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Background. Uropathogenic Escherichia coli (UPEC), a leading cause of urinary tract and invasive infections worldwide, is rap-
idly acquiring multidrug resistance, hastening the need for selective new anti-infective agents. Here we demonstrate the molecular
target of DU011, our previously discovered potent, nontoxic, small-molecule inhibitor of UPEC polysaccharide capsule biogenesis
and virulence.

Methods. Real-time polymerase chain reaction analysis and a target-overexpression drug-suppressor screen were used to localize
the putative inhibitor target. A thermal shift assay quantified interactions between the target protein and the inhibitor, and a novel
DNase protection assay measured chemical inhibition of protein-DNA interactions. Virulence of a regulatory target mutant was
assessed in a murine sepsis model.

Results. MprA, a MarR family transcriptional repressor, was identified as the putative target of the DU011 inhibitor. Thermal
shift measurements indicated the formation of a stable DU011-MprA complex, and DU011 abrogated MprA binding to its DNA
promoter site. Knockout of mprA had effects similar to that of DU011 treatment of wild-type bacteria: a loss of encapsulation and
complete attenuation in a murine sepsis model, without any negative change in antibiotic resistance.

Conclusions. MprA regulates UPEC polysaccharide encapsulation, is essential for UPEC virulence, and can be targeted without
inducing antibiotic resistance.
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The global rise in antibiotic resistance threatens the effective-
ness of treatment for even common community-acquired infec-
tions. Urinary tract infection (UTI) is among the most common
infections and accounts for about 10.5 million ambulatory visits
annually [1], leading to frequent and recurrent antibiotic use at
an annual treatment cost approaching $3.5 billion [2]. Uropa-
thogenic Escherichia coli (UPEC) produces 75%–90% of com-
munity-acquired UTIs [3, 4] and is becoming increasingly
resistant to antibiotics, with universal resistance to amoxicillin
in >50% of isolates and regional resistance to trimethoprim-
sulfamethoxazole (TMP-SMX) and ciprofloxacin among
>20% [5–9]. Further complicating UTI therapy, E. coli ST-131
clonal type is a global threat, with multidrug resistance against
extended-spectrum β-lactams, aminoglycosides, and carbape-
nems [10]. The redundant use of the same antibiotics for mul-
tiple types of infections, including common infections like UTI,

may be a driver for the emergence and persistence of multidrug-
resistant E. coli, which may be addressed through the develop-
ment of specific therapies for UTI due to E. coli. We and others
have proposed targeted inhibition of virulence-associated factors
such as polysaccharide capsule for this approach [11–13].

Prior research has demonstrated a role for the ubiquitous
polysaccharide encapsulation of UPEC in UTI and for more-
invasive diseases, such as sepsis and neonatal meningitis [14–17].
We identified small molecules that inhibit the biogenesis of
UPEC group 2 polysaccharide capsule, regardless of serotype,
and facilitate immune clearance of invasive E. coli with suffi-
cient potency to abrogate an otherwise lethal bloodstream infec-
tion in a murine infection model [13]. However, the mechanism
of action has remained unknown.

In this current work, we investigated the mechanism through
which the small-molecule DU011 (3-[2,6-difluorobenzamido]-
5-[4-ethoxyphenyl] thiophene-2-carboxylic acid; Molecular Li-
braries Program [MLP] probe number ML317) inhibits E. coli
group 2 capsule production [13]. DU011 and other capsule in-
hibitors were identified in phenotypic screens [12, 13]. Yet, the
targets of small molecules identified from such phenotypic
screens often remain unidentified [18]. However, using a com-
bination of genetics and biochemical assays, we demonstrate
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that DU011 mediates inhibition of capsule expression through a
direct interaction with the highly conserved multidrug efflux
pump transcriptional regulator MprA (previously referred to
as EmrR) without altering antibiotic susceptibility. We demon-
strate that mutation of mprA abrogates capsule expression and
fully attenuates E. coli in a murine sepsis model. This study also
provides a novel link between multidrug efflux pump regulation
and polysaccharide capsule expression, while, of importance,
identifying small molecules that separate the virulence regulato-
ry effects from the drug efflux effects, yielding potential antiin-
fective agents that do not have the negative consequence of
increased antibiotic resistance. This work is further illustration
of the power of chemical genetics to define bacterial molecular
virulence.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Phage, and Growth Conditions
All E. coli strains, plasmids, and phages used in the present
study are listed in Table 1. Bacteria were grown in Luria-Bertani
medium (LB) with shaking at 250 rpm at 37°C. LB was supple-
mented with 1% dimethyl sulfoxide (DMSO; Acros), with or
without the addition of small molecules of interest. Phage ly-
sates were prepared from 50-mL cultures of E. coli strains
UTI89 (for K1F phage) or MG1655 (for T7 phage) and stored
at 4°C over drops of chloroform as described previously [24].

