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Bacterial biofilms are complex microbial communities that exhibit 
reduced sensitivity to conventional antibiotics, host defenses and 
external stresses1,2. Multiple determinants contribute to biofilm devel-
opment and maintenance, and their requirements in biofilm forma-
tion may vary depending on environmental conditions. In addition, 
factors important in biofilm formation are often functionally redun-
dant, making anti-biofilm strategies challenging and complex.

E. coli and other Enterobacteriaceae assemble adhesive amyloid 
fibers termed curli at the bacterial cell surface that are involved in bio-
film formation3,4. Curli mediate cell-cell and cell-surface interactions 
to promote bacterial adhesion to mammalian and plant cells as well 
as inert surfaces such as glass, stainless steel and plastic5,6. Curli also 
serve as an adhesive and structural scaffold to promote biofilm assem-
bly and other community behaviors7–9. Biofilms within the host are 
implicated in serious and persistent infectious diseases, including cys-
tic fibrosis, chronic otitis media and urinary tract infection (UTI)10,11. 
In the environment, biofilms can serve as reservoirs for pathogens 
and can result in surface and water contamination. Amyloid adhesins 
and amyloid-integrated biofilms, in particular, are prevalent among 
diverse phyla (for example, Proteobacteria, Bacteroidetes, Chloroflexi, 
Actinobacteria) that thrive in drinking water reservoirs and other 
environmental habitats12,13.

Bacterial adhesion and biofilm models emphasize redundant fea-
tures, and virulent pathogens often harbor multiple adhesive systems 
that are used in different stages of pathogenesis, supporting the notion 
that broad-spectrum approaches to prevent biofilm formation may 

be most attractive6,14. In addition to curli, bacteria can assemble hun-
dreds of extracellular adhesive fibers known as pili, many of which 
mediate host-cell binding and invasion and biofilm formation, all 
of which contribute to bacterial pathogenesis in the human host15. 
Type 1 pili are crucial to UPEC pathogenesis. They contain the FimH 
adhesin at their tip, which mediates binding to mannosylated recep-
tors present on the luminal surfaces of mammalian bladder epithelial 
cells—an event that is critical in the pathogenesis of urinary tract 
infection16–18. Thus, type 1 pili are essential virulence factors repre-
senting an excellent target for therapeutic intervention19.

Both curli and type 1 pili have been implicated in mediating  
biofilm formation by UPEC as well as enterohemorrhagic  
E. coli7–9,20,21. Recent data suggest that curli and cellulose act 
synergistically to promote host colonization, biofilm formation and 
survival in different environments22. Ultimately, strategies that target  
multiple adhesive structures may be needed to prevent colonization, 
invasion and biofilm formation in order to have the most potent 
therapeutic potential23.

Thiazolo ring-fused 2-pyridones are peptidomimetics that can tar-
get essential protein-protein interactions in macromolecular assem-
bly24. Previously, we discovered that the dihydro thiazolo ring-fused 
2-pyridone provides an excellent scaffold for the rational design and 
synthesis of pilicides (for example, BibC10 (1), Fig. 1a) that block 
type 1 pilus biogenesis in E. coli19,24–26. Type 1 pili are assembled 
by the well-characterized chaperone-usher pathway27,28. Pilicides  
such as 1 bind to the pilus chaperone and block the targeting of  
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chaperone-subunit complexes to the outer 
membrane usher, thus preventing the donor 
strand exchange reaction that is required 
for assembly of the fiber24. Exchange of the 
cyclopropyl group of 1 with a CF3-phenyl 
substituent generated a compound, FN075 (2), that gained anti-
amyloid activity and inhibited Alzheimer’s-associated β-amyloid 
(Aβ) polymerization in vitro29. The original cyclopropyl-substituted 
pyridone, 1, exerted no anti-amyloid activity29.

