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In a time of emerging bacterial resistance there is a vital need for new targets and strategies in

antibacterial therapy. Using uropathogenic Escherichia coli as a model pathogen we have developed a

class of compounds, pilicides, which inhibit the formation of virulence-associated organelles termed
pili. The pilicides interfere with a highly conserved bacterial assembly and secretion system called the
chaperone—usher pathway, which is abundant in a vast number of Gram-negative pathogens and serves
to assemble multi-protein surface fibers (pili/fimbriae). This class of compounds provides a platform to

gain insight into important biological processes such as the molecular mechanisms of the

chaperone—usher pathway and the sophisticated function of pili. Pili are primarily involved in bacterial

adhesion, invasion and persistence to host defenses. On this basis,

new antibacterial agents.

Introduction

To meet the important need of innovation in antimicrobial therapy,
bacterial virulence factors have gained attention as new targets."™
By inhibiting virulence-associated functions, the rationale is to
deprive the pathogen of its infectious ability and thus make it
susceptible to host immune responses. There is a reason to believe
that this strategy, as compared to traditional antibiotics that either
kill the pathogen or prevent its growth, would induce bacterial
resistance at a much slower rate, since non-essential genes and/or
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pilicides can aid the development of

functions that are under less selective pressure to mutate are
inhibited. Another speculative advantage of impairing virulence
is that the host will be subjected to intact but harmless bacteria,
allowing the host to develop an adequate immune response against
the virulent pathogen. This would increase the host’s chances to
efficiently respond to and eradicate the intruder in case of recurrent
exposure.

Bacterial virulence factors vary between pathogens and range
from adhesive surface fibers such as pili/fimbriae to invasins,
toxins and different secretion systems (Fig. 1). Bacteria also benefit
from the ability to communicate via ‘quorum sensing’ and establish
intracellular bacterial communities (IBCs) and biofilms. Several of
these virulence factors, e.g. quorum sensing,”” type I1I secretion,?
biofilm formation®**!® and the assembly of adhesive organelles,!
have been recognized as interesting targets.
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Fig. 1 Pathogenic bacteria can express a range of virulence factors, which initiate and set the course of a disease process. The virulence factors are often
important for host attachment and invasion but can also play a critical role for the persistence and spread of the pathogen via, e.g., quorum sensing and

matrix (biofilms/intracellular bacterial communities) formation.

Virulence factors are often involved in several events and
at different stages in the infectious process. They can mediate
attachment and invasion and can also be essential in subsequent
events in the pathogenic cascade and thereby often set the course
of an infection. With the help of virulence factors the pathogen
can withstand innate defenses and in some cases antibiotics, thus
facilitating its persistence and spread in the host. Hence, inhibition
of virulence factors may not only prevent the initial (and crucial)
pathogen—host interaction, but could also change the course of an
infection by hampering the following, highly dynamic interplay
either between pathogen—host or pathogen—pathogen (quorum
sensing). The latter inter-bacterial communication is essential for a
sustained infection and allows the formation of a critical bacterial
density (quorum) and bacterial networks, e.g. biofilms and IBCs,
which facilitate the escape from innate defenses.'>!3

To date, several reports of small molecules with inhibitory
activity on virulence factors have been presented. In addition to the
novelty of the targets and the anti-pathogenic approach, the use
of small molecules is in itself intriguing since chemical attenuation
of virulence would be a more clear-cut approach than genetics.'***
The apparent drawbacks of genetic manipulation of gene clusters
are first, that other genes may unfavorably be affected and second,
limitations in terms of fine-tuning. Chemomodulation, on the
other hand, offers the opportunity of a selective (and at the
same time dose-dependent) regulation of virulence factors. In
addition, it provides means to interfere in a reversible manner with
dynamic biological processes in real-time. Thus, small molecules
that inhibit virulence-associated mechanisms open up possibilities
to gain, alongside their encouragement of future applications
as therapeutics, fundamental insights into disease processes at a
molecular level. Consequently, chemical up- or down-regulation
can serve to study the roles of different virulence factors in
important disease processes such as adherence, invasion and
evasion from host defenses. For example, small synthetic molecules
have been applied to block virulence by inhibiting type I1I secretion
in different strains of Yersinia, Pseudomonas, Escherichia coli and
Chlamydiae.**™ In the latter case, the chemical approach is the
only alternative, owing to the impossibility of the use of genetics on
Chlamydiae. Small molecules have also been utilized to disrupt the
expression of ToxT,*! which is a virulence factor in Vibrio cholerae,