K1F Phage Validation of Capsule Expression
K1F, a K1 polysialic acid capsule–dependent lytic phage [23],
was used to quantify the presence of encapsulation, as previous-
ly described [12]. Overnight cultures of pathogenic cystitis E. coli
K1 strain UTI89 and isogenic mutant strains were diluted at a
ratio of 1:100 into LB, and compounds were added in the appro-
priate concentrations. The plates were shaken vigorously for

1.5 hours. Then, K1F phage (5 µL of a high-titer phage lysate
[>109 plaque-forming units/mL]) was added, and the plates
were returned to the shaker. The OD600 was measured after
3 hours to determine the extent of phage-mediated lysis. Plates
were read at ambient temperature in a BioTek µQuant plate
reader, and the degree of phage-mediated lysis was determined
based on the absorbance.

T7 Phage–Mediated Lysis Assay
T7 entry into E. coli is inhibited by cell-associated polysaccha-
ride encapsulation and was used as a reciprocal assay to the K1F
assay [22].

Overexpression Screen to Identify Capsule Inhibitor Targets
This screen was initially conducted using DU003 (MLP number
ML333). However, once the target was identified, it was validat-
ed for DU011, as well. The ASKA library, a complete set of
E. coli K-12 open reading frames carrying a His-tag [21], was
pooled and transformed into EV36 (a K1:K12 hybrid) [20].
Cells were resuspended in LB with 0.1 mM ITPG at an OD600

of 2.3 and included in the T7 phage assay, using 50 µM DU003.
At an OD600 of 0.1–0.2, phage was added, and cells were incu-
bated for 3 hours. Clones of EV36 that were resistant to lysis by
T7 phage would likely have a capsule present and be resistant to
DU003 because of overexpression of its target. The aforemen-
tioned screen was repeated twice (total number of screens, 3),
to maximize the recovery of DU003-resistant clones. Plasmids
were isolated from individual colonies (Thermo Scientific) and
sequenced using previously published primers (Supplementary
Table 1) [21].

Thermal Shift Assay (TSA)
TSA (also known as differential scanning fluorimetry; [25]) was
performed using SYPRO Orange (Life Sciences) as the shift re-
porter dye. Briefly, 12.5 µg of protein was incubated with the in-
dicated concentration of compound for 20 minutes, dye was
added, and the reactions were monitored in real time (Bio-Rad
MiniOpticon; excitation, 490; emission, 575 nm) from 29°C to
95°C with a rate of change of 1°C/minute. The melt curve is rep-
resented as normalized data and calculated as d(fluorescence)/d
(temperature), consistent with prior publications [25].

Morphological Chemical-Similarity Analysis
Morphological similarity analysis was performed using Surflex-
Sim’s molecular similarity technique called “morphological
similarity,” which bases similarity on a molecule’s shape, hydro-
gen bonding, and electrostatic properties [26–28]. The similar-
ity analysis was performed by Surflex-Sim from SYBYL Certara.
Surflex-Sim optimizes the pose of a molecule to maximize 3-
dimensional similarity to the target molecule. Morphological
similarity bases similarity on a molecule’s shape (with a focus
on surfaces, not volumes), hydrogen bonding, and electrostatic
properties. In this analysis, the minimum root-mean-square
deviation between final poses are 0.05.