Inspired by the anti-amyloid properties of 2 and two additional 
molecules with a similar substitution pattern as 2 (BibC6 (3) 
and VA028 (4); Fig. 1 and Supplementary Fig. 1), we found that  
compounds 2, 3 and 4 interrupted UPEC curli biogenesis and thus 
prevented curli-dependent biofilm formation. Evaluation of the struc-
ture of the binding site identified previously for pilicides24 revealed 
that compounds with a larger aryl substituent (for example, 2) should 
still fit well in the chaperone binding site. Thus, we hypothesized that 
curlicides, such as 2, would retain the pilicide activity harbored by 1. 
We confirmed this hypothesis and demonstrated the dual ability of  
2 to block both curli- and type 1 pili-dependent biofilms in vitro and 
to block colonization and intracellular bacterial community (IBC) 
formation in vivo, thus significantly attenuating virulence of UPEC 
in a mouse model of urinary tract infection. Inspired by this chemi-
cal-induced attenuation in virulence by the dual curlicide-pilicide, we 
examined the potential role of curli in UTI and demonstrated that two 
different mutants that eliminate curli fiber production, a csgA mutant 
(lacking the major curli subunit) and a csgB; csgG mutant (lacking 
the curli fiber nucleator and secretion pore), had reduced fitness in 
a UTI model. This discovery opens up a new avenue to understand 
how amyloid production by E. coli influences bladder colonization, 
and it also reveals a class of compounds that has potential therapeutic 
value by blocking multiple adhesive organelles important in biofilm 
formation and colonization.

RESULTS
Curlicides inhibit in vivo amyloid biogenesis
Three compounds, 2, 3 and 4, were tested for their ability to inhibit 
curli assembly in a whole-cell assay using the laboratory E. coli K-12 

strain MC4100 and the UPEC strain UTI89. Curli assembly in E. coli 
requires the concerted action of several gene products encoded by 
the divergently transcribed csgB; csgA operon and csgD; csgE; csgF; 
csgG operon (csg, curli-specific genes)4,30. In vivo polymerization 
of the major curli subunit CsgA into β-sheet–rich amyloid fibers 
depends on the nucleating activity of the minor subunit CsgB31. 
CsgE, CsgF and CsgG are assembly factors required for the sta-
bilization and transport of CsgA and CsgB to the cell surface to  
mediate fiber formation30,32. Curli protein profiles for MC4100 
were obtained from bacteria grown on YESCA agar amended with 
various concentrations of each compound. Cell-associated CsgA 
levels in MC4100 were substantially reduced in a dose-dependent 
manner when bacteria were grown in the presence of 2, 3 and 4 
(Fig. 1b). Compound 2 completely inhibited curli biogenesis at  
1.0 mM, and compound 3 completely inhibited at 2.5 mM  
(Fig. 1b). Compound 4 exerted near-complete curli inhibition at  
2.5 mM (Fig. 1b). There was less cell-associated CsgB at the highest 
concentration tested of 2 and 3 compared to cells incubated with 
no compound (Fig. 1b). CsgF and CsgG levels were approximately 
the same in cells grown in the presence or absence of compounds, 
suggesting that the compounds were specifically interfering with 
CsgA stability or polymerization (Fig. 1b).

Curlicides block UPEC amyloid biogenesis
E. coli curli biogenesis has been characterized most extensively in 
the avirulent E. coli K12 strain MC4100, for which curli expression 
is restricted to agar medium and low temperature3,4,33. We sought 
to (i) develop a broth-based assay for testing curlicides to enable 
future testing in high-throughput assays and (ii) examine whether 
curlicides influence curli assembly in pathogenic E. coli, where the 
regulation and expression of curli and other genes can differ from 
that in MC4100. We discovered that UTI89, a well-characterized 
uropathogenic E. coli strain, produced curli in liquid YESCA broth. 
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Figure 1  Curlicide inhibition of in vivo amyloid 
biogenesis in E. coli. (a) BibC10 (1), FN075 
(2), BibC6 (3) and VA028 (4) are ring-fused 
2-pyridones that differ in their phenyl ring 
modifications and, for 3, in the position of 
naphthyl substitution. (b) CsgA, CsgB, CsgF 
and CsgG protein profiles obtained by western 
analysis of MC4100 grown on curlicide-
amended agar for 48 h. Each curlicide was 
tested at 0.1, 1.0 and 2.5 mM, and the positive 
control sample corresponds to cells grown in 
DMSO-amended agar. MC4100∆csg was the 
negative control. Curli production was abolished 
at 1.0 mM compound 2, 2.5 mM compound  
3. Only a faint CsgA band was observed at  
2.5 mM compound 4. (c) Curlicides were effective  
at the designated micromolar concentrations 
in blocking curli biogenesis in UTI89 growing 
in shaking YESCA broth (100 rpm) for 48 h at 
28 °C. (d) Representative high-resolution EM 
images of UTI89 prepared as in c. Titratable 
reductions in bacterial curliation were observed 
for cells grown in the presence of curlicides. 
The scale bar in the first electron micrograph 
represents 0.2 µm and applies to all images.
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Thus, we investigated the ability of curlicides to block UTI89 curli 
formation during growth in YESCA broth. Compounds 2, 3 and 4 
blocked UTI89 curli biogenesis, and did so at lower concentrations 
(60–250 µM) relative to the agar assay (Fig. 1c). The difference may 
be attributable to uniform and better access of the curlicides to 
bacteria in broth. The relative potencies of the three curlicides were 
the same in the liquid and agar assays. Compound 2 was the most 
effective curli inhibitor in both MC4100 and UTI89, followed by 
3 and 4 (Fig. 1b,c). Effects on curli production were also assessed 
by electron microscopy (Fig. 1d). The effect of each compound 
was titratable, as intermediate curliation patterns were observed 
in the electron micrographs at increasing curlicide concentrations 
(Fig. 1c,d). The original pilicide, 1, had no effect on curli produc-
tion (Fig. 1d), and none of the compounds affected UTI89 growth 
(Supplementary Fig. 2).

