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Urinary tract infection (UTI) by uropathogenic Escherichia coli (UPEC) is one of the most common
infections, particularly affecting women. The interaction of FimH, a lectin located at the tip of bacterial
pili, with high mannose structures is critical for the ability of UPEC to colonize and invade the bladder
epithelium. We describe the synthesis and the in vitro/in vivo evaluation of R-D-mannosides with the
ability to block the bacteria/host cell interaction. According to the pharmacokinetic properties, a
prodrug approach for their evaluation in the UTI mouse model was explored. As a result, an orally
available, low molecular weight FimH antagonist was identified with the potential to reduce the colony
forming units (CFU) in the urine by 2 orders of magnitude and in the bladder by 4 orders of magnitude.
With FimHantagonist 16b, the great potential for the effective treatment of urinary tract infections with
a new class of orally available antiinfectives could be demonstrated.

Introduction

Urinary tract infection (UTIa) is one of the most common
infections, affecting millions of people each year. Particularly
affected are women, who have a 40-50% risk to experience at
least one symptomatic UTI episode at some time during their
life. In addition,more thanhalf of themexperience a relapse of
the infection within 6 months.1,2

Although UTIs rarely cause severe diseases such as pyelo-
nephritis or urosepsis, they are associated with high incidence
rate and consume considerable healthcare resources.3 Uro-
pathogenic Escherichia coli (UPEC) are the primary cause of
UTIs, accounting for 70-95%of the reported cases. Sympto-
maticUTIs require antimicrobial treatment, often resulting in
the emergence of resistant microbial flora. As a consequence,
treatment of consecutive infections becomes increasingly
difficult because the number of antibiotics is limited and the
resistance of E. coli is increasing, especially in patients with
diabetes, urinary tract anomaly, paraplegy, and those with
permanent urinary catheter. Therefore, a new approach for
the prevention and treatment of UTI with inexpensive, orally

applicable therapeutics with a low potential for resistance
would have a great impact on patient care, public health care,
and medical expenses.

UPEC strains express a number of well-studied virulence
factors used for a successful colonization of their host.3-5 One
important virulence factor is located on type 1 pili, allowing
UPEC to adhere and invade host cells within the urinary tract.
It enablesUPEC to attach to oligomannosides, which are part
of the glycoprotein uroplakin Ia on the urinary bladder
mucosa. This initial step prevents the rapid clearance of E.
coli from the urinary tract by the bulk flow of urine and at the
same time enables the invasion of the host cells.3,6

Type 1 pili are the most prevalent fimbriae encoded by
UPEC, consisting of the four subunits FimA, FimF, FimG,
and FimH, the latter located at the tip of the pili.7 As a part
of the FimH subunit, a carbohydrate-recognizing domain
(CRD) is responsible for bacterial interactions with the host
cells within the urinary tract.6 The crystal structure of the
FimH-CRD was solved8 and its complexes with n-butyl
R-D-mannopyranoside9 and ManR(1-3)[ManR(1-6)]Man10

recently became available.
Previous studies showed that vaccination with FimH ad-

hesin inhibits colonization and subsequentE. coli infection of
the urothelium in humans.11,12 In addition, adherence and
invasion of host cells by E. coli can also be prevented by R-D-
mannopyranosides, which are potent antagonists of interac-
tions mediated by type 1 pili.13 Whereas R-D-mannopyrano-
sides efficiently prevent adhesion of E. coli to human
urothelium, they are not exhibiting a selection pressure to
induce antimicrobial resistance. Furthermore, environmental
contamination is less problematic compared to antibiotics.14

More than two decades ago, Sharon and co-workers have
investigated various mannosides and oligomannosides as
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potential antagonists for type 1 fimbriae-mediated bacterial
adhesion.15 However, for these mannosides, only weak inter-
actions in the milli- to micromolar range were observed. In
contrast, numerous reports on glycoconjugate dendrimers
with nanomolar affinities have been published.16 However,
on the basis of their large molecular weight and high polarity,
they are predicted to exhibit only poor intestinal absorption
and are therefore not amenable for oral dosing. Recently,
some isolated reports on high affinity monovalent FimH
antagonists were published17 and, in one case, a systematic
structure-activity relationship (SAR) profilewas established.17d

In summary,8,9,15-19 long chain alkyl and aryl mannosides
(selected examples are presented in Figure 1) displayed the
highest affinity, likely due to hydrophobic interactions with
two tyrosines and one isoleucine forming the entrance to the
binding site, the so-called “tyrosine gate”.18 Because binding
affinities were obtained from diverse assay formats,9,17c,20 a
direct comparison of the affinities is difficult. On the basis
of various crystal structures of methyl-8 and n-butyl
R-D-mannoside18 as well as oligomannose-39 bound to FimH,
Han et al. recently presented a rationale for the design of
arylmannosides with increased affinities.17d

To date, a few reports on the in vivo potential of methyl
R-D-mannoside10,21,22 and n-heptyl R-D-mannoside (1)10 are
available. In all cases, the FimH antagonists were directly
instilled into the bladder concomitantly with uropathogenic
E. coli (UPEC). In this communication,wepresent for the first
time nanomolar FimH antagonists exhibiting appropriate
pharmacokinetic properties for iv and oral treatment of
urinary tract infections.