Table 1. Strains, Plasmids, and Bacteriophage

Strain/Phage
Description or Relevant

Genotype Reference

Bacterial strains

UTI89 K1 Escherichia coli cystitis
isolate

[19]

UTI89 Δneu Region II K1 capsule
synthesis mutant

[14]

UTI89 ΔmprA mprA deletion mutant NA (laboratory collection)

EV36 K-12/K1 hybrid produced by
conjugation with an Hfr
kps+ strain; K1
encapsulated and
susceptible to K1-
specific phage

[20]

Plasmid

pASKA-mprA mprA deletion mutant
complemented with
pASKA containing mprA

[21]

Phage

T7 phage (T7φ) Inhibited by K1 capsule [22]

K1F phage (K1Fφ) K1 capsule specific [23]
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DNase Protection Assay
A real-time DNase protection assay was developed to assess the
effect of chemical ligands on MprA binding to target DNA con-
sensus sequences. The binding site of MprA was amplified by
polymerase chain reaction (PCR), using UTI89 genomic DNA
as the template, based on primers (Supplementary Table 1)
flanking a known MprA consensus element immediately up-
stream of the start of the mprA gene [29], which provided a
229-nucleotide target DNA. MprA (2 µg) was incubated with
the indicated concentration of compound in 20 mM HEPES
buffer at pH 7.4 for 20 minutes, followed by the addition of
the DNA probe or control for 20 minutes. DNAse (0.5 µg;
Promega) was added to this mixture and incubated at 37°C
for 10 minutes, followed by addition of 20 mM ethylenedi-
aminetetraacetic acid to stop the reaction. EvaGreen dye (1 µL
of 20x, Biotium) was added, and DNA melt curves were record-
ed (Bio-Rad MiniOpticon; excitation, 490 mm; emission, 520
mm). A. The area under curve for the melting curve was calcu-
lated using GraphPad Prism software, version 4.

Murine Sepsis Model
All animal experiments were conducted with prior approval
from the Institutional Animal Care and Use Committee of
Duke University. Groups of five 5–6-week-old C57BL/6NCr

female mice (Frederick National Laboratory for Cancer Re-
search) were injected subcutaneously twice daily, starting 12
hours prior to infection, with 100 µL of 1 mg/mL of DU011
or 1% DMSO (vehicle control). At the time of infection, a
dose of DU011 or vehicle control was also given intraperitone-
ally along with 50 µL of 108 UTI89 or UTI89ΔmprA in phos-
phate-buffered saline (PBS). Overnight cultures were pelleted
and resuspended in 1 mL of PBS. Absorbance was adjusted to
an OD600 of 0.8, and the cultures were then diluted 1:10 in
PBS. Animals were monitored every 6 hours from the time of
infection until conclusion for severe morbidity. Surviving
mice received another dose, based on treatment group, and un-
derwent continued monitoring. The experiment was concluded
48 hours after infection. Experiments were performed in 2 in-
dependent trials. When a moribund state was suspected or an-
ticipated, animals were immediately euthanized to minimize
potential pain and/or suffering.

RESULTS

Small-Molecule Inhibitors Decreased Capsule Gene Transcription
We previously identified multiple small molecules that inhibit
the production of E. coli group II capsules, including serotypes
K1, K5, and K15 [13].We hypothesized that one mechanism of

Figure 1. Schematic diagram showing the approach to identify genetic suppressors of capsule chemical inhibitors. A, An overview of the approach to identify chemical
inhibitor suppressors. B and C, Measurement of lysis by T7 phage with and without mprA expression and treatment with DU003 and DU011, respectively. Abbreviations: E. coli,
Escherichia coli; OD600, optical density.
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the inhibitors is through modulation of a transcription factor.
Transcriptional analysis of the capsule genes was performed
by quantitative reverse-transcription PCR (qRT-PCR). Chemi-
cal treatment with DU003 and DU011 resulted in decreased lev-
els of kpsD and kpsM transcripts (representing region 1 and
region 3 polycistronic transcription, respectively; Supplementa-
ry Figure 1). Similar results were obtained following treatment
with additional, previously described [13] small-molecule in-
hibitors of polysaccharide capsule, DU001, DU007, and
DU008 (data not shown). These data indicated that DU003
and DU011 inhibition of capsule production is at the level of
transcription or transcript stability.