Curlicides prevent CsgA polymerization in vitro
The hypothesis that the curlicides 2 and 3 were directly interfering 
with CsgA polymerization was investigated using an in vitro thio-
flavin-T (ThT) amyloid polymerization assay. CsgA was purified in 
a soluble, unstructured state and allowed to incubate in the presence 
or absence of curlicides. At a fivefold molar excess (125 µM), 2 and 3  
both completely inhibited ThT fluorescence of 25 µM CsgA over 
time (Fig. 2a). Compound 2 inhibited ThT fluorescence at concen-
trations as low as 10 µM, representing a 2.5-fold excess of protein to 
compound (Fig. 2a). Direct comparison of the two compounds at 
25 µM indicated partial inhibition of CsgA polymerization by 3 and 
complete inhibition by 2 at this concentration (Fig. 2a). Thus, 2 was 
more potent than 3 in this ThT assay and in blocking curli biogenesis 
in whole cells (Fig. 1). Increased levels of soluble CsgA were observed 
by immunoblot analysis when the protein was incubated in the pres-
ence of 125 µM of either compound (Fig. 2b), demonstrating that 
the compounds inhibited CsgA polymerization and not ThT bind-
ing to the fibers. To determine whether the observed inhibition of 
amyloid polymerization was specific to the curlicides 2 and 3, we also 
included the previously described pilicide, 1, which did not inhibit 
curli assembly. As expected, CsgA was able to polymerize into an 
insoluble amyloid fiber in the presence of a fivefold molar excess of 
1 (Fig. 2a). Compound 4 could not be analyzed in the ThT assay due 
to high background fluorescence.

Curlicides prevent amyloid-dependent 
pellicle formation
In order to investigate whether the curlicides 
inhibited UPEC biofilm formation, we identi-
fied a set of curli-dependent biofilm models 
using the UPEC strain UTI89. Pellicle for-
mation—that is, biofilm formation at the 
air-liquid interface—requires interbacterial 
adhesion and the assembly of multicellular 
architectures that can differ from biofilms 
formed primarily on a solid surface, such as 
agar or plastic14. UTI89 pellicle formation 
during growth in YESCA broth was curli 
dependent: UTI89∆csgA, which is unable to 
produce curli due to deletion of the major 
subunit of the fiber, did not form pellicle 
under these conditions. Pellicle formation 
was rescued by complementation with plas-
mid pLR5, encoding csgA (Fig. 3a). Pellicle 
formation occurred only in YESCA broth and 
not in LB broth (Fig. 3a).

