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Abstract
Ring-fused 2-pyridones, termed pilicides, are small synthetic compounds that inhibit pilus
assembly in uropathogenic E. coli. Their biological activity is clearly dependent upon a carboxylic
acid functionality. Here we present the synthesis and biological evaluation of carboxylic acid
isosteres, including e.g. tetrazoles, acyl sulfonamides and hydroxamic acids, of two lead 2-
pyridones. Two independent biological evaluations show that acyl sulfonamides and tetrazoles
significantly improve pilicide activity against uropathogenic E. coli.
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A vast number of pathogenic microbes assemble virulence factors in the form of rod-like
surface organelles via the chaperone-usher pathway.1, 2 Due to its common abundance and
high conservation, the chaperone-usher pathway constitutes an attractive target in the
development of new strategies directed against Gram-negative infectious diseases, which are
reemerging as a global health problem.

The infectious ability of uropathogenic E. coli (UPEC) depends on adhesive surface
organelles called pili/fimbriae. These virulence factors comprise both type 1 and P pili,
which allow bacterial adherence and colonization of the bladder3, 4 and kidney5, 6,
respectively. In addition to being important in the initial stages of urinary tract infections,
type 1 pili are also involved in the formation of intracellular bacterial communities (IBCs),
where bacteria enter a biofilm-like state and thus evade innate defenses and traditional
antibiotic treatment.5, 7–9

We have used UPEC as a model pathogen to design10 small synthetic compounds, pilicides,
which regulate pilus assembly.11, 12 These substituted 2-pyridones bind to periplasmic
chaperones (PapD/FimC) responsible for the folding13 and transport of pilus subunits to the
outer membrane, and thus interfere with the essential chaperone function in the assembly
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mechanism. Thereby, pilicides can either partially inhibit or completely block pili formation.
Importantly, the targeted chaperones have a high level of structural preservation among
pathogens utilizing this assembly/secretion machinery.2 Thus, pilicides have the potential of
wide-range activity and, indeed, inhibit the formation of both types of UPEC pili i.e., type 1
and P pili encoded by the pap and the fim gene clusters, respectively.

Based on their mode of action, the applicability of pilicides is anticipated to be versatile.
First, they can be directly applied to down-regulate pilus assembly and thus, potentially
function as chemical tools to study the role of pili in important disease processes.14, 15
Secondly, the utility of these molecules to gain insight in molecular details of the chaperone-
usher pathway has been recognized.11 Furthermore, considering the problems encountered
with UPEC being persistent to antibiotics and innate defenses, an appealing therapeutic
strategy would be a synergistic use of pilicides and traditional antibacterial agents.
Altogether, the utility of pilicides ranges from gaining insight into the chaperone-usher
pathway at a molecular level to potential future therapeutic applications as novel
antibacterial agents that target bacterial virulence.16, 17 We have previously demonstrated
that a carboxylic acid functionality on the 2-pyridone framework is important for chaperone
affinity and essential for the ability to prevent pilus assembly in E. coli.11, 18, 19 In this
paper we further investigate the role of the carboxylic acid functionality using functional
group isosterism. This strategy is commonly applied in the development of lead compounds
to address e.g. affinity, target specificity and pharmacokinetic properties.20, 21 Two active
pilicides have been transformed into a total of twelve derivatives, including well-known
carboxylic acid isosteres such as tetrazoles22, acyl sulfonamides23–25 and hydroxamic
acids20. The generated set of potential pilicides has been evaluated for chaperone (PapD)
affinity and the ability to disrupt P pilus biogenesis in E. coli.

Twelve derivatives of two active pilicides (1 and 2, Fig. 1A) have been synthesized and
evaluated. Replacement of the carboxylic acid functionality has been performed, generating
a set of eight isosteres comprising tetrazoles, acyl sulfonamides and hydroxamic acids (Fig.
1B). Since primary amides served as precursors in the synthetic route to the tetrazoles, these
derivatives were also included in the biological evaluation.

In addition, ring-opened derivatives were synthesized to establish SARs regarding the
rigidity of the scaffold and the flexibility of the carboxylic acid. Furthermore, a tolerance for
the ring-opened analogues would encourage screening of pilicide activity among more
simple generic structures. In addition, such 2-pyridone derivatives could be synthesized via
complementary synthetic pathways.

The ring-fused 2-pyridone methyl esters 3 and 4 were first synthesized according to
published procedures that had previously been developed in our laboratories.26, 27 From 3
and 4, the synthesis of the hydroxamic acids 5 and 6 was straightforward and proceeded in
quantitative yields using hydroxylamine in H2O/MeOH (Scheme 1).

