of the 13 final amino acids in
the PapG C-terminal prohibited binding to PapD.42 However, studies of
subunit peptides indicated the C-terminus proline residue and its carboxylate
functionality to be of minor importance for the anchoring to the chaperone.78

The 8-mer of PapG still inhibited PapD when the carboxylate of Pro314 was
replaced with a methyl group (PapG307-314red) and inhibitory activity was
also retained for a proline-deficient PapG analogue (PapG306-313).

However, the SARs of a C-terminal 8-mer peptide cannot be directly
assigned to the dipeptide-mimicking 2-pyridones, and on this basis the C-
terminal character of the 2-pyridone scaffold was investigated via
derivatizations of the carboxylate functionality (paper II). The objective was
to establish SARs for pilicide-chaperone interactions and to use these SARs
to outline a direction for future synthetic work. Developing derivatives that
lacked a carboxylic acid functionality but retained activity would allow this
position to be utilized to assess, for instance, affinity and pharmacokinetic
properties of active pilicides. Alternatively, the need for a carboxylic acid
could be further explored with corresponding isosteres. The planned study
would hopefully also shed light on the binding location of the pilicides.

4.1. Synthesis of carboxylic acid analogues
A number of carboxylate-modified derivatives of the active pilicide 1

(Fig. 1.10) were initially synthesized (unpublished data: see section 9.5,
compounds 5, 116, 124 and 125 in Table 9.2). Unfortunately, the lipophilic
nature of the carboxylate-deficient analogues prevented successful
determinations of their chaperone affinities by SPR and relaxation-edited 1H-
NMR spectroscopy. Hence, the only analogue of 1 that could be evaluated
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was its corresponding (S )-enantiomer (S)-1, which was synthesized
following the procedures that had previously been developed by the
Almqvist group81, but starting from D-cysteine. In parallel to the unfruitful
efforts to evaluate the analogues of 1, it was discovered that this pilicide
appeared to bind near the loop-region rather than in the cleft of the
chaperone (see section 3.2.1).88 The cyclopropyl-bearing pilicide 2, however,
affected Arg8 and Lys112 upon binding to FimC. 2 was also more water
soluble than 1. For these reasons 2 was chosen for studies of the C-terminal
properties (paper II).

A set of nine analogues of the pilicide 2 was synthesized (Scheme 4.1).
The carboxylate was replaced by functionalities with varying charge,
polarity and hydrogen bonding properties (Scheme 4.1, compounds 8, 34 and
38-41). Moreover, the influence of the spatial location of the carboxylate
was covered by the enantiomer (S)-2, as well as a carboxylic acid derivative,
which was extended with one carbon atom (37). Unless otherwise is stated,
the compounds have an R-configuration.

N
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O R

N
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O OH
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O OMe
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S

O I

N

S

O CHO
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O R
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8: R = CO2Me
2: R = CO2Li (quant.)

36: R = CN (70 %)
37: R = CO2H (71 %)

b
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gf

hd

e

c

34 (98 %)38 (98 %) 39 (84 %)

40 (82 %)35 (82 %)

N

S

O NH2

1) i
2) j

41 (87 %)

Scheme 4.1. Reaction conditions: (a) 0.1 M aq. LiOH, MeOH:THF, rt; (b)
BH3

•Me2S, THF, rt; (c) PPh3, I2, imidazole, toluene, rt; (d) KCN, DMF, 70 °C;
(e) 2 M aq. NaOH, EtOH, MW 130 °C, 300 s; (f) NaH, MeI, THF, rt; (g) Dess-
Martin periodinane, CH2Cl2, rt; (h) LiEt3BH, THF, rt; (i) NaN3, DMF, rt, 6 h,
then (j) Pd/C (10 wt%), atm. H2(g).
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The starting material 8  was synthesized according to published
procedures.81,83 The analogues 34-41 were obtained via straightforward and
well-established transformations and reagents (Scheme 4.1). Borane
reduction of the lithium carboxylate 2 using BH3•Me2S in THF was facile
and proceeded in near quantitative yields. The afforded alcohol 34 was used
as a key intermediate in the following synthesis, which eliminated the risk of
racemization. The alcohol was oxidized to the aldehyde 39 with Dess-Martin
periodinane and 34  also gave the methyl ether derivative 38  via
Williamson’s ether synthesis. Synthesis of the methyl derivative 40 was
undertaken via the iodo-substituted derivative 35, which was treated with
LiEt3BH. The iodinated intermediate was also a precursor to the primary
amine 41, formed via azide substitution and subsequent hydrogenation.
Finally, the one-carbon extended carboxylic acid 37 was also synthesized
from 35. Cyanide served as a carbon-source and nucleophile to yield the
cyanated intermediate 36, which could be efficiently hydrolyzed to the
carboxylic acid within five minutes using NaOH in H2O/MeOH and
microwave-assisted heating at 130 °C.

4.2. Biological evaluation
Affinity ranking of the produced analogues was performed by relaxation-

edited 1H-NMR spectroscopy. From these studies it could be concluded that
the three carboxylate functionalized derivatives (R)-2, (S)-2 and 37 together
with the amine 41 were the most potent binders of PapD (Table 4.1, entries
3-6, Relative affinity). The results clearly showed that the affinities were
significantly reduced (alcohol 34 and aldehyde 39, entries 7-8) or even
abolished with all other substituents (methyl ether 38, methyl ester 8 and
methyl-derivative 40, entries 9-11). This reveals a disparity between the 2-
pyridones and the template PapG-peptide regarding the importance of the
carboxylate. Within the set of carboxylate functionalized compounds, the
(R)-enantiomer displayed the highest chaperone affinity. Importantly, this
derivative also best reproduces the spatial location of the carboxylate in the
natural ligand PapG. Unfortunately, no binding data could be obtained for
the bulky, iodo-substituted compound 35 due to problems with aggregation.
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Table 4.1. Relative binding affinity of analogues to
chaperone PapD (Relative PapD affinity), and
pilicide activity on P pili-expressing E. coli
HB101/pPAP5 (HA-titer). Non-pili-producing
HB101/pBR322 was included as a negative control.

Entry Strain Compound R Relative PapD

affinity (%)a

HA-titer

1 HB101/pPAP5 None 16

2 HB101/pBR322 None 1

3 HB101/pPAP5 (R)-2 -CO2Li 100b 1

4 HB101/pPAP5 (S)-2 -CO2Li 58c 1

5 HB101/pPAP5 37 -CH2CO2Li 62 b 1-2

6 HB101/pPAP5 41 -CH2NH2 60 b - e, f

7 HB101/pPAP5 34 -CH2OH 25b 16 f

8 HB101/pPAP5 39 -CHO 11 b 16 f

9 HB101/pPAP5 38 -CH2OMe 0 d 16 f

10 HB101/pPAP5 8 -CO2Me 0d 16 f

11 HB101/pPAP5 40 Me 0d 16 f
a Relative affinity compared to (R)-2; 6% RSD from triplicate runs; Pilicide:PapD, 25:95 µM.
b 84% ee.c 78% ee. d 30% ee. e Inhibition of bacterial growth. f Precipitation of compound in agar.

The ability to block pilus biogenesis in vivo was strictly limited to the
carboxylic acid functionalized derivatives, as determined in a
hemagglutination assay (Table 4.1, HA-titer). However, it should be noted
that all carboxylate-deficient compounds precipitated under the HA-assay
conditions. The (S)-enantiomer of 2 displayed a retained ability to disrupt
pilus assembly and so did the one-carbon extended carboxylic acid 37 (Table
4.1, HA-titer). Consistently, the (S)-enantiomer of 1 also prevented pili
formation (data not shown) and bound to PapD with a relative affinity of
92% compared to the lead compound (R)-1 (data not shown). The amine
derivative 41, which unexpectedly displayed comparable chaperone affinity
to (S)-2 and 37, inhibited bacterial growth at a concentration of 3.5 mM and
therefore could not be evaluated for its inhibitory activity as a pilicide.

4.3. Summary
The C-terminal properties are important for the activity of the 2-

pyridones. A carboxylate functionality with conserved features of the natural
ligand PapG proved to be beneficial for binding to PapD. Chaperone binding
was significantly reduced or even prohibited when the carboxylate was
replaced by other substituents. The critical impact of the carboxylate on

N ∗

S

O R
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PapD binding conflicts with the results obtained with analogues of the 8-mer
peptide of PapG. Collectively, the binding data support the preceding design
with a matching chaperone binding site of the 2-pyridones and the subunits.
Importantly, the carboxylate functionality was found to be essential for the
ability to prevent pilus formation in E. coli in vivo.
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5. Extended peptidomimetics

The previous study demonstrated the importance of the C-terminal
character of the pilicides and the results were in agreement with the
preceding design. However, the ambiguous binding data from NMR-
spectroscopy studies with 15N-labeled FimC only partly supported binding in
the interdomain cleft of the chaperone. Since the hypothesized binding site
could neither be verified nor discarded at this point, more detailed studies
were undertaken, focusing on the peptide-mimicking properties of the 2-
pyridones. The pilicides tested so far had been mimetics of the template
subunit (PapG) backbone up to the first amide bond. On this basis, we
synthesized extended peptidomimetics with higher resemblance to the PapG
peptide (paper III).

The synthetic strategy was to first amino-functionalize the 2-pyridone
core structure to generate an ‘amino acid’ type of scaffold. Two biologically
active 2-pyridones were selected for amino-functionalization and were
subsequently coupled to amino acids or amino acid equivalents to generate
new classes of extended PapG mimetics. The aims were not only to enhance
the potencies of the pilicides, but also to further probe their binding location.
In addition, more general interest in 2-pyridone based ‘amino acid’ scaffolds
was recognized. Their applications as peptidomimetics within other research
areas were known and several synthetic routes to the scaffolds had
previously been published.111-116 Our synthetic pathway to amino-
functionalized 2-pyridones would be an attractive complement to the
procedures that had earlier been reported, and could even be considered
advantageous in terms of substituent variability.

5.1. Structure-based design
Extended PapG mimetics were rationally designed,71 based on the

interactions seen in the crystal structure44 of the 19-mer of PapG together
with PapD. The four C-terminal amino acids of PapG comprise Leu311-
Ser312-Phe313-Pro314 (Fig. 5.1). As previously described, the carboxylate
of Pro314 in the PapG peptide is anchored to Arg8 and Lys112 at the bottom
of the cleft. As the peptide zippers up along the β-strand of PapD, the PapG
sidechains of Phe313 and Leu311 participate in hydrophobic interactions.
These lipophilic interactions were already provided by the substituent in R2.
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Moreover, the backbone amide nitrogen in Phe313 of PapG is a hydrogen
bond donor to the carbonyl oxygen of Lys110 in PapD (Fig. 5.1). This
interaction was sought by substituting the 2-pyridone scaffold with an amine
or an amide in R3. Moreover, the carbonyl oxygen of Leu311 in PapG
hydrogen bonds to the amide nitrogen of Lys110 in PapD (Fig. 5.1). By
using N-acetylated amino acids we intended to mimic this interaction via the
terminal acetyl carbonyl in the coupled amino acid.

A B

R3 provide extended mimetics

PapG C-terminus
Val310-Leu311-Ser312-Phe313-Pro314

N
H

H
NN

H

H
N

OO

O

O

O

MeMe

OHMeMe

N

CO2H

Anchored to Arg8 and 
Lys 112 in PapD

Conserved hydrophobic motif

Lys110Gln108

N

S

O

R1

R2

CO2H
R3

Hydrophobic R2 and
carboxylate important for activity

2-pyridones as PapG  mimetics

I II

Figure 5.1. (A) Crystal structure of chaperone PapD and the 19-mer PapG peptide.44

(B) Bicyclic 2-pyridones (II) were designed to inhibit chaperones as C-terminal
mimetics of the pilus adhesin PapG (I). Hydrogen bonds are illustrated with dashed
lines.

The apparent mimetic would have serine coupled to the amino-substituted
scaffold since Ser312 is the following amino acid in the PapG sequence. The
backbone of the introduced (acetylated) amino acid would supply the two
hydrogen bond participants discussed above. The strategy for producing
extended mimetics was found to be relevant based on computational
experiments. It could be confirmed that the serine-substituted scaffold of 2
(i.e. compound 57, Scheme 5.2) was able to adopt the bound conformation
of the PapG peptide (Fig. 5.2). The computational analysis was performed
using the software MOE117 (for details see paper III).

Ac-Leu311-Ser312-Phe313-Pro314

N
H

H
N

OO

O

OH

N

CO2H

N

S

O CO2Li
N
H

OH
N

O

57
OH

Figure 5.2. The bioactive conformation of the C-terminus of PapG can be adopted
by a serine-substituted derivative of 2-pyridone 2 in class A (i.e. compound 57, see
above and Scheme 5.2).
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It was rationalized that the extended peptidomimetics would comprise
four classes: A-D (Fig. 5.3). Class A would have coupled amino acids that
were N-acetylated and, thus, would provide both of the two hydrogen bond
interactions from the backbone of Phe313 and Leu311. Since the sidechain
of Ser312 is solvent exposed and does not seem to contribute to binding, it
was also considered relevant to evaluate other amino acids in this position.
The choice of amino acids was constrained in order to keep the molecular
weight reasonably drug-like118 and serine, alanine and glycine were included.
Classes B and C comprised sulfon amides and acylated amines, respectively.
These classes would provide the hydrogen bond donor properties of Phe313
seen in the crystal structure. The outlined synthetic strategy can be seen in
Fig. 5.3.
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Figure 5.3. Retrosynthetic analysis of extended peptidomimetics.

All compounds within the three classes A-C would be attainable from the
aminated precursors E. These key intermediates (E) were also considered
highly interesting as pilicides, having amine-functionalities with the
possibility to act as hydrogen bond donors. In order to investigate the
importance of the amide bond in more detail, a fourth set of compounds was
included (class D) in which the order of the amide bond was reversed in
comparison to class C.