The macroscopic and microscopic features of the pellicle were 
analyzed by confocal microscopy. Bacteria assembled a dense three-
dimensional multicellular community throughout the pellicle  
(Fig. 3b). Curli gene expression in the pellicle was monitored by 
integrating a single-copy chromosomal transcriptional gfp reporter 
into the λ integration site of strain UTI89 (Fig. 3c). The pellicle was 
counterstained with the nucleic acid dye SYTO83, which stained the 
GFP-negative bacteria red. Nearly the entire pellicle was GFP positive, 
although patches of red-staining bacteria were observed, indicating 
that curli were expressed throughout most of the pellicle (Fig. 3c). 
This was characterized further by Congo red staining and immuno-
fluorescence using anti-CsgA antibodies4. Congo red is an amyloid 
dye that binds to curli and curliated bacteria4. Pellicle bacteria, but 
not planktonic cells, bound Congo red from the broth medium as 
visualized both microscopically and macroscopically (Fig. 3d). The 
immunofluorescence micrographs revealed that CsgA-specific anti-
bodies bound to pellicle-associated bacteria but not to planktonic 
bacteria (Fig. 3e). Finally, cellulose is known to contribute to multicel-
lular behavior and biofilm formation among the Enterobacteriaceae34. 
Calcofluor staining and fluorescence confirmed the presence of  
β-2-glucans such as cellulose in the pellicle (Fig. 3e).

The ability of curlicides to block pellicle formation was tested dur-
ing growth of UPEC in YESCA broth. UTI89 pellicle formation was 
examined visually using a 24-well plate assay in the presence and 
absence of curlicides and the pilicide 1 (Fig. 3f). The curlicides 3 
and 2 blocked pellicle formation completely at concentrations of 25 
and 5 µM, respectively (Fig. 3f). Compound 4 did not inhibit pellicle 
formation in this low concentration range and was not tested further 
in this assay. DMSO carrier and the pilicide 1 had no effect on pellicle 
formation up to 500 µM (Fig. 3f).

Curlicides prevent biofilm formation on plastic
In another assay, we found that curli were required for biofilm forma-
tion on polyvinyl chloride (PVC) when the bacteria were grown in 
YESCA broth in an assay in which bacteria adhere to and form biofilms 
in PVC microtiter plates35. In contrast, type 1 pili were required for 
biofilm formation in this assay when the bacteria were grown in LB in 
PVC wells24. We confirmed that UTI89∆fimA, which is unable to pro-
duce the major pilus subunit24, and UTI89∆fimH, which is unable to 
produce the mannose-binding adhesin36, were both unable to produce 
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biofilms when grown in LB broth in PVC wells (Fig. 4a). Biofilm for-
mation in this LB/PVC condition depended on the expression of type 
1 pili but not on curli, since UTI89∆csgA formed biofilms comparable 
to those formed by UTI89 under these conditions (Fig. 4a). In contrast, 
when grown in YESCA broth in PVC wells, curli, but not type 1 pili, 
were required for biofilm formation. UTI89∆csgA did not form appre-
ciable biofilm, and UTI89∆fimA and UTI89∆fimH both formed bio-
films comparable to those formed by UTI89 under these YESCA/PVC  
conditions (Fig. 4a).

Curli-dependent biofilms that formed when UTI89 was grown in 
YESCA in PVC wells were inhibited from forming by all three curli-
cides (Fig. 4b). Compound 2 was the most potent inhibitor in this 
assay and inhibited observable biofilm by 50% at a concentration 
of 50 µM; over 90% inhibition was achieved at 100 µM (Fig. 4b). 
Compounds 3 and 4 inhibited YESCA/PVC biofilm formation by 
nearly 50% at 100 µM and exerted near-complete and complete inhi-
bition at 200 µM and 400 µM, respectively. The pilicide 1 was unable 
to inhibit the curli-dependent biofilm that formed during growth in 
YESCA (Fig. 4b). Thus, curli-dependent biofilms (YESCA/PVC) were 
inhibited from forming by the curlicides, but not by the pilicide 1.

As described earlier, evaluation of the structure of the binding site 
identified previously for pilicides24 revealed that compounds with 
a larger aryl substituent, such as the best curlicides 2 and 3, should 
fit well and retain the pilicide activity of the parent compound, 1. 

Thus, we tested the ability of 2 and 3 to inhibit type 1 pili-dependent 
biofilms formed by UTI89 when grown in LB broth in PVC wells. 
The original pilicide 1 was included as a control. Both compounds 
inhibited the formation of the type 1 pili-dependent LB/PVC bio-
film and were more potent than 1. At compound concentrations of  
50 µM, 2 and 3 resulted in 99 and 92% reduction of biofilm formation,  
respectively, whereas biofilm formation in the presence of 50 µM 
compound 1 was reduced by only 38% (Fig. 4c).