Identification of MprA as the Putative Capsule Inhibitor Target
We predicted that overexpression of the DU003 and DU011 tar-
get would reduce the relative amount of capsule inhibition by
the inhibitors and thus decrease the susceptibility to T7 phage
entry and lysis, which is inhibited by capsule (Figure 1A).
Through this approach, we expected to discern the identity of
the inhibitor target. Sequences in all of the pASKA-based plas-
mids selected from the screen corresponded to mprA, a known
transcriptional repressor of an operon encoding the EmrAB ef-
flux pump [30]. pASKA-mprA was independently transformed
into E. coli EV36, and increased resistance to compounds
DU003 and DU011 was confirmed (Figure 1B and 1C).

Inhibition of K1 Capsule Expression by High-Concentration Salicylate
and 2,4-Dinitrophenol (DNP) Is Similar to That by DU003 and DU011
Salicylate and DNP have been described as ligands of MprA [30,
31], and thus we predicted that they would also inhibit group 2

capsule production. Treatment of UTI89 with ≥500 µM salicy-
late or ≥62.5 µM DNP resulted in inhibition of cell lysis in the
presence of the K1 phage, consistent with loss of encapsulation
(Supplementary Figure 2).

Genetic Knockout of mprA Results in the Loss of Capsule
With multiple results implicating MprA in the regulation of
group 2 capsules, we predicted that knockout of mprA would
produce an unencapsulated mutant strain. Similar to the cap-
sule synthesis mutant UTI89Δneu, UTI89ΔmprA was resistant
to lysis by K1 phage, suggesting the loss of K1 encapsulation
(Figure 2A). Complementation of the ΔmprA mutant with
mprA in trans resulted in restoration of capsule, as measured
through K1 phage sensitivity. To further confirm the loss of en-
capsulation in the mprA mutant, a K1 antigen immunodot blot
was performed (Figure 2B). Anti-K1 antibody was reactive with
polysaccharide extracts from wild-type UTI89 but not the Δneu
or ΔmprA mutant strain extracts. K1 capsular antigen was de-
tected upon complementation of ΔmprA with mprA in trans.

DU003 and DU011 Do Not Increase Antibiotic Resistance at
Concentrations in Excess of Capsule-Inhibition Concentrations
MprA has previously been shown to repress the expression of
emrAB, which encodes for a multidrug efflux pump [29].
qRT-PCR was used to measure emrA transcripts in UTI89Δm-
prA. The level of emrA transcript was 2.9-fold higher in
UTI89ΔmprA, compared with wild-type UTI89 (Supplementa-
ry Figure 3). Treatment of wild-type UTI89 with DU011 (200
µM) or DNP (200 µM) produced 2.6-fold and 2.4-fold changes,
respectively, in emrA transcript levels, compared with no

Figure 2. Determination of the UTI89ΔmprA capsule phenotype. A, Measurement of susceptibility to capsule-dependent K1 phage lysis among isogenic capsule and mprA
mutants of Escherichia coli UTI89. Optical density (OD600) is shown at the time of phage infection and 3 hours after infection. B, K1 polysaccharide antigen immunodot blot
analysis using anti-K1 antibody.
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treatment. There was no significant difference in the fold
change between UTI89ΔmprA and UTI89 treated with
DU011 (P = .16) or between UTI89ΔmprA treated with DNP
(P = .13). DU003 (200 µM) and salicylate (200 µM) only pro-
duced 1.3-fold and 1.5-fold changes in emrA transcript levels,
respectively (Supplementary Figure 3). To determine whether
the increased transcript level of emrAB was equated with in-
creased antibiotic resistance, the minimum inhibitory concen-
tration (MIC) of different classes of antibiotics was tested in
the presence and absence of the inhibitors and in comparison
with UTI89ΔmprA. Notably, neither the capsule inhibitors
nor mutation of mprA produced a clinically significant increase
in the MICs of key representatives from multiple classes of
antibiotics that are routinely used for the treatment of UTI or
E. coli infections (Supplementary Table 2). These data suggest