5.2. Synthesis
The amino-functionalized 2-pyridone scaffolds (E) could be obtained via

nitration and subsequent reduction. New conditions for the nitration were
developed using NaNO2 in CH2Cl2/TFA under an oxygen atmosphere (see
paper III for details). The procedure was mild, selective and afforded the
nitrated compounds 42 and 43 in 84-89% yields without loss in enantiomeric
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excess† (Scheme 5.1). The following reduction was facile and proceeded
smoothly with zinc in acetic acid119 to yield the key intermediate amines 44
and 45 (81-90%). These amines then served as precursors in the following
backbone elongations. The nitro- and amino-substituted methylesters (42-45)
were also hydrolyzed to their corresponding lithium carboxylates (46-49)
and evaluated as pilicides. The hydrolysis was performed with aqueous
LiOH in MeOH/THF.
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O

R1

CO2Me
N

S

O

R1

CO2R
O2N N
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O

R1

CO2R
H2N

5: R1 = phenyl 
8: R1 = cyclopropyl

42: R1 = phenyl (89 %)
43: R1 = cyclopropyl (84 %)

44: R1 = phenyl (81 %)
45: R1 = cyclopropyl (90 %)

48: R1 = phenyl (quant.)
49: R1 = cyclopropyl (quant.)

46: R1 = phenyl (quant.) 
47: R1 = cyclopropyl (quant.)

a b

R = CH3

R = Li

c
R = CH3

R = Li

c

Classes E and F

Scheme 5.1. (a) NaNO2, O2(g), 4 % (v/v) TFA, CH2Cl2, rt. (b) For 42 and 43: Zn
dust, AcOH, rt. (c) 0.1 M aq. LiOH, THF:MeOH, rt.

Class A compounds were synthesized from the amino-substituted
intermediates 44 and 45, which were coupled to the N-acetylated amino
acids serine, glycine, and alanine using traditional coupling with DIC and
HOAt in CH2Cl2 (Scheme 5.2). The highly substituted products 50-55 were
obtained in high yields (79-95%) but it was clear that an increased steric
bulk of the amino acids required prolonged reaction times. This was
expected considering the steric demands of the substituents already present
on the 2-pyridone ring. The t-butyl protection groups on the serines in 50
and 51 were cleaved with TFA and all methyl esters were then hydrolyzed as
previously described to yield the tripeptidomimetics 56-61 in class A
(Scheme 5.2).
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44: R1 = phenyl
45: R1 = cyclopropyl

50: R1 = phenyl, R = CH2O-tBu (79 %)
51: R1 = cyclopropyl, R = CH2O-tBu (85 %)
52: R1 = phenyl, R = H (95 %)
53: R1 = cyclopropyl, R = H (91 %)
54: R1 = phenyl, R = CH3 (88 %)
55: R1 = cyclopropyl, R = CH3 (90 %)

56: R1 = phenyl, R = CH2OH (72% two steps)
57: R1 = cyclopropyl, R = CH2OH (66% two steps)
58: R1 = phenyl, R = H (quant.)
59: R1 = cyclopropyl, R = H (quant.)
60: R1 = phenyl, R = CH3 (quant.)
61: R1 = cyclopropyl, R = CH3 (quant.)

Class A

Scheme 5.2. (a) DIC, HOAt, CH2Cl2, rt. (b) For 50-51: TFA:CH2Cl2, rt, and
purification, then 0.1 M aq. LiOH, THF:MeOH, rt. For 52-55: 0.1 M aq. LiOH,
THF:MeOH, rt.

                                
† Preserved enantiomeric purities over the nitration and reduction steps were determined by
analysis of 8 , 4 3  and 7 5  using chiral HPLC on a (S ,S )-Whelk-O1 column and
CH2Cl2:hexane:iPrOH (12:12:1) as a mobile phase.
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The compounds in class C could be produced by direct acylations of the
aminated scaffolds 44 and 45 with anhydride or acid chloride yielding 62-67
(Scheme 5.3). Both formyl acetic anhydride and acetic anhydride could be
used in excess while, surprisingly, the isopropyl derivatives 66 and 67
required restrictive use of the acylating reagent (isobutyryl anhydride or
chloride) to avoid the formation of diacylated products. The mono acylations
to 66 and 67 were accomplished using near equimolar amounts of isobutyryl
chloride.
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62: R1 = phenyl, R = H (88 %)
63: R1 = cyclopropyl, R = H (93 %)
64: R1 = phenyl, R = CH3 (81 %)
65: R1 = cyclopropyl, R = CH3 (92 %)
66: R1 = phenyl, R = iPr (81 %)
67: R1 = cyclopropyl, R = iPr (68 %)

44: R1 = phenyl
45: R1 = cyclopropyl
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72: R1 = phenyl, R = H (quant. )
73: R1 = cyclopropyl, R = H (quant. )
74: R1 = phenyl, R = CH3 (quant. )
75: R1 = cyclopropyl, R = CH3 (quant. )
76: R1 = phenyl, R = iPr (quant. )
77: R1 = cyclopropyl, R = iPr  (quant. )

68: R1 = phenyl, R2 = H, R = CH3 (84 %)
69: R1 = cyclopropyl, R2 = H, R = CH3 (88 %)
70*: R1 = phenyl, R2 = CHO, R = iPr (41 %)
71: R1 = cyclopropyl, R2 = CHO, R = iPr (36 %)

78: R1 = phenyl, R = CH3 (quant. )
79: R1 = cyclopropyl, R = CH3 (quant. )
80: R1 = phenyl, R = iPr (quant. )
81: R1 = cyclopropyl, R = iPr (91 %)

Class C

Class B

Scheme 5.3. (a) Formyl acetic anhydride (62-63) or acetic anhydride (64-65) or
isobutyryl chloride (66-67), pyridine:CH2Cl2, rt. (b) MeSO2Cl, pyridine, rt. (c)
tBuOK (*gave 70 as racemate) or K+iPrN-COOMe (gave 71), iPrSO2Cl, THF,
- 42 °C → rt. (d) For 72-77: 0.1 M aq. LiOH, MeOH:THF, rt. For 78-81: 0.1 M
aq. LiOH, MeOH:THF, rt. then Amberlite IR120+.

The methyl sulfonamides 68-69 in class B were synthesized from 44 and
45 with excess methane sulfonyl chloride in pyridine (Scheme 5.3). When
applying these reaction conditions for the isopropyl derivatives no
conversion of starting material was observed. Prolonging the reaction times
and/or increasing the amounts of reagents were unfruitful, as was both
microwave heating and activation with e.g. 4-dimethylamino pyridine
(DMAP).120 Puzzled by the results we looked for an explanation in steric
hindrance. However, replacing the bulky naphthyl substituent in 44 by a
methyl group did not improve the reactivity. The strategy to obtain the
isopropyl derivatives was changed and instead the formamides 62 and 63
were deprotonated and reacted with isopropyl sulfonyl chloride (Scheme 5.3,
route c). After simultaneous cleavage of the activating formyl group and the
methyl ester the isopropyl sulfonamides 80  and 81  were obtained in
sufficient yields to allow biological testing (33-41% over two steps).
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Finally, class D compounds were synthesized via a three-step procedure
with formylation, oxidation and amide formation, starting from 5 and 8
(Scheme 5.4), i.e. the methyl esters corresponding to pilicides 1 and 2 (Fig.
1.10).
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92: R1 = phenyl, R = iPr (quant. )
93: R1 = cyclopropyl, R = iPr (quant. )

Class D

Scheme 5.4. (a) Cl-Me2N
+=CHCl, MeCN, reflux (b) NaClO2, NaH2PO4,

DMSO:H2O, rt. (c) MeNH2 or iPrNH2, DCC, HOAt, CH2Cl2, rt. (d) 0.1 M aq. LiOH,
THF:MeOH, rt.

This synthetic route was a second choice alternative after unfruitful
attempts to perform one-pot, microwave-assisted aminocarbonylations on
the halogenated scaffolds. (The halogenations were previously described in
section 3.1. and 3.2.1.) Trace amounts of product were observed under the
applied conditions for aminocarbonylation, employing Mo(CO)6 as carbon
monoxide source together with a Pd-catalyst (Pd(OAc)2 or Pd/C), base
(K2CO3 or DBU) and amine,121,122 while more of the dehalogenated product
was found. As already mentioned, palladium-catalyzed reactions had been
cumbersome before with these sulfur-containing 2-pyridones, so we
abandoned this strategy and used an alternative pathway, which had
previously been successfully applied at our laboratories by Pemberton et
al.110 (Scheme 5.4). Vilsmeyer formylation of the 2-pyridone yielded the
aldehydes 82 and 83, which were oxidized to the corresponding carboxylic
acids 84 and 85. The oxidation was performed with aqueous NaClO2 and
NaH2PO4 in the presence of DMSO to avoid undesired oxidation of the
sulfide.123 The carboxylic acids were coupled to methyl- and isopropyl-
amine to afford the aminocarbonylated derivatives 86-89 in high overall
yields of 68-84% over three steps. The methylesters were subsequently
hydrolyzed to 90-93.
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5.3. Biological evaluation
Affinity ranking for PapD was performed for the cyclopropyl-series using

relaxation-edited 1H-NMR spectroscopy (Table 5.1, 2 and odd numbers).
The R1-cyclopropyl derivatives were selected for the affinity measurements
since the previous NMR spectroscopy studies with 15N-labeled FimC
indicated the cyclopropyl substituted lead 2 to be a cleft binder.88 There was
also a limited supply of the PapD protein, making it impossible to evaluate
all the compounds.

The relative affinities of the pilicides are given as percentages compared
to the best binder, which was the aminoformyl-substituted derivative 73
(100% relative affinity, Table 5.1). It was found that the compounds with
amino acid substituents in class A (57, 59  and 61) were poor chaperone
binders. Given that the pilicides shared the binding mode of the subunits,
their affinity was expected to be retained or increased, at least for the serine-
substituted derivative. Consequently, the low acceptance for amino acid
substituents in R3 pointed to the binding site near the F1-G1 loop rather than
to the cleft binding location.

For all other derivatives the affinity for PapD was retained or even
improved compared to the parent lead compound 2. The nitro-, amine-,
amide-, and sulfonamide substituents were well tolerated and a hydrogen
bond donor directly attached to position 6 in the scaffold appeared to be
beneficial. For example, the nitro-derivative 47 and the unsubstituted lead 2
displayed comparable binding affinity to PapD while binding was increased
for the amino-substituted compound 49. Moreover, the affinity decreased
with larger substituents in R3. The lowest affinities were observed for amino
acid-coupled derivatives, which had the largest substituents in R3. This
appeared to conflict with the binding mode of the subunits, since the cleft is
a fairly wide and unrestricted binding site. The amide substituted compounds
7 5  and 77 in class C displayed retained and increased PapD affinity,
respectively. In addition, a comparison of the two classes C (compounds 75
and 77) and D (compounds 91 and 93) revealed that an amide bond with the
arrangement of a peptide sequence, as in class C, was favored.
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Table 5.1. Relative affinities for chaperone PapD determined using relaxation-edited
1H NMR spectroscopy at a 1:1 ratio of pilicide:chaperone (Relative PapD affinity).
The ability to prevent P pilus assembly in E. coli HB101/pPAP5, cultured with 3.5
mM pilicide in agar, was evaluated by hemagglutination assays (HA-titer).

Compound Class HA-
titera

Relative PapD
affinity (%)b

Compound Class HA-
titera

Relative PapD
affinity (%)b

1 - 1 - d 74 C 64 - d

2 - 1 46 75 C 32-64 41

46 F 64-128 - d 76 C 32-64 - d

47 F 32-64 53 77 C 32-128c 60

48 E 64-128 - d 78 B 64 - d

49 E 8-16 86 79 B 64 69

56 A 64-128 - d 80 B 64-128 - d

57 A 32-64 0 81 B 64-128 -

58 A 64 - d 90 D 64-128 - d

59 A 64 27 91 D 64-128 28

60 A 64-128 - d 92 D 64 - d

61 A 64-128c 0 93 D 64-128 41

72 C 64 - d None 64-128

73 C 16-64 100 Nonee 1
a Representative range of HA-titer for duplicate runs (see section 1.3.2 for details). b Relative affinity
compared to 73; 6% RSD from triplicate runs. c Limited solubility: 61 tested at 1.8 mM and 77 tested at
1.2 mM. d Only the cyclopropyl-series was evaluated for PapD affinity. e Non-pili producing
HB101/pBR322 included as a negative control.

Before the evaluations the R3 substituents were anticipated to bring about
additive interaction terms and give rise to enhanced binding. However, the
introduction of large substituents into the already highly substituted, rigid
scaffold appeared to result in barriers of rotational freedom.† Such
conformational constraints complicate interpretation of the binding results
since a favorable spatial arrangement of the substituents may be hampered.
Successful binding is prohibited if a bioactive conformation cannot be
adopted due to steric hindrance. This is not the only case in which mixtures
of locked conformations, atropisomers, occur for these 2-pyridones. The
phenomenon has also been observed for other derivatives with sterically
demanding substituents and atropisomers have been isolated and structurally
determined using X-ray crystallography.124

                                
† Rotameric mixtures have also been observed for compounds that are unsubstituted in R3 but
have large substituents in R1 and R2. This give rise to increased line-widths and/or split peaks
in NMR spectra.
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It should be mentioned that the compounds 56, 57 , 60  and 61 were
evaluated as diasteromeric mixtures† since they could not be easily separated
using preparative HPLC. On the other hand, according to the binding mode
of the PapG-peptide, epimerization of the coupled amino acid into the (R)-
configuration does not appear to give rise to any steric clashes in the cleft of
PapD. In addition, there was no cause for concern in this respect since
binding data unmistakably demonstrated a complete loss in affinity for these
derivatives.

Although binding was enhanced for many of the compounds they
exhibited poor activities in vivo. They were evaluated using
hemagglutination for their ability to prevent P pilus assembly in E. coli and
were found to be unable to compete with the parent lead compounds 1 and 2
in potency (Table 5.1, HA-titer). Some activity was seen among the
derivatives of 2 (R1 = cyclopropyl) e.g., for the nitro and amine analogues 47
and 49, but lower tolerance for R3 substituents was observed within the
series of R1-phenyl derivatives. In a separate study, amino acid-coupled
tripeptidomimetics with a free N-terminus were synthesized and evaluated
(unpublished data). Just as for the N-acetylated tripeptidomimetics discussed
here, a loss in activity was observed for the zwitter-ionic tripeptidomimetics.
This set of compounds comprised for example R1-cyclopropyl derivatives
with the amino acids serine, tyrosine, norleucin and glutamic acid in R3.