and as inhibitors of quorum sensing and biofilm formation of
Pseudomonas aeruginosa.®*

Pilicides regulate the chaperone—usher pathway
in E. coli

We have designed and synthesized small synthetic compounds,
pilicides, which inhibit the assembly of bacterial pili. Pili/fimbriae
are multi-protein fibers, which commonly serve as sophisticated
virulence factors for a vast number of pathogens. Pili/fimbriae
are often assembled via a highly conserved mechanism called
the chaperone-usher pathway utilized by Gram-negatives such
as E. coli, P. aeruginosa, Yersinia enterocolitica, Haemophilus
influenzae and Bordetella pertussis.®* Thus, pilicides directed
against conserved targets (see below) of pilus biogenesis have the
potential for broad-spectrum activity as virulence inhibitors. The
pili assembly machinery has been well studied in uropathogenic
E. coli (UPEC) in view of the function and structural details
of implicated proteins.”** Consequently, UPEC has served as a
prototype pathogen in our studies of both type 1 and P pili.

Pili—function and assembly

Pili consist 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) that are arranged in a helical structure (Fig. 2a). The
subunits PapA and FimA are the major subunits in P and type |
pili, respectively.

The assembly of pili relies on periplasmic chaperones (PapD
or FimC) and on outer membrane protein complexes, ushers
(PapC or FimD). The chaperones are essential for the folding,
stabilization and transport of the subunits and chaperone-deficient
or dysfunctional strains are unable to assemble pili.”** The
usher is required for the incorporation of the subunits into the
growing pilus fiber. Both the usher C- and N-terminal have been
reported to be crucial for the assembly.*** The N-terminal of
the usher essentially recognizes and associates with incoming
chaperone—subunit complexes, while the C-terminal is critical for
the subsequent processing.
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Fig. 2 (a) 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. Two invariant chaperone cleft residues, Arg8 and
Lys112 (shown in Fig. 2b), are critical for the chaperone-subunit complex
formation. The chaperone-subunit complex targets the outer membrane
assembly site, i.e. the usher PapC (step 3). The pilus subunit is incorporated
into the pilus rod in a top to bottom fashion (step 4), starting with the
PapG adhesin. PapD is then released (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 PapG at the distal end, followed by PapF, E, K,
A and finally PapF as the anchoring subunit. PapA is the major subunit
in the complete P pilus rod. (b) Structure of the chaperone PapD.* The
two immunoglobulin (Ig)-like domains form the characteristic boomerang
shape with the two invariant cleft residues Arg8 and Lys112, which anchors
the subunit’s C-terminal carboxylate. A second conserved binding site is
located near the F1-G1 loop of PapD and binds to the N-terminal of
the usher (PapC) in the process where the subunit is released from the
chaperone.

At the distal end of each pilus fiber there is an adhesin (PapG
or FimH),**7 which recognizes and binds to specific carbohydrate
receptors (galabiose®* on the kidney, or mannose***' on bladder
cells) on host cells. Type 1 pili also mediate the invasion* of bladder
epithelium cells and, furthermore, are involved in the formation
of biofilms* and IBCs** where UPEC mature into a biofilm-
like state. Both biofilms and IBCs facilitate the escape of innate
defenses and allow bacteria to persist and spread in the urinary

tract.”** Since pilicides block the formation of type 1 pili, one
could speculate that a pilicide has the potential to interfere not
only with the establishment of an infection, but also with biofilm
and IBC formation.