Results and Discussion

Identification of Lead Mannoside. In most of the reported
FimH antagonists, aromatic aglycones have been applied.17

However, only limited information on the optimal spacer
length between the mannose moiety and the aromatic sub-
stituent is available. Generally, the aromatic moiety is directly
fused to theanomericoxygen.17a-dExtendedspacers containing
one17b,d or two17e methylene moieties were also reported,

however, the corresponding antagonists are not really com-
parable to each other because different assay formats were
used for their evaluation. For the identification of the
optimal spacer length, we therefore synthesized mannosides
7a-d (Scheme 1). In a competitive binding assay,23 manno-
side 7a showed a slightly higher affinity (Table 1, entry 2)
compared with 7b-7d (see Table 1, entries 3-5), confirming
recent data for 7a and 7b.17d

From the crystal structure of n-butyl R-D-mannoside
bound to FimH,18 it becomes obvious that the hydrophobic
rim formed by Tyr48, Tyr137, and Ile52 is not reached by an
anomeric phenyl group. An extension by a second aromatic
ring, i.e. a biphenyl R-D-mannoside, however, should be
compatible for π-π staking. Indeed, some recently pub-
lished representatives of this compound class show excellent
affinities.17d

To achieve an optimal fit with the hydrophobic binding
site of FimH, the conformation of the biphenyl aglycone in i

was modified by different substitution patterns on ring A
(Figure 2). Because electron poor aromatic rings substan-
tially improve the binding affinities of FimH antagonists (a
10-fold improvement is reported for 2B vs 2A17c), chloro
substituents on ring A were used for the spatial exploration
of the binding site. With substituents in ortho-position, only
aminor change of thedihedral angleΦ1 is observed (-3.3� to-
0.7�). However, by an increased rotational barrier, the con-
formational flexibility is limited. The dihedral angle Φ2

between the conjugated aromatic rings results from an inter-
play between π-conjugation and steric effects.24,25 By mi-
grating the substituent to themeta-position, the torsion angle
Φ2 is substantially influenced.Whereas unsubstituted biphe-
nyls show a global twisted minimum at a torsion angleΦ2 of
approximately 39�,26 substituents in themeta-position favor
an increase of Φ2 to 60�. Details of the conformational
analyses are summarized in the Supporting Information.

Design Strategy for Intestinal Absorption and Renal Elim-

ination. Besides high affinity, drug-like pharmacokinetic
properties are a prerequisite for a successful in vivo applica-
tion. In the present case, orally available FimH antagonists

Figure 1. Known alkyl (1) and aryl (2-4) R-D-mannosides exhibiting nanomolar affinities.

Scheme 1. Phenyl R-D-Mannosides 7a-7d with Spacers of Different Lengths between the Carbohydrate Moiety and the Phenyl
Substituenta

a (i) Ph(CH2)nOH, Hg(CN)2, HgBr2, DCM, 2 h to 7 d, rt, 57-99%; (ii) NaOMe, MeOH, 6-16 h, rt, 48-91%.
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that, once in circulation, are metabolically stable and under-
go fast renal elimination, are required. This pharmacokinetic
profile results from various serial and/or simultaneous pro-
cesses that include dissolution, intestinal absorption, plasma
protein binding, metabolic clearance, body distribution as
well as renal andother clearancemechanisms.Because intestinal
absorption and renal elimination are related to opposed
properties, i.e. lipophilicity for intestinal absorption and
hydrophilicity for renal elimination, a prodrug approach27

was envisaged (Figure 3). Ester ii is expected to undergo
intestinal absorption28 and, later on, efficient hydrolysis to
carboxylate iii by esterases29 present in enterocytes lining the
small intestine and in the liver.

For renal clearance, the net result of glomerular filtration,
active tubular secretion, and reabsorption, carboxylate iii

should exhibit low lipophilicity (log D7.4) and favorable
polar descriptor values (polar surface area (PSA), H-bond
capacity and rotatable bonds).32 By contrast, lipophilic
compounds are efficiently reabsorbed (as the passive reab-
sorption process occurs throughout the length of the ne-
phron, whereas the secretion predominantly occurs at the
proximal tubule). The estimated negative log D7.4 for an-
tagonists of type iii is expected to fulfill these specifications
for an efficient renal elimination and a low reabsoption. Finally,
once arrived at the site of action in the bladder, the antago-
nist binds to the carbohydrate recognition domain (CRD)
located on the bacterial pili, thus interfering with the adhesion
of E. coli to oligosaccharide structures on urothelial cells.34

To identify antagonists with the pharmacokinetic properties
required for oral absorption and fast renal elimination, it was
planned to determine PK parameters such as log D7.4, pKa,
solubility, plasma protein binding, metabolic stability, and
oral availability using the parallel artificial membrane per-
meation assay (PAMPA)30 and the Caco-2 cell assay.31

Synthesis of FimH Antagonists. The aglycone in the R-1-
position of D-mannose plays a ternary role, i.e. itmediates the
lipophilic contact with the hydrophobic tyrosine gate, con-
tains the elements required for intestinal absorption and, after
metabolic cleavage of the prodrug, for a fast renal elimination.