A complementary experiment was later performed with the best PapD
binder i.e. the aminoformyl-substituted derivative 73. The chaperone-
binding site of this compound was sought by chemical shift mapping using
15N-labeled FimC, revealing that completely different amino acids were
affected by 73 than by the parent compound 2 (unpublished data). This
might explain why 73 was unable to prevent pilus biogenesis in vivo.

5.4. Summary
A synthetic platform to produce highly substituted 2-pyridone building

blocks for peptidomimetic-related research has been developed. The
synthesis relies on mild, selective nitration and subsequent reduction to
afford an amino-substituted 2-pyridone framework. This scaffold then served
as a key intermediate for further derivatizations.

Based on this synthetic approach a set of rationally designed 2-pyridone
peptidomimetics with an extended backbone was synthesized and tested as
chaperone inhibitors in E. coli. Direct binding studies revealed that several
of the new peptidomimetics displayed enhanced affinities for the chaperone

                                
† The enantiomeric purity of the starting material (5 and 8) was ∼ 90% ee. Complex spectra of
the amino acid-substituted compounds indicated possible rotameric mixtures in addition to the
occurrence of diastereomeres (resulting from epimerization of the coupled of amino acid).
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PapD. More specifically, favorable binding properties were provided by a
small amine or amide in R3. Moreover, the potential hydrogen bond donating
amine/amide nitrogen should be located in a position corresponding to the
amide nitrogen in the template peptide PapG. However, the derivatives that
best resembled the template peptide were poor chaperone binders. This
inconsistency indicates that the binding sites/modes of the 2-pyridones and
the template PapG peptide differ. The binding site could not be
unambiguously determined, but in contrast to previous studies (paper II) the
obtained results indicate that the 2-pyridones bind near the F1-G1 loop.

While the affinities were in the range for pilicide activity the effects in
vivo were found to be weak. The parent lead compounds 1 and 2 were
superior to the extended peptidomimetics in their ability to block pilus
assembly in E. coli. Although the backbone-extended peptidomimetics did
not have improved function as pilicides, the study provided valuable insights
into SARs regarding chaperone binding and ability to inhibit pilus
biogenesis.
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6. Probing the mechanism of action

The biological effects of the pilicides were fascinating and clear. They
blocked both type 1 and P pilus assembly without affecting bacterial growth,
suggesting that their mode of action was specific and that they primarily
affected the onset of pilus assembly rather than the subsequent pilus
elongation/polymerization process. This was consistent with the anticipated
mechanism of action of the pilicides as inhibitors of a conserved domain on
the chaperone. Nevertheless, their function at a molecular level remained to
be elucidated. At this point, some of the early results supported the cleft
binding site, while more recent studies indicated that they were more likely
to bind in a region near the F1-G1 loop. The results supporting binding to the
interdomain cleft were, first, data indicating the importance of the
carboxylate functionality (paper II) and the hydrophobic R2 group71,82 in the
2-pyridones, equivalent to the interactions seen for PapG peptides.44,78

Second, the 2-pyridones also appeared to benefit from an (R)-configuration,
locating the carboxylate in a position that matches the Pro314 C-terminal in
PapG (paper II). Third, R3-substituents with hydrogen bond-donating
features of a peptide backbone gave retained or improved chaperone affinity
(classes B, C vs class D, paper III). Importantly, the pilicide 21 (structure in
Fig. 6.1) had also been demonstrated to competitively prevent the 7-mer of
PapG from binding to FimC.88 Finally, this compound (and other pilicides)
induced chemical shift changes in the interdomain cleft of the FimC
chaperone according to chemical shift mapping with NMR spectroscopy
experiments on 15N-labeled FimC.88

On the other hand, the studies with 15N-labeled FimC did not reveal a
single, well-defined binding site. Instead the observed chemical shift
changes suggested two possible binding sites for the pilicides i.e., in the cleft
and in the F1-G1 loop region. Furthermore, the most PapG-like 2-pyridone
derivative within the series of extended peptidomimetics (having serine
coupled in R3) displayed scarce affinity for PapD (paper III). The low
tolerance for large substituents in R3 also conflicted with the cleft binding
site hypothesis. Thus, the properties of a peptide sequence that appeared to
be favored could be speculated to be of a more general nature rather than due
to beneficial mimicking of explicit features of PapG.

The ambiguous results prompted more detailed studies not only of the
binding of the pilicides but also of their effects on bacteria at a molecular
level (paper IV). The results presented in this chapter have been obtained in
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collaborations with microbiologists (Hultgren, Molecular Microbiology,
Washington University School of Medicine, St. Louis) and crystallographers
(Waksman, Structural Molecular Biology, UCL/Birkbeck).

6.1. Elucidating the binding site
The binding of the PapG peptide to PapD is dependent on Arg8 and

Lys112.44 This would also be true for the pilicides if they shared the binding
mode of PapG. Hence, we sought to discriminate between the two possible
binding sites by studying binding to a chaperone where the cleft was already
occupied by a subunit protein. This would leave the site near the F1-G1 loop
as the only alternative.

Chaperone-subunit complexes are known to be very stable and affinity
measurements were first performed on the PapD-PapK complex. Three
pilicides (1, 2 and 21, see Fig. 6.1) were evaluated for their affinities to
PapD-PapK using relaxation-edited 1H-NMR spectroscopy (unpublished
data).
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Figure 6.1. Structures of compounds 1, 2 and 21, which all exhibit pilicide activity.

As previously described, both 2 and 21 had been shown to affect the
essential cleft residues Arg8 and Lys112 upon binding.88 Interestingly, all
three compounds displayed retained affinities for the PapD-PapK complex
(Table 6.1). This was the first experiment that clearly demonstrated that
binding occurred even when the cleft region was not accessible.

Table 6.1. Relaxation-edited 1H-NMR spectroscopy studies of pilicide binding
studies to PapD, PapD-PapK and mutants of PapD.

Compound Reduced intensity

with PapD (%)a

Reduced intensity

with PapD-PapKb (%)

Reduced intensity

with PapD-

R8A,K112Ac (%)

Reduced intensity

with PapD-

R58A,R96Ad (%)

1 98 100 100 83

2 75 65 71 38

21 29 36 36 12

PapG 7-mer 81 - e 0 72
a Pilicide:PapD 95:95 µM. 6% RSD from triplicate runs. b Pilicide:PapD-PapK 50:50 µM.
c Pilicide:PapD-R8A,K112A, 95:95 µM. d Pilicide:PapD-R58A,R96A, 95:95 µM. e Not evaluated.
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The result was further verified by comparing the binding of the pilicides to
that of wild-type PapD and the PapD mutant (PapD-R8A,K112A), where the
Arg8 and Lys112 had been replaced by alanine residues (unpublished data).
The 7-mer of PapG was included as a control and its affinity for PapD-
R8A,K112A was completely abolished (Table 6.1). The three pilicides on
the other hand bound with comparable strength to PapD-R8A,K112A as to
wild-type PapD, implying that their binding does not involve Arg8 and
Lys112.

There is a clear discrepancy between these data and the data obtained in
the studies using 15N-labeled FimC where cleft binding was indicated, at
least for compound 2. However, as Hedenström et al. reasoned, the chemical
shift changes seen for Arg8 and Lys112 with 15N-labeled FimC could be a
result of FimC dimerization rather than direct pilicide binding.88

Efforts to co-crystallize the first identified pilicides 1 and 2 (Fig. 6.1)
together with chaperone had so far been unfruitful. The poor solubility of
these compounds in aqueous solvents complicated the experimental
conditions for crystallization. However, the solubility problems had been
addressed and pilicide activity maintained via the introduction of
aminomethylene substituents (as described in section 3.2.1.) Rewardingly, in
collaborations with the Waksman group at UCL in London, a co-crystal of
21 (Fig. 6.1) and PapD was generated (paper IV) showing 21 to be situated
at the back of the F1-G1 loop of the chaperone (Fig. 6.2A).

Figure 6.2. (A) Analysis of a co-crystal of PapD-21 demonstrates that pilicide 21
binds near the F1-G1 loop of PapD. (B) The binding mode of 21 masks part of the
interaction surface between the usher N-terminal and the chaperone in chaperone-
subunit-usher complexes (see paper IV for crystallographic overlay). Pilicide 21
(shown in ball-and-stick) forms hydrogen bond and electrostatic interactions with
the Arg96, the Pro95-Arg96 backbone amide and Arg58. Further interactions occur
with the conserved hydrophobic patch composed of the residues Ile93, Leu32 and
Val56.
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This region overlapped with the residues displaying the chemical shift
changes seen with 15N-labeled FimC. Although this was not the targeted
binding site it was still relevant since it is part of the interactive surface
between the N-terminal domain of the usher and the chaperone52 (see also
section 1.1.2). Hence, binding at this location could disrupt pilus biogenesis
by prohibiting the formation of the ternary chaperone-subunit-usher
complex, the first step in the subunit delivery event at the outer membrane.
The pilicide-chaperone interaction surface is part of a hydrophobic section
running across the back of the F1-C1-D1-β-sheet, and is highly conserved
throughout the family of periplasmic chaperones.50 The identified binding
site could now be studied in more detail. The 2-pyridone carboxylate of 21
forms electrostatic interactions with the Arg96 guanidinium group and
hydrogen bonds to the Arg96-Pro95 backbone amide (Fig. 6.2B).
Furthermore, the 2-pyridone carbonyl is a hydrogen bond acceptor to the
guanidinium group of Arg58 and the cyclopropyl, -CH2-1-naphthyl, and
morpholine substituents are aligned to interact with a hydrophobic surface
formed by Ile93, Leu32 and Val56 on PapD. These residues are part of the
abovementioned preserved hydrophobic patch. The binding mode of 21 to
PapD was not in conflict with previous SARs showing the importance of a
carboxylate functionality (paper II) and a hydrophobic R2-substituent.71 The
relevance of the identified binding site was supported by studies of direct
binding to an Arg58- and Arg96-deficient mutant of PapD i.e. PapD-
R58A,R96A (Table 6.1). Affinity decreased for all pilicides after alanine
replacement of Arg58 and Arg96, which interact with 21 in the crystal
structure.

6.2. Inhibition of chaperone-usher interaction
The new binding site suggested that the pilicides interfered with binding

of the usher (PapC or FimD) N-terminal to the chaperone (PapD or FimC) in
the chaperone-subunit complex. In a collaborative initiative the proposed
mechanism was investigated by the Waksman group using SPR. The
findings showed that the pilicide 21 indeed inhibited the association of
FimC-FimH to FimDN-His (see paper IV for details) in a dose-dependent
manner (Fig. 6.3A-B). It was also confirmed that the negative control 16 did
not interfere with the complex association (Fig. 6.3A). (For structures of 21
and 16 see Fig. 7.1D.) Based on these results, the pilicides are proposed to
interfere with the initial chaperone-usher interactions that are essential58 for
pilus biogenesis.
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Figure 6.3. Inhibition of FimDN-His/FimC-FimH interaction by compound 21. (A)
FimC-FimH binding (*) is abolished by the presence of 3 mM 21 (***) – no signal
is apparent beyond that produced by 21 alone (dashed line). The presence of 3 mM
16 does not affect binding (**). (B) Measurement of the IC50 of compound 21.
FimDN-His/FimC-FimH binding is reduced by the presence of increasing
concentrations of 21, with IC50 1.1 mM.

The binding mode of 21 together with its inhibitory activity on the
formation of chaperone-subunit-usher (FimC-FimH-FimDN-His) complex
implied that the amino acids positioned in the conserved contact area play a
vital role. To investigate this hypothesis, the Hultgren group performed an
alanine replacement of the PapD residue Arg58 (PapD-R58A), which is
implicated in the interactions with 21 (Fig. 6.2). The PapD-R58A mutant
was verified to be stable and, furthermore, to have retained ability to fold
and stabilize the subunit PapK. These experiments demonstrated that PapD-
R58A has intact chaperone capacity in terms of subunit transport but,
nevertheless, the Arg58 mutant of PapD proved dysfunctional during pilus
assembly in vivo, as shown by a reduced HA-titer (for data see paper IV).
This was consistent with the SPR-results for 21 and the observed effect with
PapD-R58A was ascribed to prevented attachment of the chaperone-subunit
complex to the usher PapC N-terminus. Hence, the discovery of the binding
site of the pilicide made it possible to establish the essentiality of Arg58 in
the process of P pilus assembly.

6.3. Summary
The anticipated mechanism of action with pilicides as cleft-binders of the

chaperone, giving rise to inhibition of the chaperone-usher pathway at an
early stage had to be reconsidered. Analysis of a pilicide-chaperone co-
crystal (21-PapD) demonstrated that the pilicide 21 was not situated in the
cleft but located in a region near the F1-G1-loop. The binding site coincided
with part of the usher N-terminal interaction surface to the chaperone and
was identical with the site that had previously been indicated by NMR-
studies using 15N-labeled FimC. Furthermore, the pilicides were shown to
inhibit the formation of the ternary chaperone-subunit-usher complex, which
is vital for the delivery and incorporation of the subunits to form a pilus rod.
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On this basis, the mechanism of action of the pilicides is proposed to be
inhibition of a late step in the chaperone-usher pathway. In addition, the
discovered location of the pilicides’ binding site provided a foundation for
genetic studies that revealed that the PapD residue Arg58 is vital for pilus
biogenesis.
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7. Pilicides as regulators of pilus assembly

The potential utility of pilicides as chemical tools to disrupt pilus
assembly has been investigated in assays of hemagglutination, biofilm
formation and bacterial attachment to bladder cells using two clinical
isolates of UPEC (paper IV). Moreover, the features of the pilus fibers
formed during partial inhibition of pilus assembly were explored (paper V).
The biophysical properties of the pilus fibers expressed during treatments
with pilicide at sub-inhibitory concentrations were studied using force
measurements by optical tweezers. The intention was to investigate if
pilicide-treated bacteria displayed intact pilus functions, to ascertain the
potential use of pilicides as chemical tools to regulate pilus biogenesis. The
relevance of this project was based on previous reports acknowledging the
importance of the structure and biodynamic properties of the pilus rod (see
section 1.1.1). The research presented here is the outcome of fruitful,
interdisciplinary collaborations between organic chemists, microbiologists
(Hultgren, Washington University School of Medicine, St. Louis and Uhlin,
Molecular Biology, Umeå University) and physicists (Fällman and Axner,
Physics, Umeå University).