In addition to the adhesive function of pili, which aids the
initial attachment and invasion, recent studies have revealed more
sophisticated functions of the pilus fibers and, for example, the
structure of the pilus appears to affect the binding specificity of
the adhesin.*® In addition, pili have a quaternary, helical structure
that, when subjected to external forces such as urine flow, has the
ability to elongate and contract.*? These mechanical properties
have proved to be ideal for maintaining attachment to the host,
as they govern flow-enhanced cell adhesion®%* (catch bonds) and
sustained host contact via the elongation possibilities of the pilus
rod.

Development and utility of pilicides

Creating a chemical platform and establishing SARs.
Structure-based design was initially applied to outline the syn-
thesis of a first generation of potential pilicides that was directed
against chaperone function.* The strategy was to target the
chaperone family, which has as high level of structural preservation
in a variety of Gram-negative pathogens utilizing the chaperone—
usher pathway.?*> In addition, the prototype UPEC chaperones
PapD and FimC had been extensively studied and characterized by
NMR spectroscopy and X-ray crystallography.?¢*-6%° Based on
the known molecular details of the subunits’ interactions with the
chaperones, we envisioned that substituted bicyclic 2-pyridones
would serve as dipeptidomimetics and competitively inhibit the
highly conserved cleft site on the chaperone (Fig. 3a-b).
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Fig. 3 (a) Crystal structure of the chaperone PapD and the 19-mer
C-terminal peptide of PapG.* The C-terminal carboxylate of PapG is
anchored to Arg8 and Lys112 in the chaperone cleft-site. (b) Substituted,
bicyclic 2-pyridones were initially designed™ to inhibit chaperones as
C-terminal mimetics of the subunit PapG. Hydrogen bonds between PapG
and PapD are illustrated with dashed lines.

The cleft site has two essential and invariant residues, Arg8 and
Lys112, to which the subunit C-terminus anchors as a key step in
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the assembly process (Fig. 3a). Competitive pilicide binding to the
chaperone cleft would thus prevent the formation of chaperone—
subunit complexes and consequently inhibit the formation of pili.

Computer-based modelling>* supported the hypothesized bind-
ing, and a synthetic route® to bicyclic 2-pyridones that offered
valuable variability in the substitution pattern was developed
within our group. The synthesis of the di-substituted scaffold C
(R'" and R? = aryl/alkyl, Fig. 4) is straightforward via a two-
component building block synthesis suitable for combinatorial
chemistry. The building blocks are thiazolines A and acyl Mel-
drum’s acid derivatives B, which are derived from nitriles and
carboxylic acids, respectively (Fig. 4). Conveniently, this gives
access to substituents R' and R? and, if desired, position R' can
be left unsubstituted. The developed synthetic routes have been
shown to be efficient both in solution, using either conventional®
(i) or microwave heating® (ii), as well as on the solid-phase®
(iit) (Fig. 4). In addition, the cyclocondensation reaction has later
been developed and applied to imines other than thiazolines,
rendering multi ring-fused 2-pyridones.** Moreover, an efficient
and reagent-free microwave-assisted decarboxylation procedure
has been developed that provides the 2-pyridone scaffold C with a
hydrogen in position 3 (Fig. 4).%
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Fig. 4 We have reported three synthetic procedures to 2-pyridones
C employing conventional heating® (i: 64 °C, 14 h, HCI (g) in
1,2-dichloroethane), a microwave-assisted technique®* (ii: 140 °C, 120 s)
and solid-phase supported chemistry®® (iii). The building blocks, thiazo-
lines A and Meldrum’s acid derivatives B, can be derived from simple
starting materials (nitriles, L-cysteine, carboxylic acids and Meldrum’s
acid). Subsequent alkaline hydrolysis (aq. LiOH in MeOH-THF) of C
yields carboxylic acids D as C-terminal dipeptide mimetics. Note that
route (iii) gives D directly after cleavage.