Curli provide fitness advantage early in UTI pathogenesis
Encouraged by the ability of the best curlicide in this study, 2,  
to inhibit type 1 pilus-dependent LB/PVC biofilm formation in addi-
tion to curli-dependent YESCA/PVC biofilm and pellicle formation, 
we hypothesized that 2 might have therapeutic efficacy in a mouse  
model of UTI. The pathogenesis of UTI in the murine model system 
involves a series of type 1 pili-dependent steps including colonization 
and invasion of the bladder epithelium and the formation of intracel-
lular bacterial communities. Although type 1 pili are required, some 
substantial colonization differences have been observed among type 
1 pili-expressing UPEC isolates in vivo, suggesting that factors inde-
pendent of type 1 pili impact adhesion, colonization and virulence37. 
Many such factors have been identified, including capsule, flagella and 
siderophores38. We hypothesized that curli, as adhesive amyloid and 
biofilm-promoting fibers, may aid in bacterial colonization. To test 
this hypothesis, we investigated the virulence of two mutant strains 
of UTI89 unable to make curli (UTI89∆csgBG and UTI89∆csgA) in a 
murine UTI model. The bladders of C3H/HeN mice were challenged 
separately with E. coli strains UTI89, UTI89∆csgBG and UTI89∆csgA, 
and colony forming units (CFU) from bladder homogenates were 
determined 6 h post infection (hpi). A significant reduction in CFU 
was observed for colonization by the curli mutants with respect to 
wild-type UTI89 (P < 0.007, P < 0.011, respectively), arguing that 
curli provide a fitness advantage in this model (Fig. 5a).

Compound 2 attenuates virulence in vivo
We hypothesized that compounds interrupting type 1 pilus assembly 
and curli biogenesis should attenuate virulence. C3H/HeN mice were 
challenged with E. coli strain UTI89 grown under type 1 pili-inducing 

f
0

Buffer
5 mm

BibC6

BibC10
(pilicide)

FN075

5 10 25 50
Concentration (µM)

24-well
plate
pellicle
photo

a

b

c e

d

UTI89 UTI89∆csgA
UTI89∆csgA/

pLR5

5 mm

15 µm

5 µm

15 µm

Bright α-CsgA

MergeCalcofluor

Figure 3  Curlicide inhibition of curli-dependent UTI89 pellicle formation. 
(a) Macroscopic observation of curli-dependent pellicles. Pellicle biofilms 
were visible in wild-type UTI89 culture 48 h post-inoculation in YESCA 
broth. Deletion of csgA (UTI89∆csgA) abolished pellicle formation, and 
the pellicle was restored by providing csgA in trans (UTI89∆csgA/pLR5). 
(b) Three-dimensional confocal microscopy reconstructions revealed  
thick pellicles with complex architectures. Pellicles were stained with 
nucleic acid dye STYO9 (green). Each grid unit is 14.3 µm. (c) Three-
dimensional reconstructions of confocal microscopy images showed that 
GFP reporter gene expression (green) driven by the csgB; csgA promoter  
is active in UTI89 pellicle. Bacteria were counterstained with nucleic acid 
dye SYTO83 (red). Grid units were 7.4 µm for the top panel and  
14.3 µm for the bottom panel. (d) Curli were detected in the pellicle by Congo  
red uptake in bright field (DIC) images merged with the red fluorescence 
channel. Congo red uptake was apparent by macroscopic examination of 
pellicle (inset). (e) Immunostaining of pellicle segments with anti-CsgA 
antisera illustrated homogeneous CsgA presence among aggregated cells, 
whereas planktonic bacteria were unlabeled (top right panel). Calcofluor 
staining indicated that β-glucans such as cellulose colocalize in the 
pellicle (bottom panels). (f) Curlicides blocked pellicle formation in a 
24-well plate assay in which UTI89 was grown in Congo red–containing 
YESCA medium at 30 °C (rows 2 and 3). Congo red had no effect on the 
results but permitted facile display of pellicle roughness. Equivalent 
carrier volumes of ethanol had no effect on pellicle formation (top row), 
and pellicle was unaffected by pilicide BibC10, 1 (bottom row).
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conditions in the absence or presence of 250 µM compound 2. UTI89 
that had been pretreated with 2 was significantly (P < 0.0001) atten-
uated at 6 hpi. The total bacterial load per bladder determined by  
CFU counts from bladder homogenates was reduced greater than 
10-fold at 6 hpi (Fig. 5b). UTI89 grown in the presence of FN075 
produced few or no IBCs compared to the wild-type control, as quan-
tified by LacZ staining of whole bladders39 in which IBCs are readily 
discernable (Fig. 5b).