7.1. Inhibition of HA, biofilm formation and adherence
The aminomethylated pilicides 18, 19 and 21 (Fig. 7.1D) were selected

(due to their suitable aqueous solubilities) for more extensive studies at the
Hultgren laboratories regarding their biological effects (paper IV). 16 was
included as a negative control and the compound selection was based on an
initial HA screening, at the Almqvist laboratory, in which 18, 19 and 21
prevented P pili assembly in E. coli (section 3.2.1, Table 3.2,
HB101/pPAP5).



58

Consistent activities were now further demonstrated for two clinical
isolates of UPEC (NU14 and UTI89), which express type 1 pili (Fig. 7.1A).
Biofilm formation was also shown to be inhibited by up to 90% and a dose-
dependent response was found with compound 21 (Fig. 7.1C). It was further
verified that the abundance of pili was strongly reduced, nearly eliminated,
as determined by pilus counts using electron microscopy (EM) (Fig. 7.1B).
Moreover, the adherence of pilicide-treated bacteria to cultured bladder cells
was reduced by approximately 90% (Fig. 7.1A).

D

Figure 7.1. (A) Reduced HA-titers, biofilm formation and adherence shown for
NU14 treated with compounds 18, 19 and 21.The negative control 16 had no effect.
(B) Treatment of UTI89 with 3.5 mM pilicide 21 results in a shift in the degree of
piliation from heavily piliated to completely depiliated, as determined by EM.
Again, 16 had no effect. (C) Compound 21, by its ability to disrupt pilus biogenesis,
inhibits biofilm formation of UTI89 in a dose-dependent manner. (D) Structures of
the active compounds 18, 19 and 21 and the negative control 16. Where designated,
* indicates a significant (p<0.05) difference relative to the included controls.
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7.2. Structure and dynamics of the pilus fiber
The structural and physical properties of normal P pili were compared to

P pili expressed during pilicide treatment, resulting in partial inhibition of
pilus assembly, using optical tweezers force measurements on piliated living
bacteria (paper V). The degree of piliation was verified with
hemagglutination (HA) and atomic force microscopy (AFM) measurements.

P pili-expressing E. coli HB101/pPAP5 were grown in the presence of
two pilicides (1 and 2, Fig. 6.1) at three different concentrations (3.5, 2.5 and
1.4 mM in agar). The expression of pili was assessed using in the previously
described HA-assay (Table 7.1).

Table 7.1. HA results with E.coli HB101/pPAP5 cultured in the presence of
pilicides 1 and 2.

Strain Pilicide Concentration (mM) HA (slide test)a HA-titerb

HB101/pBR322 None - - 2 (1-4)

HB101/pPAP5 None - +++ 64 (32-64)

HB101/pPAP5 2 3.5 - 4 (4-8)

HB101/pPAP5 2 2.5 (+) 16 (8-16)

HB101/pPAP5 2 1.4 ++ 16 (8-16)

HB101/pPAP5 1 3.5 - 8

HB101/pPAP5 1 2.5 - 8

HB101/pPAP5 1 1.4 ++ 16 (16-32)
a Agglutination was in the range of strong (+++) to undetectable (-). b Representative HA-titer
from two runs with duplicate HA-dilution series. The ranges of the four HA-titers are given in
parentheses.

Since the HA-titer reflects the average expression of pili in a bacterial
population, we used AFM to confirm that effects were discernible in single
cells (Fig. 7.2). As anticipated, each individual bacterium had fewer pili
attached to their surface when grown in the presence of pilicide.

Figure 7.2. AFM images of P piliated E. coli HB101/pPAP5 untreated and treated
with 1.4, 2.5 and 3.5 mM of pilicide 2. Scale according to white bar, which is 2.5
µm.
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In addition, a dose-dependent level of piliation was observed, and the highest
pilicide concentration resulted in almost completely depiliated bacteria (Fig.
7.2).

We also assessed, by Western immunoblot analyses, the effects of pilicide
treatment on the amounts of major subunit proteins in P pili. As shown in
Fig. 7.3A, the amount of PapA protein was gradually decreased in response
to increasing pilicide concentrations while the pilicide treatment did not
seem to affect the level of the usher protein PapC. For comparison, it is also
shown that PapA could not be detected in E. coli strains that are unable to
produce pili, lacking either the usher PapC125 or the chaperone PapD46 (Fig.
7.3B, lanes 2 and 3). Deficiency in PapH (lane 1) on the other hand, which is
believed to act as an assembly terminating subunit,126 did not alter the PapA
level. These results support the suggestion that pilicides affect pilus
assembly in such a way that it can be partially inhibited.

Figure 7.3. Western blot analysis: (A) The major subunit component, PapA,
decreases with increased concentrations of pilicide 2, while the usher PapC is not
affected. (B) For comparison, PapA is not present at all in strains lacking the usher
PapC or the chaperone PapD, The PapA amounts are normal when the anchoring
subunit (PapH) is not expressed.

Force measurements using optical tweezers allow determination of
relevant structure and biodynamic properties of individual pilus rods (see
section 1.1.1). The force measurements were performed according to a high
precision procedure that has previously been developed by our collaborative
group at the department of physics (Fällman and Axner, Umeå University).37

This procedure is illustrated in Fig. 7.4 and a detailed description can be
found in paper V.

Briefly, a free-floating bacterium is first trapped by the optical tweezers
and firmly mounted on a large bead that is immobilized on a cover slip. A
small bead is subsequently trapped by the optical tweezers and brought to a
position close to the bacterium (Fig. 7.4). Multiple pili now adhere non-
covalently and non-specifically to the small bead. To allow force
measurements on an individual pilus rod, the cover slip is slowly retracted in
order to separate the bacterium from the small bead until only one single
pilus is attached.37 As the separation continues, the single pilus fiber starts to
extend until the PapA rod eventually becomes completely unfolded and
overstretched. During elongation, the force response is measured as the
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displacement of the trapped small bead. When the movement is reversed, the
structural flexibility is shown since the pilus refolds and the helical
arrangement of the PapA subunits is recovered.

Figure 7.4. Measurement procedure adopted from Jass et al.37 (A) A bacterium is
mounted onto the 9 µm activated bead attached to the coverslip. The trapped bead
serves both as a surface onto which the bacterial pili bind and as a force indicator in
the optical tweezers system. (B) The trapped bead is moved close to the bacterium,
forming a strong bond between the bacterial pili and the bead. (C) A force is exerted
on the pilus by moving the coverslip with the large bead. The displacement of the
trapped bead is thus a measure of the exerted force.

The force response of a pilus under elongation reflects its physical
structure, and as shown in Fig. 7.5, the measurements on pili expressed by
bacteria grown under the influence of pilicides (panel B and C) show
comparable force curves to pili expressed by bacteria grown under normal
conditions (panel A). (For more detailed discussion see paper V.)

Figure 7.5. Force measurements on individual P pili structures. The elongation (→)
and refolding (←) of each P pilus is illustrated with three regions (I-III) that are
separated by dashed lines. (A) A typical force response from a P piliated bacterium
under normal growth conditions. Initial multiple pili attachment is denoted *. (B) A
typical force response of a bacterium cultured in the presence of 2.5 mM 2. (C)
Representative force response from a bacterium cultured in the presence of 1.4 mM
1.
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Region I of the force curve, i.e. a linear increase of the force from 0-27
pN, which can be seen in panels B and C, originates from elastic stretching
of the helical structure of the rod. Region II, the plateau at 27 pN, is due to
sequential unfolding of the layer-to-layer bonds (and thus of the helical
structure) of the PapA rod. Region III, with its characteristic s-shape, is due
to elastic stretching of the linearized PapA sequence.35,37 Refolding of the
PapA rod follows the force curve of unfolding, except for a small dip
between regions II and III and some occasional dips due to misfoldings that
are normally found during refolding. The range of pilus lengths seen in Fig.
7.5 is within the range of natural variations,37 i.e. the pilicides seem to
change neither the length of the pilus, nor its biomechanical function.As a
bonus, the use of pilicides considerably facilitated the force measurements.
More frequent measurements on single pilus rods, instead of multiple pili
attachments, were obtained for pilicide-treated bacteria compared to
bacteria grown under normal conditions. Consequently, this study has
launched pilicides as functional tools to facilitate force measurements on
bacterial surface organelles. The results also strongly supported the
hypothesis that the pilicides rendered bacteria with fewer pili per individual
bacterium, which was also shown with AFM.

Altogether, the force measurements clearly demonstrate that although the
total frequency of pili is reduced by the pilicides, the pili that are assembled
display intact anchoring, structure and biomechanical properties. Thus,
pilicides, by their ability to modulate pili production, could complement
genetic analyes that have limitations in terms of fine-tuning.

7.3. Summary
The scope of the pilicides as regulators of the chaperone-usher pathway in

E. coli has been demonstrated. The effects of the pilicides were verified in
two clinical isolates of UPEC in studies of hemagglutination, biofilm
formation and adherence. A near complete knock-out of pilus assembly
could be accomplished and a dose-dependent response was shown.
Furthermore, EM and AFM were used to quantitate the suppressed amounts
of pili and to confirm that the effect was general for single cells within a
bacterial population. In agreement with the mechanism of action proposed in
chapter 6, the results indicate that pilicides primarily affect the onset of pilus
assembly rather than the pilus elongation/polymerization process, after it has
initiated. In addition, force measurements by optical tweezers verified that
the suppressed amounts of pili still displayed comparable force curves to pili
of untreated bacteria. Thus, the regulation of pilus biogenesis with pilicides
did not affect the pilus properties in terms of function, structure and
dynamics. The presented results support future applications of pilicides as
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chemical tools to study important biological processes including the
formation of pili and their virulence-associated function.
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8. Investigating carboxylic acid isosteres

Further attempts to improve the potency of the pilicides focused on the
carboxylic acid, which had been shown to be important for binding affinity
(using a series of carboxylic acid analogues in paper II) and implicated in the
interactions observed at the PapD binding site (paper IV). Most importantly,
the ability to disrupt pilus biogenesis in vivo had so far been strictly reserved
to the carboxylate functionalized derivatives. Since the carboxylate-deficient
compounds precipitated under the HA-assay conditions, the superior in vivo
activity displayed by carboxylic acids might be explained by their
advantageous aqueous solubility (resulting in a higher actual concentration).
However, one could also speculate that the carboxylic acid contributes not
only to increased solubility and binding affinity, but also to specificity
and/or improved ability to reach the targeted, periplasmic chaperones.

A certain tolerance for variability of the carboxylate had been recognized
since the both the (R)- and (S)-configurations of the two lead compounds 1
and 2 were active as pilicides (paper II and section 4.2). Activity was also
seen for a derivative in which the carboxylic acid had been displaced from
the rigid scaffold with one carbon atom, using a CH2-spacer (paper II). In
addition, the mutation of Arg96 in PapD, which appeared to participate in
electrostatic interactions with the carboxylate in the identified binding site
(paper IV), led to reduced, but not abolished binding (Table 6.1). Thus, the
assigned electrostatic interaction (carboxylate to Arg96) was not pivotal for
pilicide binding to chaperone PapD. Altogether, this encouraged
modifications of the lead compounds by isosteric replacement of the
carboxylic acid, a strategy commonly applied in lead development to address
e.g. binding affinity, target specificity and bioavailability. Hence, well-
known isosteres of carboxylic acids (including acyl sulfonamides, tetrazoles
and hydroxamic acids)127,128 were synthesized and evaluated (paper VI).
Further investigation of the importance of the scaffold’s rigidity and the
spatial location of the carboxylic acid was also planned using derivatives
obtained by a desulfurization reaction, leading to ring-opening of the
bicyclic scaffold. Evaluation of these derivatives would provide valuable
information about the ring-fused scaffold, from which new synthetic plans
(perhaps from a simplified 2-pyridone core structure) could be outlined.
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8.1. Synthesis
Compounds 1 and 2 (Scheme 8.1) were chosen for derivatization in the

isostere study. Their hydroxamic acid analogues 94 and 95 were synthesized
in quantitative yields from the methyl esters 5 and 8 using hydroxylamine in
aqueous methanol (Scheme 8.1, route b). Also the corresponding primary
amides 96 and 97 were conveniently produced from the methyl esters 5 and
8 using methanolic NH3(g) (route a). The primary amides 96 and 97 were
subsequently transformed into tetrazoles 98 and 99 using SiCl4 and NaN3 in
refluxing acetonitrile according to a published procedure.129 A number of
unidentified byproducts were also formed under these reaction conditions,
resulting in poor yields of the tetrazoles. Still, the amounts obtained via this
method were sufficient to allow biological testing. The four acyl
sulfonamide derivates 100-103 were synthesized by first activating the
carboxylic acids 1 and 2 with N,N´-carbonyldiimidazole (CDI),130 followed
by addition of the methyl or benzene sulfonamide and microwave heating at
80 °C for 7-8 hours.
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2: R1 = cyclopropyl (quant.)

94: R1 = phenyl, R = OH (quant.)
95: R1 = cyclopropyl, R = OH (quant.)
96: R1 = phenyl, R = H (quant.)
97: R1 = cyclopropyl, R = H (quant.)

98: R1 = phenyl (18 %)
99: R1 = cyclopropyl (14 %)

100: R1 = phenyl, R = CH3 (86 %)
101: R1 = cyclopropyl, R = CH3 (60 %)
102: R1 = phenyl, R = Ph (90 %)
103: R1 = cyclopropyl, R = Ph (67 %)

c

104: R1 = phenyl (80 % two steps)
105: R1 = cyclopropyl (74 % two steps)

Scheme 8.1. (a) NH3(g) in MeOH, 40 °C. (b) NH2OH (50 wt% aq.) in MeOH, rt. (c)
NaN3, SiCl4, MeCN, reflux. (d) 0.1 M aq. LiOH, THF:MeOH (1:4), rt, then
Amberlite IR120+ (e) First N,N´-carbonyldiimidazole in CH2Cl2, preactivation for 1
h and 45 min. at rt, then PhSO2NH2 or MeSO2NH2, MW 80 °C, 8 h. (f) Raney-
Nickel® in MeOH, reflux. (g) 0.1 M aq. LiOH, THF:MeOH (1:4), rt.
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The desulfurization to the ring-opened derivatives was accomplished by
refluxing the methyl esters (5 and 8) with Raney-Nickel in MeOH (Scheme
8.1). The reaction was monitored by LCMS to avoid over-reduction of the 2-
pyridone ring. The desulfurized compounds were hydrolyzed to afford 104
and 105 in 80 and 74% yields (over two steps), respectively.