The acyl sulfonamides 9–12 were obtained from the carboxylic acids 7 and 8, which were
first synthesized from 3 and 4 using alkaline hydrolysis (Scheme 1). Activation of the
carboxylic acids 7 and 8 was performed using N,N′-carbonyldiimidazole (CDI),24 which
after addition of benzene- or methyl sulfonamide and microwave (MW) induced heating at
80 °C for 8 h, rendered the four acyl sulfonamides 9–12 in 60–90% yields (Scheme 1).
However, the reaction time was long and the yield of compound 10 was modest (60%),
therefore an attempt to increase the yield and shorten the reaction time was performed.
Fortunately, increasing the temperature to 150 °C rendered compound 10 in excellent 95%
yield after 55 min of microwave heating.
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The synthesis of the tetrazoles was undertaken from methyl esters 3 and 4 via the amide
intermediates 13 and 14 (Scheme 2). The amides were then transformed to tetrazoles 15 and
16 using SiCl4 and NaN3 in refluxing acetonitrile according to a published procedure.28 A
number of unidentified byproducts were also formed under these reaction conditions, which
resulted in poor yields of the tetrazoles. However, the obtained amounts of 15 and 16 were
sufficient to allow screening and, thus, determination of their potential value as bioisosteres.

Desulfurization into the ring-opened derivatives 17 and 18 was accomplished using Raney-
Nickel® in refluxing MeOH (Scheme 3). Portion-wise addition of Raney-Nickel® was
needed for complete conversion of the starting material and the reaction was carefully
monitored by LC-MS to avoid any undesired over-reduction of the 2-pyridone ring. The
lithium carboxylates 19 and 20 were obtained after alkaline hydrolysis of 17 and 18
(Scheme 3).

The synthesized set of isosteres (5, 6, 9–16, 19 and 20) and their parent lead compounds (1
and 2) were evaluated as pilicides. More specifically, both their ability to bind to the
chaperone PapD in vitro and their ability to inhibit pilus biogenesis in E. coli were
evaluated. The cyclopropyl series of derivatives was first ranked for chaperone (PapD)
binding affinity using relaxation-edited 1H-NMR spectroscopy (Table 1, Relative PapD
affinity). Ranking of binding affinity for small molecules that bind to a large protein can be
performed using relaxation-edited 1H-NMR spectroscopy.29, 30 The methodology relies on
the fact that a signal originating from a small molecule decreases in intensity when the
molecule binds to the protein (given that an appropriate spin-lock filter is applied). The
observed reduction in signal intensity (as compared to a non-binding reference) reflects the
binding strength and thus allows ranking of affinities. However, the reduced intensity can
vary between protons situated at different positions on a molecule (as a result of varying
flexibility or differences in specific protein interactions). Thus, ranking is only valid when it
is based on a signal that originates from a proton being represented in all compounds. As for
most screening techniques, the assumption of a common binding site for the compounds is a
prerequisite for affinity ranking. We have previously described and applied relaxation-
edited 1H-NMR spectroscopy when ranking series of compounds for chaperone binding10,
18, 19 and this technique was now used also for the cyclopropyl-series of isosteres (Table
1).

Binding data clearly showed that the affinity of the lead compound 2 for the chaperone
PapD could be retained or even improved after isosteric replacement of the carboxylic acid.
The benzene sulfonamide 12 was the best binder (entry 4, 100% relative PapD affinity)
resulting in a completely abolished signal from the compound. The methyl sulfonamide 10
and the tetrazole 16 displayed comparable affinities to 2 (entries 6 and 8 vs entry 2).
Decreased affinities were seen for the hydroxamic acid 6, amide 14 and also for the ring-
opened analogue 20 (entries 10, 12 and 14). In addition, the reduced binding of 20 compared
to the parent, bicyclic lead 2 was central since it demonstrated the importance of having the
carboxylate positioned on the rigid scaffold. Interestingly, an increased line-width was
observed for one of the naphthyl protons on compounds 10 and 20. This could indicate a
different binding mode or site for these compounds. However, considering the potency of 10
(see below), a different binding site seems unlikely for this compound. Altogether, although
a reduced binding affinity was observed for some isosteres, all compounds bound to PapD in
a range that from previous studies was known to be adequate for inhibitory activity on pilus
biogenesis.