that each ligand at these concentrations insufficiently upregu-
lates the EmrAB efflux pump to result in clinically important
antibiotic resistance.

DU011 but Not DU003 Interacts Directly With MprA
To identify small-molecule/MprA interactions, we performed a
TSA. Incubation of MprA with salicylate or DNP produced a
reproducible shift in the MprA melting curve and peak melting
temperature (Tm), as shown by a normalized representation of
the melt curve in Figure 3A. MprA and nalidixic acid did not
produce a shift in Tm, suggesting that, within the conditions
of this assay, nalidixic acid is not a ligand of MprA, which is
different from a prior report [29]. DU011 but not DU003 pro-
duced a concentration-dependent shift in the MprA Tm (Fig-
ure 3A and 3B). These data suggest that DU011 binds directly

Figure 3. Thermal shift assay to measure MprA conformational change in response to DU011 and prototypic ligands. A, Comparison of the thermal profiles of MprAwith and
without DU011, DU003, salicylate, 2,4-dinitrophenol (DNP), or nalidixic acid. B, Thermal shift of MprAwith increasing concentrations of DU011. The melt curve is represented as
normalized data calculated as follows: d (fluorescence)/d (temperature).
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to MprA but that DU003 does not. Interestingly, the Tm for
DU011-MprA was higher than it was for the other tested li-
gands, suggesting that DU011 not only interacts with MprA,
but also yields a more stable configuration of the protein.

Analysis of Structural Similarity Between Salicylate, DNP, and DU011
Each compound was examined for related and recurrent bioi-
sosteric functional groups (Figure 4A). Nalidixic acid and
DU003 appeared to share few or none of the proposed related
groups found among the other compounds. Three-dimensional
positioning of the molecules highlighted the spatial dissimilar-
ity of DU003 to the more conserved planar relationship of sal-
icylate, DNP, and DU011 (Figure 4B). The fluorinated phenyl
and phenol ether rings of DU011 were noted to occupy a unique
space as compared to the other molecules. Interestingly, mor-
phological-based similarity analysis (Figure 4C) suggested that
DU011 is the least similar among all of the analyzed structures,
with its dissimilarity likely being driven by the unique fluorinat-
ed phenyl and phenol ether rings. This analysis cannot distin-
guish between the structural components required for potential

interactions with MprA or differences in the conformation
MprA may assume following binding. However, it does pro-
vides the basis for interpreting the ligand-MprA interaction
studies, suggesting that DU011 shares functional biosteric
groups with salicylate and DNP, perhaps providing a basis for
why they all bind to MprA. The unique space occupancy of the
DU011 fluorinated phenyl and phenol ether rings may provide
some basis for the potentially different and more stable confor-
mation it produces in MprA.

DU011 and DNP Increase DNase Sensitivity
We predicted that ligands interacting with MprA would relieve
MprA of binding to consensus-containing target DNA. This
hypothesis was tested in a modified real-time DNase protection
assay. Purified MprAwas coincubated with DU011 or DNP and
the mprA promoter region [29]. Inclusion of either compound
in the assay resulted in a loss of fluorescence relative to the no-
treatment control, as measured by the area under the curve (Fig-
ure 5). Gel electrophoresis of the reaction products confirmed the
DNase-dependent degradation of the probe when coincubated