8.2. Biological evaluation
The cyclopropyl-series was ranked for chaperone (PapD) affinities using
relaxation-edited 1H-NMR spectroscopy (Table 8.1). The best binder was the
acyl benzenesulfonamide 103 (entry 3, 100% relative PapD affinity), which
displayed a significantly improved binding affinity relative to the lead
compound 2  (entry 1). Comparable affinities for PapD were seen for
compound 2, the acyl methanesulfonamide 101 and the tetrazole 99 (entries
1, 5 and 7). The hydroxamic acid 95 and the primary amide 97 bound to
PapD, but with reduced affinities (entries 9 and 11 vs entry 1). Interestingly,
the affinity also decreased significantly for compound 105, which has a more
flexible scaffold and carboxylate functionality (entry 13). No conflict
between these data, demonstrating increased binding of sterically demanding
isosteres, and the binding mode of 21 to PapD could be found by visual
judgment of the 21-PapD binding site. As previously described, affinity
ranking using relaxation-edited 1H-NMR spectroscopy relies on the
reduction in signal intensity seen for small molecules upon binding to large
proteins. The magnitude of the decrease in signal intensity reflects binding
affinity. For all compounds, except for 101 and 105, the decrease in signal
intensity was identical for all monitored protons (on the naphthyl unit).
However, for compounds 101 and 105, the reduction in signal intensity
varied between different naphthyl-protons. This could possibly be a result of
a different binding mode (or location) for these compounds. (See paper VI
for more detailed discussion.) However, the assumption of identical binding
sites is always a prerequisite when ranking a series of compounds for
binding affinity. Thus, the values tabulated above are the reduced signal
intensities seen for a specific naphthyl-proton that has an identical position
in all evaluated compounds. In spite of the discussed discrepancy, the trends
were clear and the conclusion that all isosteres bound to PapD in a range
that, from previous studies, was known to be relevant for pilicide activity in
E. coli was indisputable.
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Table 8.1. Affinity ranking of the cyclopropyl-series for
chaperone PapD using relaxation-edited 1H-NMR
spectroscopy (Relative PapD affinity) and ability to block P
pilus assembly in E.coli HB101/pPAP5 cultured in the
presence of 1.8 mM pilicide (HA-titer).

Entry Compound R1 R n Relative PapD

affinity (%)a

HA-titerd

1 2 cyclopropyl -CO2Li 1 71 8

2 1 phenyl -CO2Li 1 -b -e

3 103 cyclopropyl -CONHSO2Ph 1 100 4 g

4 102 phenyl -CONHSO2Ph 1 -b 4

5 101 cyclopropyl -CONHSO2Me 1 62 c 2

6 100 phenyl -CONHSO2Me 1 -b 4

7 99 cyclopropyl -tetrazole 1 67 4

8 98 phenyl -tetrazole 1 -b 2 g

9 95 cyclopropyl -CONHOH 1 52 64 f, g

10 94 phenyl -CONHOH 1 -b 128 f

11 97 cyclopropyl -CONH2 1 40 64 f

12 96 phenyl -CONH2 1 -b 64 f

13 105 cyclopropyl -CO2Li 0 33 c 32

14 104 phenyl -CO2H 0 -b 32

15 None 64
a Relative affinity compared to 103; Pilicide:PapD, 25:95 µM. 6% RSD as determined from
triplicates with compound 2. b Only the R1-cyclopropyl derivatives were evaluated for PapD binding
affinity. c The reduced intensity was dependent on observed proton; 62 or 78% for 101 and 33 or
52% for 105. The tabulated value originates from protons with identical positioning on the naphthyl
unit. d Representative HA-titers (the highest dilutions that still provides hemagglutination) for
duplicate runs. e Not evaluated. f Precipitated. g Possible growth defect.

The twelve derivatives were subsequently evaluated by HA as inhibitors
of P pilus biogenesis in E. coli (HB101/pPAP5). The hydroxamic acids (94
and 95) and the primary amides (96 and 97) were found to be inactive and
rendered HA-titers of 64-128 (entries 9-12), similar to the results obtained
for an untreated, piliated control (entry 15). However, these compounds also
precipitated in the assay. Rewardingly, compared to the parent carboxylic
acid 2, several of the other isosteres displayed improved ability to prevent P
pilus biogenesis. The HA-titers for the tetrazoles (98  and 99) and acyl
sulfonamides (100-103) ranged between 2-4 (entries 3-9, HA-titer) while the
lead compound 2 had an HA-titer of 8 (entry 1, HA-titer). Thus, the pilicide
activity of carboxylic acid functionalized 2-pyridones can be substantially
enhanced by tetrazoles and acyl sulfonamides as potent bioisosteres.
Consistent with the binding affinity data, the desulfurized compounds 104
and 105 (entries 13 and 14, HA-titer) were shown to be significantly less
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active than the lead compound 2. The results suggest that the bicyclic
scaffold is important and encourage further studies in this area.

8.3. Summary
This study has verified the importance of a carboxylic acid functionality, or a
carboxylic acid bioisostere, on the 2-pyridone scaffold for maintained
inhibitory activity of pilus biogenesis in E. coli. It could be concluded that
the carboxylic acid substituent essentially needed to be positioned on a rigid
2-pyridone framework for retained in vivo activity. Furthermore, this
carboxylic acid functionality was replaced by various isosteres leading to the
identification of compounds with enhanced chaperone affinity and improved
ability to block pilus assembly in E. coli. Exchanging the carboxylic acid for
a tetrazole or acyl sulfonamide significantly increased the potencies of two
former lead compounds. The successful introduction of bioisosteres will lead
to more extensive studies of these derivatives and to the synthesis of a
second generation of isosteres.
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9. Identification of Aβ-peptide aggregation
inhibitors directed against Alzheimer´s disease

A new and unexpected decarboxylation reaction was discovered under the
conditions applied for cyanodehalogenations described above in section
3.2.1. The decarboxylation occurred for the carboxylic acid functionalized
scaffold II under Rosenmund von Braun conditions (Fig. 9.1A). The reaction
was considered highly interesting for several reasons. First, a thermally
induced decarboxylation on a non-aromatic system (that is not activated by
e.g. a β-keto functionality) had not previously been reported in the literature.
Second, it was reasoned that the decarboxylation proceeded via an ylide
intermediate, which could substantially expand the scope of the reaction if
the ylide could be substituted using different electrophiles. Third, the
transformation brings about a dramatic change in the physico-chemical
properties of the 2-pyridone-based scaffold, which could be useful in SAR-
studies. Finally, the decarboxylated scaffold could open up possibilities for
new applications. We were especially interested in the structural similarities
between our decarboxylated 2-pyridones and other 2-pyridones, e.g. VII and
VIII, that had been applied in research related to Alzheimer’s disease (Fig.
9.1A-B).131,132

A B

Figure 9.1. (A) The decarboxylation was discovered for II with CuCN in refluxing
DMF. Both the unsaturated derivative V and the saturated counterpart VI were
formed. (B) 2-pyridones VII and VIII  have previously been reported to,
respectively, promote and inhibit Aβ-peptide aggregation.131,132

On this basis, the novel decarboxylation reaction was first developed into
an efficient and highly selective transformation using microwave-assisted
chemistry (paper VII). A set of decarboxylated compounds was then
synthesized and screened for inhibitory activity of Amyloid β (Aβ)-peptide
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aggregation (paper VII). Aβ-peptide aggregation leads to the formation of
amyloid fibrils, which have been argued to be involved in Alzheimer’s
disease.133,134 The toxic effects of amyloid fibrils have more recently also
been correlated to soluble diffusible oligomeric assemblies, referred to as
ADDLs (Aβ-derived diffusible ligands).135-139

9.1. Development of the decarboxylation reaction
The decarboxylation of the carboxylic acid functionalized 2-pyridones

was first realized in a cyanodehalogenation reaction with CuCN in refluxing
DMF. However, these reaction conditions yielded a mixture of the
unsaturated derivative V and its saturated counterpart VI (Fig. 9.1A). The
decarboxylation did not occur in the absence of CuCN.
Efforts were made to establish high-yielding and selective reaction
conditions, making it possible to discriminate between the two products.
However, the results were irreproducible with random selectivity and poor
yields. Increased reaction times only led to decomposition of the compound
and attention was thus turned to microwave-assisted heating. Delightfully,
the microwave-irradiation procedure predominantly afforded the saturated
product and after scrutinizing different reaction conditions and solvents the
decarboxylated products 116-122 could be obtained by heating substrate,
CuCN and NMP at 220 °C for 10 minutes (Table 9.1, Method B). Although
the yields were high (75-98%) the work-up procedure was not ideal,
involving lyophilization and careful extraction of the formed precipitates,
followed by column chromatography. A more convenient method was
desired and hence the transformations were again tested in the absence of
CuCN. Rewardingly, it was found that microwave heating allowed the
decarboxylation to be accomplished without additives, in near quantitative
yields, at 220 °C and with NMP as solvent (Table 9.1, Method A). This was
opposed to the outcome under refluxing conditions where CuCN was
required. The new reagent-free procedure was very efficient, selective and
benefited from a significantly improved work-up procedure. A simple liquid
extraction was all that was needed to afford the saturated products 116, 118
and 120-122 in excellent yields of 92-99% (Table 9.1). The transformation
could also be achieved directly from the lihium carboxylates or with DMSO
as solvent (see also section 9.2).
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Table 9.1. Decarboxylations of carboxylic acid functionalized ring-fused 2-
pyridones (1, 2 and 111-115).

N

S

O

R1

CO2R

N

S

O

R1

Method A: MW 220 oC, 600 s, NMP: 92-99% yield
Method B: CuCN, MW 220 oC, 600 s, NMP (column chromatography required): 75-98% yield

Method A or B

5, 8 and 106-110: R = Me
1, 2 and 111-115: R = H

116-122
a

Substrate R1 Product Method A

yield (%)

Method B

yield (%)

1 Ph 116 97 91

111 Ph-CH2- 117 - b 94

112 4-F-Ph- 118 99 81

113 4-CF3-Ph- 119 - b 98

114 3-CF3-Ph- 120 99 87

115 Me 121 92 75

2 Cyclopropyl 122 99 95
a 5, 8 and 106-110 were synthesized in four steps81,83 and then hydrolyzed using 1 eq.
LiOH (0.1 M aq.) in MeOH:THF (4:1). b Method A not applied to the substrate.

The 2-pyridone substrates 1, 2 and 111-115 had been synthesized in five
steps according to published procedures.81,83 The substrates were chosen to
have a naphthyl moiety in R2, preserving their potential applicability as
pilicides, while the R1 position was intentionally varied in order to search for
correlations between decarboxylation reactivity and substitution pattern. The
rationale for this was that the R1 group had earlier affected racemization of
the same α-carbon that is involved in the decarboxylation.83 For example 8
(Table 9.1, R1 = cyclopropyl) tended to undergo racemization more easily
than 5 (R1 = phenyl) when heated under acidic conditions. However, it was
found that all substrates investigated in this study were efficiently
decarboxylated regardless of the R1-group.

9.2. Tentative mechanism
CuCN was critical for the decarboxylation to occur under refluxing

conditions while no additives were required using microwave heating at
elevated temperatures. Thus, it can be speculated that the transformation is
aided by the copper-source at lower temperatures but is entirely thermally
induced at higher temperatures using microwave heating conditions. A
tentative mechanism via an ylide-like intermediate is presented in Fig. 9.2.
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When the reaction was performed in DMSO-d6 (see also section 9.1) the
decarboxylated position was deuterated (123) as determined by NMR
spectroscopy. This suggests that the solvent acts as proton donor to the
proposed ylide (Fig. 9.2).

N

S

O O
OR

N

S

OR

N

S

O D

2: R = H or Li 123

-CO2(g)
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Figure 9.2. Tentative mechanism for decarboxylation using method A.

Neither the corresponding methyl esters nor aldehydes were affected under
the reaction conditions. On the other hand, it could be shown that the
reaction proceeded smoothly for unsaturated analogues where the carboxylic
acid α-carbon was sp2-hybridized.140

Recent method development has shortened the decarboxylation sequence
by one step using in situ hydrolysis. Starting from the methyl ester a one-pot
hydrolysis-decarboxylation could be accomplished with three equivalents of
Na2CO3 in H2O/NMP (1:4) and microwave heating at 220 °C. The yields are
in all cases >90%.

9.3. Reaction applicability
Having developed the improved reaction conditions of method A, the

applicability of the method to other substrates was investigated. The
decarboxylation was first applied to two substrates known from the
literature.141

Method A proved to successfully decarboxylate both fluorene 9-carboxylic
acid IX and diphenyl acetic acid XI in yields >90% (Fig. 9.3).

CO2H

CO2H
Cu(I), MeCN, 50 oC

IX X

XI XII
Method A

Cu(I), MeCN, 50 oC

or Method A

Figure 9.3. Successful applications of Method A on other systems. Both fluorene 9-
carboxylic acid IX and diphenylacetic acid XI, known to be more inert,141 could be
efficiently decarboxylated.
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Interestingly, IX  had previously been reported to decarboxylate in the
presence of a Cu(I) source at 50 °C in acetonitrile, while XI was inert under
the same conditions.141

Next, the possibilities for expanding the scope of the method were
investigated. The ylide was intended to act as a nucleophile, allowing
substitutions with different electrophiles (Fig. 9.4).140
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Figure 9.4. Schematic diagram of substitution attempts using different electrophiles
(E).

Attempts to couple e.g. allyl bromide, allyl iodide, benzaldehyde, p-
methoxybenzaldehyde, acrylic nitrile and acetyl chloride, were performed
using a large excess of the electrophilic reagent (≥30 eq.). However, since
10-15% NMP was required to reach sufficiently high temperatures (and also
as a solvent in some cases) and could thus function as a proton source, the
decarboxylated product predominated. The best results were obtained with
benzaldehyde, which gave yields of ∼20% of the coupled secondary alcohol,
and hence a certain potential to increase the scope of the reaction has been
demonstrated but was not further investigated.