Encouragingly, several of the di-substitued 2-pyridones in class
D bound to the chaperones PapD and FimC, as determined by
relaxation-edited "H NMR-spectroscopy and surface plasmon
resonance (SPR).**% Out of 22 compounds, four pilicides (1-4)
were further identified as hits, which with millimolar activity were
able to prevent pilus assembly in UPEC without causing growth
defects (Fig. 5).56¢7

The following chemistry on the 2-pyridone scaffold was outlined
based on three main objectives. First, to introduce hydrophilic
functionalities in the open R*-position (Fig. 4) in order to increase
the water solubility, second, to improve the peptide mimicking
properties of the identified hits and third, to establish structure—
activity relationships (SARs) regarding pilicide activity. The R*-

O xS \\Se

0 CO.H 0

CO,H
3 4

Fig. 5 Di-substituted 2-pyridones 1-4 display pilicide activity. 1 and
2 were the most potent inhibitors of pilus biogenesis and were thus
considered lead compounds.

position has mainly been investigated using structures 1 and 2
(Fig. 5), which were the most potent pilicides among the four hits.

A number of useful key intermediates could be synthesized via
facile electrophilic aromatic substitution of position R? (framed
with dashed lines, Fig. 6). Halogenations® (E), formylations®
(T) and nitrations™ (N) could be performed and further trans-
formations of these functionalities yielded additional interesting
precursors such as nitriles® F, alcohols® J and carboxylic
acids® K.

Next, to address the solubility issue, the scaffold was substituted
with primary, secondary and tertiary methylamines. The primary
methylamines G were synthesized either from the nitriles F via
borane reduction or directly from C via Vilsmeyer formylation (I),
oxime formation (L) and subsequent reduction.®® The oxime-
route could be performed advantageously without loss in enan-
tiomeric purity. Symmetrical, tertiary amines H could be obtained
via a microwave-assisted Mannich-type reaction,*® whereas both
secondary and tertiary methylamines M were synthesized by
reductive amination® of aldehydes I.

The solubility increased for most of the amino methyl deriva-
tives, which significantly facilitated biological evaluation. Several
of the secondary and tertiary methylamines in classes H and
M also displayed a retained or improved ability to inhibit pilus
biogenesis.”* On the other hand, the primary methylamines G
were shown to lose potency and were less active than the parent
di-substituted lead compounds in class D.” Collectively, the results
demonstrated that the R? position could be substituted to increase
solubility, while activity was maintained or improved.

To enhance the resemblance of the mimicked peptide sequence,
the R? position was utilized to design and synthesize extended pep-
tidomimetics (classes P, Q and R) via the key-intermediate amines
O (Fig. 6).” Tt should be noted that bicyclic scaffolds similar to O
have previously been recognized as dipeptide mimetics in the liter-
ature and that application areas other than as pilicides have been
presented.”” Nitration of C to N followed by reduction gave O
and next, traditional amino acid couplings rendered the extended
peptidomimetics P.” SARs of the extended peptidomimetics were
further investigated by including structures Q and R obtained via
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Fig. 6 A chemical synthesis platform has been created from the bicyclic 2-pyridone scaffold C. A number of useful key intermediates (framed with

dashed lines) can be synthesized and utilized for further transformations.

sulfonylation and acylation of O, respectively. In addition, the
formylated derivatives I gave access to peptidomimetics S, with a
reversed order of the amide bond compared to R.

From the biological evaluation of the compounds in classes N,
0,P,Q,RandS, it could be concluded that, except for class P, the
affinities for the chaperone PapD were retained or even increased
as compared to the lead of class D. In spite of this, the ability
to inhibit pilus formation in E. coli was substantially reduced for
all derivatives within all classes N-S. We speculate that the poor
potencies are due to permeability problems of these substances.