DISCUSSION
Bacterial pathogens often rely on multiple and redundant viru-
lence determinants23. Biofilm formation is often a key part of the 
pathogenic cascade, and is implicated in UTI, cystic fibrosis and 
other chronic infectious diseases10,11,14. Because biofilm forma-
tion is multifactorial, considering approaches that simultane-
ously target multiple factors that contribute to biofilm formation 
and virulence will facilitate development of anti-virulence com-
pounds40. Curli and type 1 pili are examples of UPEC biofilm 
determinants that are essential under distinct environmental con-
ditions. Type 1 pili produced by UPEC are essential in UTI patho-
genesis, while curli were also found to provide a fitness advantage  
in vivo. By dissecting the requirements of curli and type 1 pili in 
UPEC biofilm formation, we have discovered a new class of biofilm 
inhibitors termed curlicides.

Compounds 2 and 3 block UPEC curli formation in vivo and CsgA 
polymerization in vitro, and thus are referred to as curlicides. 2 and 3 
share a common structural scaffold with previously described pili-
cides (compound 1) that inhibit UPEC type 1 pili-dependent biofilm 
formation. Pilicides block pilus biogenesis by preventing chaperone- 
subunit complexes from interacting with the outer membrane usher24. 
The crystal structure of a pilicide-chaperone complex, in which the pil-
icide is a morpholine-substituted analog of 1, indicates that the pilicide 
binds to a conserved hydrophobic patch on strands F1, C1 and D1 on the 
back of the N-terminal domain of the pilus chaperone24. This surface 
of the chaperone is involved in interactions with the outer membrane 
usher; therefore, pilicides interfere with chaperone-subunit interactions 
with the usher24. Based on the chaperone-pilicide crystal structure, 
we rationalized that compounds with larger aryl substituents, such as  
2 and 3, might exhibit equal or better structural complementarity in the 
pilicide binding site. Compounds 2 and 3, which block the formation 
of curli-dependent biofilms, also retained pilicide activity as measured 
by their ability to block type 1 pili-dependent biofilms. Therefore, in 
a multiple-target approach, we identified individual compounds that 
exhibited a dual mode of action by acting as curlicides and pilicides.

During a UTI, type 1 pili are required for colonization and invasion 
of the bladder epithelium. Yet bladder infection by UPEC is dependent 