Next, all compounds were evaluated in a hemagglutination (HA)-assay for their ability to
inhibit P pilus biogenesis in E. coli (Table 1, HA-titer).11 P pili expressing E. coli (HB101/
pPAP5) were cultured in the presence of 1.8 mM compound and the degree of piliation
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could subsequently be assessed by the ability of pilicide treated bacteria to agglutinate
erythrocytes (Table 1, HA-titer). The reported HA-titer is the highest dilution of bacteria that
still provides hemagglutination and, thus, a high HA-titer denotes a high abundance of pili
on the bacterial surface. Rewardingly, the HA-data clearly demonstrated an improved ability
to block P pili formation for the tetrazoles 15 and 16 and the acyl sulfonamides 9–12 (entries
3–8 vs entry 1 and 2, HA-titer). Neither the hydroxamic acids 5 and 6 nor the primary
amides 13 or 14 were active (entries 9–12). A slight effect was seen for the ring-opened
derivatives 19 and 20 (entries 13 and 14), but there was an evident loss in activity compared
to the bicyclic lead 2 (entry 2).

Finally, the best compounds from the HA-titers and NMR-studies were further evaluated in
a biofilm assay11 both to confirm their biological effect but also to be able to see if they
behave in a dose dependent manner (Figure 2). The results show that the compounds could
be suspended to a concentration as low as 22 μM, with a dose dependent behavior, and still
displaying significant biofilm inhibition.

Overall, the reduced activity seen for the ring opened compounds 19 and 20 shows that there
is an apparent central role of the ring-fused 2-pyridone scaffold, which inspires to continued
investigations of this entity. Furthermore, sterically demanding isosteres appear to be
accepted, which encourage further fine-tuning of this position, for example with various,
substituted acyl sulfonamides. Even though activity in whole cell-based assays is often
difficult to relate to direct binding affinity, a correlation can be seen for the evaluated
isosteres. The fact that the hydroxamic acids 5 and 6 and primary amides 13 and 14 were
inactive may be attributed to their poor solubility in the HA-assay.

In conclusion, the importance of a rigid, ring-fused scaffold has been clearly demonstrated
for carboxylic acid functionalized 2-pyridones that inhibit pilus biogenesis in E. coli.
Furthermore, tetrazoles and acyl sulfonamides have been shown to be potent bioisosteres of
carboxylic acids for 2-pyridone based pilicides. Compared to a parent carboxylic acid
functionalized lead compound, the tetrazole and acyl sulfonamides displayed improved or
retained binding affinity for the chaperone PapD. In addition, their ability to block P pilus
assembly in E. coli was significantly enhanced as determined by hemagglutination and their
ability to inhibit pili dependent biofilm formation. The increased potencies, particularly for
the sterically more demanding isosteres, open up possibilities to further investigate this
position from a medicinal chemistry perspective.
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Figure 1.
(A) Ring-fused 2-pyridones substituted with a carboxylic acid (1 and 2) inhibit pilus
biogenesis in E. coli.11, 18, 19 (B) Acyl sulfonamides, hydroxamic acids, tetrazoles and
amides have been synthesized and evaluated as isosteres of 1 and 2. Ring-opened analogues
were also included to study the effects of increased flexibility of the carboxylate
functionality.
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Figure 2.
Compounds 10 and 16 were evaluated in a biofilm assay where they showed a dose-
dependent pattern with an estimated IC50 around 30–40 μM for compound 10 and 65–75
μM for 16. The corresponding carboxylic acid substituted pilicide 2 displayed a 45 %
inhibition at 400 μM. The figure shows the average inhibition of duplicate runs and the
standard deviations are shown in error bars.
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Scheme 1.
a) NH2OH (50 wt% aq.) in MeOH, rt (quant.). (b) First 0.1 M LiOH (aq.) in MeOH:THF
(4:1), rt (quant.), then Amberlite® IR120+. (c) ) First N,N′-carbonyldiimidazole in CH2Cl2,
preactivation for 1 hour and 45 minutes at rt, then PhSO2NH2 or MeSO2NH2, MW 80 °C,
8h (60–90%) or MW 150 °C, 55 min for 10 (95%).
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Scheme 2.
(a) NH3(g) in MeOH, 40 °C (quant.) (b) NaN3, SiCl4, MeCN, reflux (14–18%)

Åberg et al. Page 9

Bioorg Med Chem Lett. Author manuscript; available in PMC 2013 May 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 3.
(a) Raney-Nickel® in MeOH, reflux (74–80%) (b) 0.1 M LiOH (aq.) in MeOH:THF (4:1), rt
(quant.).
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