Finally, the importance of the carboxylic acid functionality
of D has been investigated by synthesizing and evaluating a
series of analogues with selected physico-chemical properties
(classes T-AC, Table 1).”* The analogues, in which hydrogen-
bonding properties, size, lipophilicity and spatial location of the
carboxylate were varied, exhibited chaperone affinities for PapD

that were clearly dependent on the introduced R-substituents
(Table 1). The ability to prevent pilus biogenesis in E. coli was
strictly restricted to the carboxylate-bearing derivatives (D, T
and U). Since the carboxylic acid functionality also proved to
be critical for solubility reasons, we are at present investigating
this position using isosteric replacement. The amine V inhibited
bacterial growth, and bactericidal and/or bacteriostatic properties
have occasionally been observed in the biological evaluations.
Compounds causing these effects are discarded as pilicides but
could still be interesting antibacterial agents.

Altogether, our synthetic routes provide a solid chemistry
platform to synthesize, substitute and functionalize rigid 2-
pyridone scaffolds, which from a more general point of view can
serve as building blocks in peptidomimetic related research. At
present, synthetic routes to further derivatize the scaffold are under
development in our laboratories.

This journal is © The Royal Society of Chemistry 2007
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Table 1 Carboxylic acid derivatives (R! = phenyl or cyclopropyl, R*> =
—~CH,-1-naphthyl, in total 17 compounds)™

R2 ; 8 € g S‘

6 I
Class R' R Inhibits pili assembly”
D Ph/Cyclopropyl -CO,H Yes
T Ph/Cyclopropyl (S)-CO,H Yes
U Cyclopropyl —CH,CO,Li Yes
v Cyclopropyl —CH,NH, No*
X Ph/Cyclopropyl ~CH,OH No*
Y Ph/Cyclopropyl -CHO No¢
Z Cyclopropyl -CH,OMe No*
AA Ph/Cyclopropyl —-CO,Me No¢
AB Ph/Cyclopropyl —CH; No*
AC Ph/Cyclopropyl -H No“4

“(R)-Configuration unless otherwise stated. ® Published data of HA-
assay.”®’® < Precipitated. ¢ Synthesized from D according to a published
decarboxylation procedure.®

Mode of action and biological effects. The pilicides had
been shown to bind to chaperones, which are key proteins in
the chaperone—usher pathway. However, more detailed studies
to elucidate the pilicide mode of action at a molecular level
led to reconsideration of the initial hypothesis of pilicides as
competitive inhibitors of chaperone-subunit association. First,
the binding location was investigated using NMR spectroscopy

Untreated

Pilicicle treated

and chemical shift mapping with *N-labelled chaperone FimC.”
As anticipated, binding of the pilicides induced chemical shift
changes in the cleft region of FimC through which the pilus
subunits are anchored to Arg8 and Lysl12, but unexpectedly
the pilicides also affected a second location near the flexible F1-
G1 loop of the chaperone (Fig. 2b). This site was known to be
part of a preserved hydrophobic surface that is involved in the
interactions with the N-terminal of the usher and could thus
be targeted to block the subunit delivery process. Subsequent
X-ray crystallography of a pilicide-PapD complex® verified this
latter binding site and the competitive binding to the N-terminal
of the usher was further confirmed by a binding assay using
surface plasmon resonance (SPR), showing that binding between
chaperone-subunit complex FimC-FimH and the N-terminal of
the usher FimD was prohibited in the presence of a pilicide.*’
This interaction is critical in the pilus assembly process and
accordingly, the ability of pilicides to interfere with this event
could be monitored as reduced pili abundance. The relevance of the
proposed mechanism of action was further supported by a single-
site mutation of Arg58 in the pilicide binding site in PapD. The
Arg58 deficient PapD mutant was indeed able to bind and stabilize
subunits, while it was incapable of pilus assembly in vivo.

An overview of the biological evaluation is presented in Fig. 7.
Hemagglutination®”*"%7 and biofilm assays®” have shown that
the formation of both type 1 and P pili could be inhibited.
Consistently, the impaired pili biogenesis was also reflected by
the loss in UPEC’s ability to colonize bladder cells.”