on the outcome of a series of complex host-pathogen interactions 
and the molecular cross-talk that occurs as a consequence. Type 1 pili 
mediate the invasion of UPEC into the bladder epithelium41. This 
process has been reported to involve lipid raft components such as 
caveolin-1 (an integral membrane protein found in the inner leaflet 
of the lipid bilayer), the GTPases Rac1 and dynamin-2 (refs. 42,43), 
and microtubules44. After invasion, UPEC can be harbored in fusiform 
vesicles wherein they are expelled from the cell42,45, presumably as 
part of an innate defense46. When UPEC escape into the cytoplasm 
of superficial umbrella cells, they are able to rapidly replicate into 
IBCs16–18,37,46. As the IBC matures, UPEC detach from the biomass 
and spread to neighboring epithelial cells where further rounds of 
the IBC perpetuate the massive population expansion of the bacteria 
as part of a mechanism to subvert host defenses and gain a critical 
foothold17. Various adhesion systems, toxins, autotransporters, iron 
acquisition molecules and biofilm-associated factors all contribute 
to the fitness of UPEC in the urinary tract. The redundancy of these 
factors provides a competitive advantage to UPEC within the urinary 
tract. Mutations in any one of these factors result in varying degrees of 
reduced fitness as measured by luminal colonization, invasion, forma-
tion of IBCs and other parameters18,47,48. Fitness advantages conferred 
in the acute stages of infection are likely to impact the long-term out-
come of disease, especially when subjected to severe selective pressure, 
as is thought to be the case in the course of a natural urinary tract 
infection. We found that curli are an example of a virulence determi-
nant that provides a fitness advantage in the acute stage of infection, 
as we showed that curli mutants are attenuated in vivo at 6 hpi.
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a b cFigure 4  Curlicide inhibition of UTI89 amyloid-
dependent and type 1 pili-dependent biofilm 
formation on PVC. (a) Curli were dispensable  
for UTI89 biofilm formation in LB but  
were required for YESCA-grown biofilms.  
(b) UTI89 biofilm formation in YESCA in  
96-well PVC plates was inhibited in the 
presence of curlicides, as quantified by crystal 
violet staining35. (c) FN075 inhibited UTI89 
biofilm formation on PVC in LB in a dose-
dependent manner. Percent biofilm inhibition 
represents the decrease in biofilm formation in 
the presence of curlicide relative to biofilm formation when no compound was present. Bars in b and c represent s.d. of the mean of four experiments, 
where controls with no compound were included in each experiment on each plate. No effects on bacterial growth rate were observed at these compound 
concentrations (Supplementary Fig. 2).
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Figure 5  FN075 attenuation of virulence in vivo. (a) Curli mutants, 
UTI89∆csgBG and UTI89∆csgA, were significantly attenuated in bladder 
colonization compared to UTI89, as determined by CFU counts (P < 0.007 
and P < 0.011, respectively, as determined by a two-tailed Mann Whitney 
for each mutant–wild-type pair). Geometric means are indicated by solid 
lines. (b) FN075 (2) reduced virulence of UTI89 in the mouse model of 
urinary tract infection. Bacteria were grown in the presence of 250 µM 
FN075 and then introduced into bladders of 7- to 8-week-old female  
C3H/HeN mice by a single transurethral inoculation of 1–2 × 107 CFU.  
FN075-treated cells exhibited more than a 10-fold decrease in CFU/
bladder at 6 hpi (P < 0.0001, two-tailed Mann-Whitney test) and produced 
significantly fewer IBCs than nontreated bacteria (P < 0.0001).
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Pretreatment of UPEC with compound 2, which inhibits both curli 
and type 1 pili biogenesis, reduced the ability of bacteria to colo-
nize the bladder and prevented the development of IBCs. Thus, the 
ability of compound 2 to reduce UPEC bladder colonization can be 
attributed to inhibition of curli and/or type 1 pili. Because biofilm 
formation is multifactorial and intimately associated with pathogenic 
cascades of several bacteria, it is attractive to consider the simulta-
neous targeting of multiple biofilm-promoting factors. Compounds 
such as 2, with its curlicide-pilicide dual mode of action, accomplish 
this objective by inhibiting type 1 pili and curli assembly. The dual 
activity enhances the therapeutic potential of 2, particularly given 
the crucial role of type 1 pili during urinary tract infection. These 
results also formulate a new foundation for research that dissects the 
molecular role of curli during UPEC pathogenesis and, more gener-
ally, of bacterial amyloid production in the host.

Since the discovery of curli in 1989 (ref. 3) and the identification 
of curli as amyloid in 2002 (ref. 4), we now appreciate that functional 
amyloids are prevalent among microorganisms, and that they are 
also an integral part of normal mammalian cellular physiology49,50. 
Assembly of functional amyloids is regulated in order to direct polym-
erization at the right time and place, and to prevent toxicity. The 
continued dissection of amyloidogenesis in these systems and our 
ability to interfere with gene-directed amyloid assembly will enhance 
our perspective on functional amyloid folding pathways and disease-
associated amyloidosis.

METHODS
Synthesis of ring-fused 2-pyridones. Full synthetic schemes and supporting 
data are described in the Supplementary Methods.