9.4. Screening for inhibitors of Aβ-peptide aggregation
The generated set of decarboxylated compounds (116-122) as well as

their parent compounds, including both lithium carboxylates (1, 2  and 111-
115) and methyl esters (5, 8  and 106-110) were evaluated for activity as
inhibitors of Aβ(1-40)-peptide aggregation. The evaluations were performed
by Anders Olofsson at Umeå Center of Molecular Pathogenesis (Umeå
University). Aggregation of the Aβ(1-40)-monomer was initiated by slow
agitation in PBS at 37 °C. The aggregation is highly reproducible and the
resulting fibrils are shown in Fig. 9.5.
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Figure 9.5. AFM image of amyloid fibrils formed in the aggregation process of
Aβ(1-40)-peptide.

The inhibitory activity of the added compounds was monitored by PAGE-
analysis and two carboxylic acid functionalized 2-pyridones 1 and 114 were
found to prevent aggregation (Fig. 9.6). A dose-dependent response was
observed within dilution series of the active compounds and a clear effect
was encouragingly seen at a 1:4 molar ratio between Aβ(1-40)-monomer and
2-pyridone 114.
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O CO2Li

1: R = H
114: R = CF3

R

Figure 9.6. 2-pyridones 1 and 114 prevented Aβ(1-40)-peptide aggregation, as
determined by PAGE-analysis. (A) Results for compound 1 . (B ) Results for
compound 114. Lane 1; 0 µM: Lane 2; 200 µM: Lane 3; 400 µM: Lane 4; 600 µM:
Lane 5; 800 µM: Lane 6; 1 mM.

It is noteworthy that two carboxylic acids were active, while neither the
decarboxylated substances nor the methyl esters affected fibrilization. Based
on theoretical considerations, the decarboxylated 2-pyridones were first
assumed to display activity owing to their structural resemblance to the
previously published class of active 2-pyridones (Fig. 9.1B). However, the
mechanisms of action are unknown and could differ between the two classes
of 2-pyridones. Activity among carboxylic acid-substituted scaffolds may
also be advantageous since it facilitates the establishment of SARs via, for
example, well-known functional group transformations and also allows hit
development possibilities via isosteric replacement.
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9.5. Additional synthesis and screening†

Activity was observed only for the carboxylic acids, prompting a more
thorough evaluation of this position. Hence, the carboxylic acid analogues
(S)-1, 124, 125 and 126 of the active compound 1, which had previously
been prepared for pilicide SAR-studies in section 4.1 (see Table 9.2 and
Appendix), were screened for activity. The importance of the carboxylate
functionality was obvious. Both the (R)- and (S)-enantiomer were found to
be active (Table 9.2, entries 1-2). On the other hand, no activity was
displayed by the methyl ester 5, aldehyde 124, alcohol 125 nor the
decarboxylated 116 or its unsaturated counterpart 126 (entries 3-7). In
addition, the tolerance for variations in R1, and to some extent R2, was
probed, initially with already available 2-pyridones from the pilicide project
(127-135, entries 9, 11 and 16-22). Exchanging the phenyl for a cyclopropyl,
pentyl, methyl or hydrogen abolished the activity (entries 8-11). A loss in
activity was also seen with a CH2-linker to the phenyl group (entry 12).
Furthermore, the substitution pattern of the phenyl group appeared to be
crucial (entries 13-16). Finally, the CH2-1-naphthyl unit in R2 could clearly
be exchanged for a CH2-2-naphthyl with retained activity, while heptyl or
tetrahydrofuran were not accepted (entries 17-22). In one case, the CH2-2-
naphthyl was clearly favorable compared to the CH2-1-naphthyl (entry 18 vs
entry 15). Overall, the inhibitory activity appeared to rely on a carboxylic
acid functionality as well as on aromatic systems in both R1 and R2.
Furthermore, if R1 was a phenyl, there was a pronounced importance of the
substitution pattern.

                                
† See Appendix for synthesis and characterization of evaluated compounds that are not
presented in paper VI or VII.
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Table 9.2. Summary of screening evaluation of 2-pyridones for
inhibitory activity of Aβ(1-40)-peptide fibrilization. The
evaluations were performed at a compound concentration of 1 mM
and 50 µM Aβ(1-40)-monomer. Unless otherwise stated, n = 1.

Entry Compound R1 R2 R Inhibition

1 (R)-1 Ph CH2-1-naphthyl (R)-CO2H Yes

2 (S)-1 Ph CH2-1-naphthyl (S)-CO2H Yes

3 5 Ph CH2-1-naphthyl (R)-CO2Me Nob

4 124 Ph CH2-1-naphthyl (R)-CHO Nob

5 125 Ph CH2-1-naphthyl (R)-CH2OH Nob

6 116 Ph CH2-1-naphthyl H (* = sp3) Nob

7 126 Ph CH2-1-naphthyl H (* = sp2) Nob

8 2 cyclopropyl CH2-1-naphthyl (R)-CO2Li No

9 127 n-pentyl CH2-1-naphthyl (R)-CO2Li No

10 115 Me CH2-1-naphthyl (R)-CO2Li No

11 128 H CH2-1-naphthyl (R)-CO2H No

12 111 Ph-CH2- CH2-1-naphthyl (R)-CO2Li No

13 113 4-CF3-Ph CH2-1-naphthyl (R)-CO2Li No

14 114 3-CF3-Ph CH2-1-naphthyl (R)-CO2Li Yes

15 112 4-F-Ph CH2-1-naphthyl (R)-CO2Li No

16 129 4-Br-Ph CH2-1-naphthyl (R)-CO2H Yes

17 130 3,4-difluoro-Ph CH2-2-naphthyl (R)-CO2Li Yes

18 131 4-F-Ph CH2-2-naphthyl (R)-CO2Li Yes

19 132 4-Br-Ph CH2-2-naphthyl (R)-CO2Li Yes

20 133 4-Br-Ph Tetrahydrofuran-3-yl (R)-CO2H No

21 134 3,4-difluoro-Ph n-heptyl (R)-CO2H No

22 135 Me n-heptyl (R)-CO2H No

23 144 3-Cl-Ph CH2-1-naphthyl (R)-CO2Li Yes

24 145 3-MeO-Ph CH2-1-naphthyl (R)-CO2Li Yes

25 146 3,5-dimethyl-Ph CH2-1-naphthyl (R)-CO2Li Yes

26 147 3,5-bis-CF3-Ph CH2-1-naphthyl (R)-CO2Li Yes

27 148 3-NO2-Ph CH2-1-naphthyl (R)-CO2Li No

28 149 4-NO2-Ph CH2-1-naphthyl (R)-CO2Li No

29 150 3-NH2-Ph CH2-1-naphthyl (R)-CO2Li No

30 151 4-NH2-Ph CH2-1-naphthyl (R)-CO2Li - a

31 96 Ph CH2-1-naphthyl (R)-CONH2 Nob

32 94 Ph CH2-1-naphthyl (R)-CONHOH Nob

33 98 Ph CH2-1-naphthyl (R)-tetrazole Yesb

34 100 Ph CH2-1-naphthyl (R)-CONHSO2Me Yesb

35 102 Ph CH2-1-naphthyl (R)-CONHSO2Ph Yesb

36 104 (n = 0) Ph CH2-1-naphthyl (R)-CO2Li Yesb

a Possibly a slight inhibitory effect. b Precipitation of compound.

N

S

O

R1

R2

R
*

n
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The observed activity patterns prompted the synthesis of a new, focused
collection of compounds in which the substitution pattern of the R1-phenyl
was varied. Compounds 144-151, having electron donating and withdrawing
substituents in different positions of the phenyl ring, were synthesized and
biologically evaluated. The syntheses of the eight compounds were
performed according to previously published conditions81,83 or those
described in section 5.2 (Fig. 9.7).

N

S

O CO2Me

R''
R' R'''

136: R' = Cl, R'' = H, R''' = H (72 %, four steps)
137: R' = OCH3, R'' = H, R''' = H (65 %, four steps)
138: R' = CH3, R'' = H, R''' = CH3 (51 %, four steps)
139: R' = CF3, R'' = H, R''' = CF3 (56 %, four steps)
140: R' = NO2, R'' = H, R''' = H (72 %, fours steps) 
141: R' = H, R'' = NO2, R''' = H (64 %, fours steps) 
142: R' = NH2, R'' = H, R''' = H (61 %) 
143: R' = H, R'' = NH2, R''' = H (53 %)

b

a

N

S

O CO2Li

R''
R' R'''

c

144: R' = Cl, R'' = H, R''' = H (quant.)
145: R' = OCH3, R'' = H, R''' = H (quant.)
146: R' = CH3, R'' = H, R''' = CH3 (quant.)
147: R' = CF3, R'' = H, R''' = CF3 (quant.)
148: R' = NO2, R'' = H, R''' = H (quant.) 
149: R' = H, R'' = NO2, R''' = H (quant.) 
150: R' = NH2, R'' = H, R''' = H (quant.) 
151: R' = H, R'' = NH2, R''' = H (quant.)

Figure 9.7. 2-pyridone methyl esters 136-141 were synthesized in four steps (a)
according to published procedures.81,83 Aryl amines 142 and 143 could be obtained
from the nitro-derivatives 140 and 141, employing the reduction conditions with
zinc in acetic acid (b), developed as described in section 5.2. Hydrolysis (c) of the
methylesters into 144-151 were performed according to standard procedures with
aqueous LiOH in MeOH/THF.

Again, the SARs indicated the importance of the phenyl substituents (Table
9.2, entries 23-30). For example, trifluoromethyl, chloro- and methoxy- in
meta-position were tolerated (entries 14, 23 and 24) whereas nitro- and
amine-substituents at this position were rejected (entries 27 and 29). 3,5-
disubstituted phenyls having trifluoromethyl, fluoro or methyl substituents
were also accepted (entries 17, 25 and 26). The 4-bromo-phenyl derivatives
(entries 16 and 19) and the 3,4-difluoro- and 4-fluoro-phenyl derivatives
(entries 17 and 18) were the only para-substituted compounds that displayed
activity. Lastly, the carboxylic acid bioisosteres of 1 , synthesized as
described in chapter 8, were evaluated (Table 9.2, entries 31-36). The
primary amide 96 and the hydroxamic acid 94 were inactive while the
isosteric replacement with tetrazole (98) and both acyl sulfonamides (100
and 102) were accepted. In addition, the ring-opened carboxylic acid 104
retained the activity of the more rigid, bicyclic parent compound 1. Thus, a
substituted 2-pyridone core appears to be essential, but not the bicyclic
scaffold. This result opens up possibilities to screen for potential inhibitors
among derivatives obtained via alternative synthetic routes to 2-pyridones.

In total, 27 additional compounds were included in the new screening, 13
of which were capable of inhibiting Aβ(1-40)-peptide aggregation.
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9.6. Summary
A novel, highly efficient decarboxylation procedure has been developed

for ring-fused 2-pyridones. The method is reagent-free and employs
microwave-assisted heating at 220 °C for 10 minutes in NMP. The
generality of the method has been indicated by successful applications on
other systems. The method was applied to generate a set of decarboxylated
2-pyridones, which together with their corresponding carboxylic acids and
methyl esters were evaluated for inhibitory activity of Aβ(1-40)-peptide
aggregation. Two carboxylic acid functionalized 2-pyridones were found to
prevent aggregation and thus amyloid formation, and effects were seen at an
encouragingly low molar excess of 2-pyridone compared to Aβ-monomer
(4:1). Additional screening established a SAR platform and generated 13
more hits. The activity of the bicylic 2-pyridones was dependent on two
aromatic units in R1 and R2 and, more specifically, on the R1 substitution
pattern. The importance of a carboxylic acid functionality has been
demonstrated and, furthermore, that isosteres of carboxylic acids were well
tolerated. In addition, the bicyclic scaffold was not pivotal for inhibitory
activity of Aβ(1-40)-peptide aggregation. Together with other SARs, this
differentiates between properties that are important for the inhibition of
Aβ(1-40)-peptide aggregation and pilus biogenesis. This is important to
point out since it supports that the presented compounds (based on a generic
2-pyridone scaffold) can be divided into two sub-classes, which dependent
on substitution pattern exhibit different biological activities.

In conclusion, substituted bicyclic 2-pyridones have been validated as
Aβ(1-40)-peptide aggregation inhibitors. Hence, a new biological target has
been identified for this class of compounds, which has led to ongoing studies
on their potential applicability to investigations and possible treatments of
Alzheimer’s disease.
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10. Concluding remarks and future
perspectives

This thesis describes the synthesis and evaluation of highly substituted 2-
pyridones that inhibit processes involved in bacterial infections and
Alzheimer’s disease.

The bicyclic 2-pyridones have been applied as pilicides to inhibit both P
and type 1 pilus biogenesis in uropathogenic E. coli. They block pilus
biogenesis in a dose-dependent manner, as determined by studies of
hemagglutination, biofilm formation and colonization of bladder cells. A
pilicide mode of action has been proposed based on NMR spectroscopy data
and a co-crystal structure of a pilicide together with the PapD chaperone.
The pilicide binds to a conserved interactive surface on the chaperone,
indicating that the pilicides prevent pilus assembly by prohibiting the vital
attachment of the usher N-terminal to the chaperone-subunit complex. The
suggested mode of action was experimentally supported by presented SPR
studies, implying that the pilicides primarily affect the onset of pilus
assembly rather than the subsequent pilus elongation/polymerization
process. In accordance with this conclusion, it was further demonstrated that
pilicides could be utilized to suppress the expression of pili, while
maintaining biofunctional properties of the pilus rod. Taken together, the
results support the potential utility of pilicides as chemical tools to study
important biological events, such as disease processes and details of the
molecular phenomena involved in pilus assembly.

A chemical synthesis platform has been established for derivatizations
and functionalizations of highly substituted 2-pyridones. The developed
syntheses provide means to substitute all positions (R1-R3) in the ring-fused
2-pyridones, which should facilitate future multivariate approaches to library
synthesis, with diverse substitutions of the core structure.
Aminomethylations on the 2-pyridones have been performed with valuable
increases in aqueous solubility while maintaining biological activity.
Moreover, SARs have been established regarding the mimicking of a C-
terminus carboxylate, which proved to be important for chaperone binding
and essential for the ability to block pilus biogenesis in E. coli. This led to a
study of carboxylic acid isosteres in which several significantly more potent
pilicides were identified, including tetrazoles and acyl sulfonamides.
Extended peptidomimetics have been synthesized via an attractive amino-
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substituted 2-pyridone building block. The backbone-extended compounds
displayed poor activities as pilicides, but the developed routes to the 2-
pyridone based peptidomimetics could still be useful in other
peptidomimetic-related research. Altogether, the presented syntheses and
SARs can be utilized in future attempts to design improved pilicides.