The pilicides exhibit a dose-dependent regulatory effect on
pilus assembly, as shown by their titratable effects on biofilm
formation and HA and also using Western immunoblot analysis
and electron- and atomic force microscopy.>”® Thus, pilicides
display a potential utility as chemical tools to study the role of
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Fig.7 Schematic illustration of how pilicides have been demonstrated to regulate pilus biogenesis using electron microscopy, atomic force microscopy,®’

Western immunoblot analysis™

and assays of hemagglutination,® %77 biofilm formation and adherence.” In addition, optical tweezers force

measurements have verified that sub-inhibitory concentrations of pilicides suppress pili abundance, but do not affect the biofunctional properties of
assembled pili.”® (See text and references for details.) Electron micrographs courtesy of Jana Jass.
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pili at stages important for the establishment and persistence of an
infection. A prerequisite for this application was that the pilicides
did not affect the properties of the pilus rod, which had previously
been demonstrated by other research groups to influence adhesion
and adaptive ability to shear forces. We addressed this issue by
comparing the biophysical properties of individual pilus fibers
expressed either on pilicide-treated or normal, untreated, E. coli.”
The expression of P pili in E. coli was first suppressed by
pilicide treatment and, next, the biophysical properties of the
pilus rod were investigated using force measuring optical tweezers.
The biodynamic properties of pili fibers (formed in suppressed
amounts under pilicide treatment) were found to be intact and
the presented results establish a potential use of pilicides as
chemical tools to study important biological processes such as
pilus biogenesis and the role of pili in critical events during an
infection cascade.

Future

Our research on pilicides represents one example of how small
synthetic molecules can serve as tools to elucidate fundamental
knowledge of bacterial virulence. A robust chemical platform
for synthesis of highly substituted, bicyclic 2-pyridones has been
created to give access to compounds that have already shown
value as chemical tools to gain insights into molecular details of
the chaperone—usher pathway, an essential virulence mechanism
in a number of pathogenic bacteria. In a future perspective, these
studies could aid the identification of new antibacterial targets and
thus, the development of new therapeutics. Given the pilicides’
mode of action, a prospective broad-spectrum activity can be
anticipated and remains to be investigated.

From a more general viewpoint, finding antibiotics with novel
functions, such as inhibitors of virulence, must be considered
crucial. The industrial downscaling of antibacterial research in
past years has slowed this process at the same time as the level
of scientific challenge becomes increasingly obvious. The hurdles
and limitations of target based screening approaches were recently
described in a report from GlaxoSmithKline, presenting largely
unfruitful results over a period of seven years.” Here, they also
emphasize the benefits of performing whole-cell screening assays,
since their experience suggests that it is easier to identify the
cellular target of an antibacterial compound than it is to engineer
permeability into an enzyme inhibitor. Interestingly, they also
clearly stress the need for more chemists in the antibacterial
therapeutic area, an area that has been dominated by genomics
during the past decade.

With very few exceptions, marketed antibiotics originate from a
prevailing “me-too” concept where derivatives of already existing
drugs are directed against the same bacterial targets. This is
accompanied with a great risk, since derivatives within one
class of antibacterials can be undermined by a single resistance
mechanism. In contrast, chemical attenuation of virulence would
not only offer new targets but is also believed to induce resistance at
amuch slower rate. The utility and efficiency of virulence inhibitors
remain unknown until their impact has been investigated in
relevant model systems or, ideally, in vivo where adequate host
defenses are present. Presumably, the potency of anti-virulence
inhibitors will be acknowledged first when acting synergistically
with innate defenses. Another prospective is co-administration

together with traditional antibiotics. Finally, although the envi-
sioned therapeutic value of small-spectrum virulence inhibitors
depends on the development of new and efficient tools to identify
the disease causing pathogen in clinics, the potential applications
are intriguing and remain to be further explored.
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