Figure 4. Comparative structural analysis capsule inhibitors DU003, DU011, and prototypic MprA ligands. A, Structures for nalidixic acid (Nal), salicylate (Sal), 2,4-dini-
trophenol (DNP), DU003, and DU011, with the proposed recurrent bioisosteric functional groups highlighted in blue (carboxylic acid and nitro), green (phenol and aminothio-
phene/amide nitrogen), and purple (phenyl and thiophene rings). B, Graphic structure overlay results from morphological similarity analysis on Nal, Sal, DNP, DU003, and
DU011. C, Morphologic similarity values between Nal, Sal, DNP, DU003, and DU011. Darker green indicates higher similarity.
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with MprA and DU011 or DNP but not with MprA alone (data
not shown). In contrast, DU003, salicylate, and nalidixic acid
did not produce a change in fluorescence relative to the no-
treatment control and consistent with their lack of significant
interaction with MprA and thus persistent protection of the
DNA probe from DNase by bound MprA. We further demon-
strated that DU011 produced a concentration-dependent chan-
ge in DNase sensitivity of the probe in the presence of MprA
(Supplementary Figure 4).

The mprA Knockout Mutant Is Completely Attenuated in a Murine Lethal
Sepsis Model
We have previously described the near-complete attenuation of
a systemic lethal infection by DU011 in a murine sepsis model,
using E. coli UTI89 [13].We predicted that the mprA knockout
strain would have a similar fitness defect, mimicking the pheno-
type of DU011 binding to MprA in vivo, with the bacteria be-
coming unencapsulated and thus being exposed to innate
immune clearance. Mice infected with wild-type UTI89 had
100% mortality, whereas those infected with the mprA knock-
out strain had no mortality or evident morbidity. DU011
administration to mice infected with wild-typemprA also atten-
uated infection and mortality (Figure 6A). Furthermore,
animals infected with the mprA knockout mutant or with
wild-type mprA and treated with DU011 had a significantly
lower bacterial load in both the liver and the spleen (Figure 6B
and 6C), suggesting that the unencapsulated bacteria are cleared

more efficiently by the host immune system than the wild-type
bacteria.

DISCUSSION

Chemical inhibition of virulence factors represents a therapeu-
tic approach that is gaining attention for the treatment of infec-
tious diseases, particularly as rising antibiotic resistance
threatens the effectiveness of conventional broad-spectrum
therapeutics. Multiple potential benefits of targeting virulence
mechanisms have been proposed, including less development
of antibiotic resistance and reduced collateral effects on the
commensal microbiota. In this study, we identified MprA as
the target of the polysaccharide capsule inhibitor DU011, and
our work interconnects the regulation of multidrug efflux
with the regulation of E. coli group 2 capsule, a widely recog-
nized preeminent virulence factor of extraintestinal pathogenic
E. coli responsible for UTI, bloodstream infections, meningitis,
pneumonia, and osteomyelitis [14, 32–34]. Perhaps the most
important outcome from this study is the demonstration that
specific ligands of the MarR family of regulators, in this case
MprA, can limit virulence without the expense of inducing an-
tibiotic resistance.

MprA is a member of the MarR family of winged helix tran-
scriptional regulators that have known roles in controlling the ex-
pression of multidrug efflux pumps and virulence-associated
factors in a range of pathogenic bacteria, including Pseudomonas

Figure 5. Measurement of MprA real-time DNase protection in the presence of DU011 and other ligands. A, Melting curves of MprA operator DNA probe in the presence of
MprA with and without DU003, DU011, 2,4-dinitrophenol (DNP), nalidixic acid (Nal), and salicylate (Sal). Concentrations of each ligand in the binding reactions are indicated in
the legend. Error bars indicated standard deviations of the mean from 3 independent experiments. The melt curve is represented as normalized data, calculated as follows: d
(fluorescence)/d(temperature). B, A table showing reaction conditions for each assay and the mean area under the curve (AUC).
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aeruginosa, Salmonella typhimurium, and Bordetella pertussis
[35–37]. Prior studies suggest that the efflux pumps may have
roles in pathogenicity beyond providing xenobiotic resistance;
they may be required for resistance against the host inflammatory
response, as well. For instance, Salmonella typhimurium lacking
all efflux pumps is rendered avirulent [38], perhaps due to its in-
ability to effectively expel host immune factors.