This proof of concept with 2-pyridone based pilicides should certainly aid
future drug development, however the apparent and more basic applications
should not be overlooked. For example, pilicides have already been
beneficially applied to reduce the amount of bacterial pili in order to
facilitate optical tweezers force measurements of biophysical pilus
properties. Moreover, pilicides could also serve to relate pili abundance to
the infectious ability of bacteria. The assumption that high levels of adhesive
organelles are vital seems reasonable since the bacterial surface is
completely covered with hundreds of pili. Hence, simply suppressing pilus
assembly, especially under shear forces from urine flow, may abolish UPEC
pathogenicity. Another concern is the ability of UPEC to mature into a
biofilm-like state in intracellular bacterial communities (IBCs). This pili-
dependent phenomenon allows UPEC to evade innate defenses and antibiotic
treatment. Thus, pilicides with their ability to prevent pilus formation during
replication could have an efficient synergistic effect if combined with
traditional antibiotics, and thus effectively avoid recurrent infections. One
could also envision preventative uses of pilicides to avoid problems with
biofilm-formation during implant surgery. Also, the possible wide-range
activity of 2-pyridone based pilicides remains to be investigated using other
pathogens that utilize the chaperone-usher pathway.

Finally, substituted 2-pyridones have been identified and validated as
inhibitors of Amyloid β(1-40)-peptide aggregation. An initial screening of
48 2-pyridones has rendered 15 hits with inhibitory activity. Importantly, in
spite of the common 2-pyridone core, there was no general overlap in
structure-activity for amyloid formation inhibitors and pilicides. The derived
SARs for compounds inhibiting Aβ(1-40)-peptide aggregation will be
exploited using computational chemistry to outline future library synthesis
and this class of 2-pyridones could have a promising and exciting future in
Alzheimer’s-related research.
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12. Appendix

Experimental procedures

Uptake study of pilicide 1 in E. coli using 3H-labeled 1´:
An overnight culture of HB101/pPAP5 (37°C in LB containing 50 µg/ml
Cb) was harvested and OD540 was adjusted to ∼0.2 in PBS pH 7.4 prior to
use in subsequent incubations in the presence of pilicides (static growth in
TSB containing 50 µg/ml Cb at a total concentration of 3.5 mM pilicide 1).
Cultures were prepared from 1180 µ l TSB with 50 µg/ml Cb, 20 µ l
HB101/pPAP5 culture (OD540 ∼0.2), 50 µl unlabeled pilicide stock solution
(87 µmol/ml unlabeled 1 in DMSO) and 10 µl labeled stock solution (2.4
µg/ml 1´ with specific activity 0.7 TBq/mmol in DMSO).
For statistical reliability, the experiments were performed in seven and five
replicates with two different culture volumes, 1.2 ml and 2.4 ml,
respectively. Growth conditions were identical using both culture volumes
and they were incubated statically at 37 °C for 24 hours resulting in ∼2×108

CFUs/ml. The culture was resuspended and 100 µl was sampled for CPM
(counts per minute) measurements of total activity in the culture. The
remaining culture was centrifuged at 10000 rpm × 4 min and the supernatant
was removed followed by six washes with 0.5 ml PBS (5% DMSO).
Activity (CPM) of washed bacteria, supernatant and washing fractions were
determined using a Wallae 1409 Liquid Scintillation instrument with a 5 min
counting time in Optiphase HiSafe 3 scintillation cocktail.

Evaluation of inhibitory activity on Aβ(1-40)-peptide aggregation.
Screening of activities was performed according to the procedure published
in paper VII, at concentration of 1 mM compound and 50 µM Aβ(1-40)-
peptide. Incubation for 72 hours was required to achieve complete
aggregation of the control sample.

General synthesis: All reactions were carried out under an inert atmosphere
with dry solvents and anhydrous conditions, unless otherwise stated. MeCN,
CH2Cl2 and 1,2-dichlorethane were distilled from calcium hydride and THF
was distilled from potassium. DMF was distilled and dried over 3Å
molecular sieves. EtOH was dried over 3 Å molecular sieves. HCl(g) was
passed through concentrated H2SO4 prior to use. Zinc dust was activated by
stirring it in 10% HCl for two minutes, filter and wash with water and
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acetone. The zinc was then dried under vacuum. All microwave reactions
were carried out in a monomode reactor (Smith Synthesizer, Biotage AB)
using Smith Process VialsTM sealed with Teflon septa and aluminum crimp
tops. TLC was performed on Silica Gel 60 F254 (Merck) using UV light
detection. Flash column chromatography (eluents given in brackets)
employed normal phase silica gel (Matrex, 60 Å, 35-70 µm, Grace Amicon).
1H and 13C NMR spectra were recorded at 298 K with a Bruker DRX-400
spectrometer in CDCl3 [residual CHCl3 (δH 7.26 ppm) or CDCl3 (δC 77.0
ppm) as internal standard], or MeOD-d4 [residual CD2HOD (δH 3.30 ppm) or
CD3OD (δC 49.0 ppm) as internal standard], or DMSO-d6 [residual DMSO
(δH 2.49 ppm) or DMSO (δC 40.0 ppm) as internal standard]. Overlapping
carbon signals were resolved by HSQC experiments using a Bruker DRX-
500. Due to the complexity of spectra of fluorine-containing structures
(having split 13C peaks and low peak intensities) the chemical shifts of these
compounds are reported as they appear in the spectra. IR spectra were
recorded using an ATI Mattson Genesis Series FTIRTM spectrometer. Optical
rotations were measured with a Perkin-Elmer 343 polarimeter at 20 ºC.
HRMS data were recorded with fast atom bombardment (FAB+) ionization
on a JEOL JMS-SX 102 spectrometer. LCMS- data were recorded using
electron spray (ES+) ionization on a Waters Micromass ZQ 2000
spectrometer.

Synthesis and characterization of compounds (+)-1, 124-151.

(3S)-7-Naphthalen-1-ylmethyl-5-oxo-8-phenyl-2,3-dihydro-5H-
thiazolo[3,2-a]pyridine-3-carboxylic acid ((S)-1)
The corresponding methyl ester (S)-5 was prepared according to published
procedures,81 but starting from D-cysteine. [α]D +158 (c 2.0, CHCl3) An
enantiomeric purity of 76% ee was determined using chiral HPLC. The ee-
analysis was done with a (S,S)-Whelk-O1 column and hexane:CH2Cl2:iPrOH
(12:12:1) as a mobile phase.
Hydrolysis of the methylester was performed with one equivalent NaOH (0.1
M aq.) in THF:MeOH (1:4). Protonation with Amberlite-IR120+ followed
by lyophilization from AcOH:H2O (1:20) yielded the carboxylic acid (S)-1 in
quantitative yield. [α]D +63 (c 2.0, DMSO). All other data in agreement with
published data for (R)-1.71

(3R)-carbaldehyde 7-Naphthalen-1-ylmethyl-5-oxo-8-phenyl-2,3-
dihydro-5H-thiazolo[3,2-a]pyridine-3 -carbaldehyde (124)
To a stirred solution of 5 (154 mg, 0.36 mmol) in CH2Cl2 (6 ml) at -78 °C
DIBAL-H (1 M in CH2Cl2, 0.75 ml, 0.75 mmol) was added dropwise. The
reaction was complete within 45 minutes. MeOH was then added dropwise
followed by dilution with CH2Cl2, and washing with a saturated solution of
aqueous sodium potassium tartrate. The aqueous layer was reextracted with
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CH2Cl2 and the combined organic layers were washed with brine, dried
(Na2SO4), filtrated and then concentrated. Purification by silica gel column
chromatography (heptane:EtOAc, 1:9) gave 124 as a white foam (130 mg,
92%). [α]D –81 (c 2.0, CHCl3); IR ν/cm-1 3056, 3008, 1737, 1646, 1577,
1484, 1442; 1H NMR (400 MHz, CDCl3) δ 9.68 (s, 1H), 7.84 (dd, J = 6.9,
2.1 Hz, 1H), 7.76 (d, J = 8.2 Hz, 1H), 7.61 (m, 1H), 7.50-7.29 (m, 8H), 7.23
(m, 1H), 5.86 (s, 1H), 5.17 (dd, J = 8.5, 3.3 Hz, 1H), 4.07-3.92 (m, 2H), 3.57
(dd, J = 11.6, 3.3 Hz, 1H), 3.48 (dd, J = 11.6, 8.5 Hz, 1H); 13C NMR (100
MHz, CDCl3) δ  195.1, 161.3, 154. 9, 146.5, 136.0, 133.9, 133.5, 131.6,
130.0, 129.6, 129.1, 129.0, 128.7, 128.5, 127.9, 127.8, 126.1, 125.6, 125.4,
123.7, 116.5, 115.0, 69.2, 36.9, 28.2; HRMS (FAB+) calcd for [M+H]+

C25H20NO2S 398.1215, obsd 398.1211.

(3R)-Hydroxymethyl-7-naphthalen-1-ylmethyl-8-phenyl-2,3-dihydro-
thiazolo[3,2-a]pyridin-5-one (125)
1 (50 mg, 0.12 mmol) was suspended in THF (2 ml) at 0 °C and then
BH3

.Me2S (5 M in Et2O, 50 µl, 0.25 mmol) was added dropwise. After
stirring overnight at room temperature an additional amount of BH3

.Me2S (5
M in Et2O, 25 µl, 0.13 mmol) was added at 0 °C. After 1 hour at room
temperature, MeOH (2 ml) was added dropwise. The solution was stirred for
1 hour and was then concentrated. Purification by silica gel column
chromatography (heptane:EtOAc, 1:9→ heptane:EtOAc:MeOH, 1:9:1) gave
125 as a white powder (40 mg, 82%.). [α]D –28 (c 2.0, CHCl3); IR ν/cm-1

3345 (broad), 3058, 3006, 2956, 2879, 1637, 1563, 1484; 1H NMR (400
MHz, MeOD-d4) δ 7.86-7.80 (m, 1H), 7.74 (d, J = 8.2 Hz, 1H), 7.60 (d, J =
8.0 Hz, 1H), 7.48-7.29 (m, 8H), 7.20 (d, J = 6.9 Hz, 1H), 5.76 (s, 1H), 5.32-
5.23 (m, 1H), 4.32 (bs, 1H), 4.08-3.86 (m, 3H), 3.30 (dd, J = 11.1, 6.1 Hz,
1H), 3.50 (dd, J = 11.6, 8.0 Hz, 1H), 3.20 (dd, J = 11.6, 2.0 Hz, 1H); 13C
NMR (100 MHz, MeOD-d4) δ 126.5, 154.3, 147.6, 136.3, 133.9, 133.7,
131.7, 130.1, 129.7, 129.1, 129.0, 128.8, 128.5, 127.9, 127.7, 126.1, 125.6,
125.4, 123.8, 116.8, 114.9, 65.8, 62.1, 36.8, 30.7; HRMS (FAB+) calcd for
[M+H]+ C25H23NO2S 400.1371, obsd 400.1380.

7-Naphthalen-1-ylmethyl-8-phenyl-thiazolo[3,2-a]pyridin-5-one (126)
To a solution of 1 (150 mg, 0.36 mmol) in DMF (5 ml) CuCN was added
(100 mg, 1.10 mmol) and the reaction mixture was refluxed for five hours
and then allowed to reach room temperature. The reaction mixture was
diluted with Et2O and washed with H2O. The aqueous layer was extracted
with Et2O and the combined organic layers were dried (Na2SO4), filtered and
concentrated. Purification with preparative centrifugal thin layer
chromatography (heptane:EtOAc, 1:9) allowed separation of the formed
saturated 116 and the unsaturated derivative 126 (19 mg, 14%). IR ν/cm-1

3114, 3058, 3006, 1650, 1562, 1487; 1H NMR (400 MHz, CDCl3) δ 8.136
(d, J = 4.5 Hz, 1H), 7.83 (m, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.64 (d, J = 8.3
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Hz, 1H), 7.53-7.35 (m, 8H), 7.23 (d, J = 6.9 Hz, 1H), 6.86 (d, J = 4.5 Hz,
1H), 6.03 (s, 1H), 4.15 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 159.0, 150.8,
147.8, 136.3, 134.3, 133.9, 131.8, 129.9 (2C), 129.5 (2C), 128.7, 128.6,
127.8, 127.6, 126.0, 125.6, 125.4, 124.8, 123.8, 114.8, 111.7, 110.0, 36.8;
HRMS (FAB+) calcd for [M+H]+ C24H18NOS 368.1109, obsd 368.1110.

Compounds 12782 and 12881 have been synthesized and published by
Emtenäs et al.

The carboxylic acids 129-135 have been synthesized according to
published procedures.81,83 The carboxylic acids were obtained after
hydrolysis of the corresponding methyl esters (procedure as in paper III)
using 1 eq. LiOH (0.1 M aq.) in THF:MeOH (1:4) followed by protonation
using Amberlite® IR120+.

(3R)-8-(4-Bromo-phenyl)-7-naphthalen-1-ylmethyl-5-oxo-2,3-dihydro-
5H-thiazolo[3,2-a]pyridine-3-carboxylic acid (129)
Data in agreement with reported data.84

Compounds 130-132 have been synthesized and published by Emtenäs
et al.82

8-(4-Bromo-phenyl)-5-oxo-7-(tetrahydro-furan-3-yl)-2,3-dihydro-5H-
thiazolo[3,2-a]pyridine-3-carboxylic acid (133)
As a diastereomeric mixture: 1H NMR (400 MHz, MeOH-d4) δ  7.70-7.55
(m, 2H), 7.31-7.12 (m, 2H), 6.31 (s, 1H), 5.64 (dd, J = 8.2, 1.4 Hz, 1H), 3.96
(m, 1H), 3.88-3.63 (m, 4H), 3.56 (d, J = 11.7 Hz, 1H), 3.07 (m, 1H), 2.11
(m, 1H), 1.92 (m, 1H); 13C NMR (100 MHz, MeOH-d4) δ 171.1 (split),
163.9, 159.3, 150.3, 137.0, 133.6-133.2 (m, 4C), 123.8, 117.0, 111.6 (split),
74.5 (split), 69.0 (split), 65.7, 42.5 (split), 34.7 (split), 32.9; LCMS (ES+)
calcd for [M+H]+ C18H17BrNO4S 422.00, obsd 421.90.