Whole-cell curli biogenesis inhibition assays. BibC10 (1), FN075 (2), BibC6 
(3) and VA028 (4) stock solutions were prepared at 70 mM in DMSO. For 
MC4100 assays (Fig. 1b), appropriate volumes of curlicides were added to  
15 ml conical tubes with 6 ml warm YESCA agar to yield desired final concen-
trations. YESCA agar contains 1 g yeast extract, 10 g casamino acids and 20 g 
agar per liter. Tubes were inverted three times and poured into 35 × 10 mm 
petri dishes. After 48 h growth at 26 °C, cells were collected, resuspended in 
phosphate-buffered saline (PBS) and normalized by cell density (to measured 
optical density at 600 nm (OD600) = 0.5). 1 ml aliquots of normalized cells 
were pelleted and resuspended in 100 µl hexafluoroisopropanol (HFIP) to 
dissociate curli. HFIP was removed by vacuum centrifugation. Pellets were 
resuspended in 200 µl SDS-PAGE loading buffer and analyzed by immunoblot 
analysis using curli-specific antibodies. Identical results were obtained for cells 
subjected to formic acid treatment in place of HFIP. A control sample con-
tained DMSO carrier at the highest equivalent volume tested corresponding 
to 2.5 mM compound (3.6% DMSO v/v).

In the UTI89 whole-cell curli biogenesis assay, appropriate volumes of com-
pound stock solutions were added to 3 ml YESCA broth in sterile glass test 
tubes and inoculated with 3 µl of an overnight culture grown in LB. YESCA 
cultures were incubated overnight, shaking at 100 rpm at 28 °C. Cells were 
pelleted, resuspended in PBS and processed as above using formic acid treat-
ment for curli dissolution.

Soluble CsgA purification. C-terminal His6-tagged CsgA4 was purified 
using a modified denaturing protocol. NEB 3016 slyD cells harboring a pET11d 
vector containing a sec signal sequence minus CsgA were grown to OD600 0.9, 
induced with 0.5 mM IPTG, and incubated for 1 h at 37 °C. Cells were col-
lected by centrifugation and stored at −80 °C. Cells were lysed by addition 
of an 8 M guanidine hydrochloride, 50 mM potassium phosphate solution.  
50 ml of lysis solution was used per pellet generated from a 500 ml culture. The 
lysate was incubated, with stirring, at 4 °C for 48 h. The insoluble portion of 
the lysate was removed by centrifuging at 10,000g at 4 °C for 15 min, and the 
resulting supernatant was incubated with NiNTA resin (Sigma) for 1 h at room 
temperature (18–22 °C) with rocking. CsgA was purified using nickel affinity 

beads in a Kontes column. The beads were washed with 50 mM potassium 
phosphate. CsgA was eluted from the column using a 0.5 M imidazole 50 mM 
potassium phosphate solution. Fractions were collected and analyzed for the 
presence of protein using the BCA assay (Thermo) and SDS-PAGE.

Biofilm assay. Bacteria were grown in YESCA or LB broth in wells of PVC 
microtiter plates in the presence of individual curlicides. After 48 h of growth, 
wells were rinsed and stained with crystal violet, and biofilms were quantified 
as described35.

Bacterial strains. UTI89∆csgA, UTI89∆csgA/pLR1, UTI89∆csgA/pLR5 and the 
curli promoter–gfp transcriptional fusion construction are described in the 
Supplementary Methods.

Mouse infection and bladder tissue bacterial titer determinations. All ani-
mal studies using mice were approved by the Animal Studies Committee of 
Washington University (Animal Protocol Number 20070029). Bacteria were 
grown under type 1 pili-inducing conditions, in the presence or absence of 
250 µM FN075(2). The bacteria were harvested and resuspended to an OD600 
of 0.5 in PBS. 50 µl of this suspension, resulting in a 1–2 × 107 inoculum, 
was instilled transurethrally into the mouse bladder. After 6 h, mice were 
killed, and bladders were aseptically removed and homogenized in 1 ml PBS,  
serially diluted and plated onto LB agar plates. CFU was enumerated after  
16 h of growth at 37 °C.

Enumeration of bladder IBCs. Bacteria were grown under type 1 pili- 
inducing conditions, in the presence or absence of 250 µM FN075. The bacteria 
were harvested and resuspended to an OD600 of 0.5 in PBS. 50 µl of this sus-
pension, resulting in a 1–2 × 107 inoculum, was instilled transurethrally into 
the bladder. After 6 h, mice were killed, and bladders were aseptically removed, 
bisected, splayed on silicone plates and fixed in 2% paraformaldehyde (v/v). 
IBCs were quantified by LacZ staining of whole bladders. IBCs are readily 
discernable as punctate violet spots39.

Note: Supplementary information and chemical compound information is available 
on the Nature Chemical Biology website.
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