Here, we demonstrate that virulence may be selectively and
potently altered by small molecules without the negative conse-
quence of induced antibiotic resistance. Our initial objective
was to identify uropathogenic E. coli–specific virulence inhibi-
tors. However, the presence and conservation of MprA among
many gram-negative bacteria, including commensal E. coli, sug-
gests that DU011 and other capsule inhibitors may affect other
members of the human microbiota. Future studies will be re-
quired to determine whether this is consequential or benign.
Certainly the lack of overt inhibition of E. coli growth in the
presence of the capsule inhibitors portends far fewer effects
on the microbiota than conventional antibiotics.

While salicylate, DNP, and DU011 have similar proposed bi-
oisosteric functional groups, DU011 is distinguished by unique

space occupancy due to the fluorinated phenyl and phenol ether
rings. This may be one reason why the MprA-DU011 complex
may assume a more stable conformation relative to DNP-MprA
and salicylate-MprA complexes. The differences in MprA-
ligand conformations may be responsible for the distinct regu-
latory activities of the MprA-ligand complexes. We were able to
use the mprA operator as a probe for MprA-ligand interactions
[29] and demonstrate that MprA binding to this operator is de-
creased with the addition of DU011 and DNP. Using the same
approach, we were not able to demonstrate direct binding of
MprA to the capsule promoter regions, and bioinformatic
searches failed to identify MprA operator sequences (Arshad
and Seed, unpublished data). Thus, MprA is likely regulating
polysaccharide capsule expression through intermediate regula-
tors that may be part of a broader coordinate regulatory
network. RNA sequencing and genome-wide chromatin immu-
noprecipitation sequencing studies will be critical to define the
regulatory network and determine whether as we anticipate, the
different MprA ligands stimulate different global transcription-
al states as the result of the unique conformations each MprA-
ligand complex assumes. Where the target of DU003 is within

Figure 6. Comparison of DU011 treatment and mutation of mprA in a murine disseminated Escherichia coli infection model. A, Female mice (n = 10 in 2 separate experiments)
with and without DU011 pretreatment were infected with wild-type ormprA mutant E. coli UTI89 at a dose previously shown to be lethal for the wild-type E. coli infection. B and C,
The number of colony-forming units (CFU) per gram of tissue from the liver (left) and spleen (right) at the time mice were euthanized owing to reaching a moribund state or the end of
the experiment. Horizontal lines indicate median values. *P = .01 and **P = .007, by the Mann–Whitney U test. Abbreviation: PBS, phosphate-buffered saline.
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this regulatory network remains to be determined. It is interest-
ing that MprA overexpression rendered K1 E. coli less suscepti-
ble to DU003 capsule inhibition, yet our data indicate that
DU003 does not directly interact with MprA. Although the tar-
get for DU003 currently remains unknown to us, we suspect
that DU003 interacts with an intermediate regulator between
MprA and capsule transcription and that high levels of MprA
are able to suppress the DU003 effect.

We show thatmprA is a potent regulator of virulence. Knock-
out of mprA resulted in full attenuation in a murine sepsis
model; DU011 treatment significantly reduced mortality, from
100% to 30%. The difference in survival in the chemical-treated
mice as compared to mice infected with the mprA mutant may
be due to lack of optimization of DU011 pharmacokinetics or
may suggest that the targeting of MprA can be optimized. A
better understanding of the binding pocket of MprA, combined
with structural modeling, may lead to development of DU011
derivatives or as of yet not envisioned molecules with high af-
finity and conformational-exacting effects on MprA. Together
with rigorous pharmacokinetic studies, we foresee the opportu-
nity to develop a novel class of antiinfective agents that have
lesser consequences on the normal commensal microbiota
than conventional antibiotics, including induction of drug resis-
tance while attenuating uropathogenic E. coli in the act of caus-
ing invasive disease.
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