(3R)-8-(3,4-Difluoro-phenyl)-7-heptyl-5-oxo-2,3-dihydro-5H-
thiazolo[3,2-a]pyridine-3-carboxylic acid (134)
1H NMR (400 MHz, MeOH-d4) δ 7.44-7.17 (m, 2H), 7.09 (m, 1H), 6.20 (s,
1H), 5.65 (dd, J = 8.9, 1.7 Hz, 1H), 3.84 (dd, J = 11.9, 8.9 Hz, 1H), 3.56 (dd,
J = 11.9, 8.9 Hz, 1H), 2.31 (t, J = 7.5 Hz, 2H), 1.44-1.32 (m, 2H), 1.28-1-11
(m, 8H), 0.85 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 168.5,
162.7, 157.8, 151.6 (split), 149.1 (split), 148.5, 132.7, 126.3 (split), 119.5
(split), 118.0 (split), 116.7, 113.6, 64.9, 33.2, 31.5, 30.9, 29.1, 28.8, 28.7,
22.5, 14.0; LCMS (ES+) calcd for [M+H]+ C21H24F2NO3S 408.14, obsd
407.73.
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(3R)-7-Heptyl-8-methyl-5-oxo-2,3-dihydro-5H-thiazolo[3,2-a]pyridine-3-
carboxylic acid (135)
1H NMR (400 MHz, MeOH-d4) δ  6.30 (s, 1H), 5.68 (dd, J = 8.8, 0.9 Hz,
1H), 4.07 (dd, J = 11.5, 0.91 Hz, 1H), 3.66 (dd, J = 11.5, 8.8 Hz, 1H), 2.45
(t, J = 7.6 Hz, 2H), 2.03 (s, 3H), 1.60-1.48 (m, 2H), 1.40-1.23 (m, 8H), 0.88
(t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 167.9, 163.1, 158.9,
146.0, 113.5, 112.4, 65.2, 33.1, 31.6, 29.8, 29.3, 29.0, 28.7, 22.6, 15.6, 14.1;
LCMS (ES+) calcd for [M+H]+ C16H24NO3S 310.15, obsd 310.29.

All methyl esters below (136-143) were synthesized according to
published procedures.81,83

(3R)-8-(3-Chloro-phenyl)-7-naphthalen-1-ylmethyl-5-oxo-2,3-dihydro-
5H-thiazolo[3,2-a]pyridine-3-carboxylic acid methyl ester (136)
As a mixture of rotamers: 1H NMR (400 MHz, CDCl3) δ 7.82 (m, 1H), 7.74
(d, J = 8.3 Hz, 1H), 7.61 (m, 1H), 7.47-7.28 (m, 6H), 7.23-7.17 (m, 2H),
5.86 (s, 1H), 5.61 (dd, J = 8.5, 2.5 Hz, 1H), 4.05-3.87 (m, 2H), 3.81 (s, 3H),
3.66 (dd, J = 12.1, 8.5 Hz, 1H), 3.46 (dd, J = 12.1, 2.5 Hz, 1H); 13C NMR
(100 MHz, CDCl3) δ 168.3, 161.1, 154.0, 146.8, 137.9, 134.7 (split), 133.8,
133.4, 131.6, 130.3, 130.2, 129.9, 128.7, 128.6, 128.5, 128.0, 127.8, 127.8,
126.1, 125.6, 125.4, 123.6, 115.5, 114.7, 63.4, 53.3, 36.8, 31.7. [α]D

20 -31.
LCMS (ES+) calcd for [M+H]+ C26H21ClNO3S 462.0931, obsd 462.09.

(3R)-8-(3-Methoxy-phenyl)-7-naphthalen-1-ylmethyl-5-oxo-2,3-dihydro-
5H-thiazolo[3,2-a]pyridine-3-carboxylic acid methyl ester (137)
As a mixture of rotamers: 1H NMR (400 MHz, CDCl3) δ 7.83 (m, 1H), 7.74
(d, J = 8.1 Hz, 1H), 7.64 (d, J = 7.9 Hz, 1H), 7.47-7.28 (m, 4H), 7.23 (d, J =
6.9 Hz, 1H), 6.97-6.76 (m, 3H), 5.85 (s (split), 1H), 5.61 (dd, J = 8.6, 2.3
Hz, 1H), 4.10-3.89 (m, 2H), 3.85-3.58 (m, 7H), 3.45 (dd, J = 12.0, 2.3 Hz,
1H); 13C NMR (100 MHz, CDCl3) δ 168.5, 161.2, 159.9, 159.8, 154.2 (split),
146.4, 137.5, 133.8, 131.7, 130.0, 128.7, 127.8, 127.7, 127.6, 126.1, 125.6,
125.4, 123.7, 122.4, 121.8, 116.0, 115.6, 115.3 (split), 115.1, 114.0, 63.5,
55.1 (split) , 53.2, 36.8, 31.6; [α]D

20 -45. LCMS (ES+) calcd for [M+H]+

C27H24NO4S 458.1426, obsd 458.12.

(3R)-8-(3,5-Dimethyl-phenyl)-7-naphthalen-1-ylmethyl-5-oxo-2,3-
dihydro-5H-thiazolo[3,2-a]pyridine-3-carboxylic acid methyl ester (138)
1H NMR (400 MHz, CDCl3) δ 7.81 (m, 1H), 7.73 (d, J = 8.3 Hz, 1H), 7.63
(m, 1H), 7.46-7.31 (m, 3H), 7.21 (m, 1H), 6.97 (s, 1H), 6.92 (bs, 2H), 5.84
(s, 1H), 5.61 (dd, J = 8.7, 1.5 Hz, 1H), 4.08-3.88 (m, 2H), 3.78 (s, 3H), 3.59
(dd, J = 11.4, 8.7 Hz, 1H), 3.40 (dd, J = 11.4, !.5 Hz, 1H), 2.29 (s (split),
6H); 13C NMR (100 MHz, CDCl3) δ 168.4, 161.1, 154.4, 146.1, 138.3,
138.2, 135.9, 133.8, 133.7, 131.6, 129.8, 128.5, 127.8, 127.7, 127.4, 127.08,
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125.8, 125.4, 125.2, 123.7, 116.2, 114.9, 63.3, 53.0, 36.7, 31.4, 21.1, 21.0.
LCMS (ES+) calcd for [M+H]+ C28H26NO3S 456.1633, obsd 456.17.

(3R)-8-(3,5-Bis-trifluoromethyl-phenyl)-7-naphthalen-1-ylmethyl-5-oxo-
2,3-dihydro-5H-thiazolo[3,2-a]pyridine-3-carboxylic acid methyl ester
(139)
1H NMR (400 MHz, CDCl3) δ 7.79 (dd, J = 8.5, 1.2 Hz, 1H), 7.73-7.67 (m,
2H), 7.63-7.51 (m, 3H), 7.45-7.29 (m, 3H), 7.13 (d, J = 6.9 Hz, 1H), 6.13 (s,
1H), 6.13 (s, 1H), 5.66 (dd, J = 8.6, 2.3 Hz, 1H), 4.05-3.91 (m, 2H), 3.85 (s,
3H), 3.71 (dd, J = 11.9, 8.6 Hz, 1H), 3.50 (dd, J = 11.9, 2.3 Hz, 1H); 13C
NMR (100 MHz, CDCl3) δ 168.2, 161.0, 153.5, 147.7, 138.2, 133.8, 132.9,
132.2, 131.3, 130.5, 130.3, 128.8, 128.0, 127.5, 126.2, 125.7, 125.2, 122.9,
122.1, 121.5, 116.4, 113.0, 103.8, 63.5, 53.5, 36.6, 32.0. LCMS (ES+) calcd
for [M+H]+ C29H20F6NO3S 564.1068, obsd 563.71.

(3R)-7-Naphthalen-1-ylmethyl-8-(3-nitro-phenyl)-5-oxo-2,3-dihydro-5H-
thiazolo[3,2-a]pyridine-3-carboxylic acid methyl ester (140)
1H NMR (400 MHz, CDCl3) δ 8.15-8.04 (m, 2H), 7.80 (d, J = 7.8 Hz, 1H),
7.72 (d, J = 8.2 Hz, 1H), 7.60-7.32 (m, 6H), 7.17 (d, J = 7.1 Hz, 1H), 6.00
(s, 1H), 5.65 (dd, J = 8.7, 2.3 Hz, 1H), 4.05-3.90 (m, 2H), 3.83 (s, 3H), 3.70
(dd, J = 12.0, 8.7 Hz, 1H), 3.50 (dd, J = 12.0, 2.3 Hz, 1H); 13C NMR (100
MHz, CDCl3) δ  168.2, 161.0, 153.6, 148.3, 147.3, 137.8, 136.1, 133.8,
133.1. 131.5, 129.9, 128.8, 127.9, 127.7, 126.2, 125.7, 125.3, 123.2 (2C,
broad), 116.1, 113.6, 63.5, 53.4, 36.7, 31.9; [α]D

20 – 36. LCMS (ES+) calcd
for [M+H]+ C26H21N2O5S 473.1171, obsd 473.11.

(3R)-7-Naphthalen-1-ylmethyl-8-(4-nitro-phenyl)-5-oxo-2,3-dihydro-5H-
thiazolo[3,2-a]pyridine-3-carboxylic acid methyl ester (141)
1H NMR (400 MHz, CDCl3) δ 8.22-8.11 (m, 2H), 7.81 (d, J = 7.8 Hz, 1H),
7.73 (d, J = 8.1 Hz, 1H), 7.57 (d, J =8.1 Hz, 1H), 7.48-7.31 (m, 5H), 7.17
(d, J = 7.0 Hz, 1H), 5.98 (s, 1H), 5.64 (m, 1 H), 4.04-3.87 (m, 2H), 3.83 (bs,
3H), 3.70 (dd, J = 11.9, 8.2 Hz, 1H), 3.50 (dd, J = 11.9, 2.2 Hz, 1H); 13C
NMR (100 MHz, CDCl3) δ 168.2, 161.0, 153.3, 147.5, 147.0, 143.0, 133.8,
133.1, 131.5, 131.3, 131.0, 128.8, 127.9, 127.6, 126.2, 125.7, 125.3, 124.0
(2C), 123.2, 116.1, 114.0, 63.4, 53.4, 36.9, 31.9; [α]D

20 – 20. LCMS (ES+)
calcd for [M+H]+ C26H21N2O5S 473.1171, obsd 473.11.

(3R)-8-(3-Amino-phenyl)-7-naphthalen-1-ylmethyl-5-oxo-2,3-dihydro-
5H-thiazolo[3,2-a]pyridine-3-carboxylic acid methyl ester (142)
To 140 (0.15 g, 0.33 mmol) in AcOH (1 ml) activated zinc (0.10 g, 1.63
mmol) was added at room temperature and stirred for one hour. Zinc was
filtrated off through celite and the celite was extracted thoroughly with
CH2Cl2. The organic phase was washed with aqueous saturated NaHCO3 and
the aqueous phase was extracted with CH2Cl2. The combined organic phases
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were washed with brine, dried (Na2SO4), filtered and concentrated.
Purification by flash column chromatography (EtOAc:heptane 4:1) gave 142
(0.09 g, 61%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.81 (d,
J = 9.0 Hz, 1H), 7.73 (d, J = 8.2 Hz, 1H), 7.64 (d, J = 7.4 Hz, 1H), 7.32-
7.46 (m, 4H), 7.14-7.25 (m, 2H), 6.58-6.76 (m, 3H), 5.77 (s, 1H), 5.57 (d,  J
= 8.8 Hz, 1H), 3.89-4.16 (m, 3H), 3.76 (s, 3H), 3.57 (t, J = 8.9 and 19.5 Hz,
1H), 3.39 (d, J = 11.3 Hz, 1H) 13C NMR (100 MHz, CDCl3) δ 168.7, 161.4,
154.8, 147.4, 147.2, 146.4, 137.3, 134.0, 131.9, 130.0, 128.8, 128.1, 127.8,
126.2, 125.8, 125.6, 124.1, 120.1, 119.4, 116.7, 116.6, 115.6, 115.3, 115.0,
63.5, 60.5, 53.4, 36.9, 31.7, 21.2, 14.3. [α]D

20 – 40. LCMS (ES+) calcd for
[M+H]+ C26H23N2O3S 443.1429, obsd 443.17.

(3R)-8-(4-Amino-phenyl)-7-naphthalen-1-ylmethyl-5-oxo-2,3-dihydro-
5H-thiazolo[3,2-a]pyridine-3-carboxylic acid methyl ester (143)
As described for the synthesis of 142 from 140, 143 was prepared from 141
(0.17 g, 0.35 mmol), AcOH (1 ml) and activated zinc (0.11 g, 1.74 mmol) to
give 143 (0.08 g, 53%) as a pale yellow solid. As a mixture of rotamers; 1H
NMR (400 MHz, CDCl3) δ 7.81 (dd, J = 7.2, 2.0 Hz, 1H), 7.73 (d, J = 8.2
Hz, 1H), 7.64 (d, J = 7.4 Hz, 1H), 7.47-7.32 (m, 3H), 7.27-7.15 (m, 2H),
6.76-6.58 (m, 3H), 5.76 (s (split), 1H), 5.57 (dd, J = 8.6, 2.0 Hz, 1H), 4.09-
3.90 (m, 2H), 3.78 (bs, 2H), 3.75 (s, 3H), 3.57 (dd, J = 11.8, 8.6 Hz, 1H),
3.57 (dd, J = 11.8, 2.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 168.4, 161.1,
154.4, 147.0 (split), 146.1 (split), 137.0, 133.7 (broad), 131.6, 129.7, 128.5,
127.8, 127.4, 125.9, 125.4, 125.3, 123.7, 119.8, 119.1, 116.3, 116.2, 115.6,
114.9, 114.7 (split), 63.2 (split), 60.18, 53.1, 36.6, 31.4; [α]D

20 – 31. LCMS
(ES+) calcd for [M+H]+ C26H23N2O3S 443.1429, obsd 443.17.

The methyl esters 136-143 were hydrolyzed to the corresponding lithium
carboxylates 144-151 according to the procedures published in paper III.
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