The syntheses of the para-substituted biphenyls 16a-e and
17a-c,e are outlined in Scheme 2. Lewis acid promoted
glycosylation of the halogenated phenols 13a-e with tri-
chloroacetimidate 1235 yielded the phenyl R-D-mannosides
14a-e. In a palladium-catalyzed Suzuki coupling with
4-methoxycarbonylphenylboronic acid, the biphenyls 15a-e

were obtained. For the deprotection of the mannose moiety,
Zempl�en conditions were applied (f 16a-e). Finally, the
methyl esters were saponified, yielding the sodium salts
17a-c,e.

In a similar approach, two meta-substituted biphenyls in
their ester form (f 21a,b) and as free acids (f 22a,b) were
obtained (see Scheme 3).

Binding Affinities and Activities. For the biological in vitro
evaluation of the FimH antagonists, two assay formats have
been developed. For an initial characterization, a cell-free
competitive binding assay23 and, later on, a cell-based ag-
gregation assay,33 were applied. Whereas in the cell-free
competitive binding assay only the CRDof the pili was used,
the complete pili are present in the cell-based assay format.
Furthermore, both formats are competitive assays, i.e. the
analyzed antagonists compete with mannosides for the
binding site. In the cell-free competitive binding assay, the
competitors are polymer-bound trimannosides, whereas in
the aggregation assay, the antagonist competes with more
potent oligo- and polysaccharide chains present on the sur-
face of erythrocytes.36 Therefore, lower IC50 values are
expected for the cell-free competitive binding assay. In
addition, switching from the cell-free target-based assay to
the function-based assay generally leads to a reduction of
potency by several orders of magnitude. The interaction is
further complicated by the existence of a high- and a low-
affinity state of the CRD of FimH. Aprikian et al. experi-
mentally demonstrated that in full-length fimbriae the pilin
domain stabilizes the CRD domain in the low-affinity state,
whereas the CRD domain alone adopts the high-affinity
state.37 It was recently shown that the pilin domain allos-
terically causes a twist in the β-sandwich fold of the CRD
domain, resulting in a loosening of the binding pocket.38 On

Figure 2. Conformational changes of the biphenyl aglycone by chloro substitutions in ortho- and meta-position of ring A.

Figure 3. FimH antagonists with the pharmacodynamic and pharmacokinetic properties required for a therapeutic application. (1) For the
prediction of oral availability, the PAMPA30 and the Caco-2 cell assay31 are applied. (2) The hydrolysis of ester ii to carboxylate iii is evaluated
by mouse liver microsomes. (3) Renal excretion is estimated based on a positive correlation with polar descriptors (polar surface area, H-bond
donors, H-bond acceptors, rotatable bonds).32 (4) The potential of FimH antagonists is assessed with a target-based assay23 and a function-
based cellular assay.33 For the evaluation of the therapeutic effect, a urinary tract infectionmousemodel (UTImousemodel inC3H/HeNmice)
is applied.
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the basis of these findings, we expect a loss of affinity of our
antagonists toward full-length fimbriae, when compared to
the CRD domain alone.

Cell-Free Competitive Binding Assay. The cell-free inhibi-
tion assay is based on the interaction of a biotinylated
polyacrylamide glycopolymer with the FimH-CRD as pre-
viously reported.23 A recombinant protein consisting of the
carbohydrate recognition domain of FimH linked with a
thrombin cleavage site to a 6His-tag (FimH-CRD-Th-6His)
was expressed in E. coli strain HM125 and purified by
affinity chromatography. The IC50 values of the test com-
pounds were determined in microtiter plates coated with

FimH-CRD-Th-6His. Complexation of the biotinylated
glycopolymer with streptavidin coupled to horseradish per-
oxidase allowed the quantification of the binding properties
of FimH antagonists (Figure 4a). To ensure comparability
with different antagonists, the reference compound n-heptyl
R-D-mannopyranoside (1)33 was tested in parallel in each
individualmicrotiterplate.Theaffinities are reported relative to
n-heptyl R-D-mannopyranoside (1) as rIC50 in Table 1.

The most active representatives from the ester group are
16a (Table 1, entry 6) and 16b (entry 8) with affinities in the
low nanomolar range, which is an approximately 10-fold
improvement compared to reference compound 1. The

Scheme 2
a

a (i) TMSOTf, toluene, rt, 5 h (42-77%); (ii) 4-methoxycarbonylphenylboronic acid, Cs2CO3, Pd(PPh3)4, dioxane, 120�C, 8 h (28-85%);

(iii) NaOMe, MeOH, rt, 4-24 h (22-86%); (iv) NaOMe, MeOH, rt, then NaOH/H2O, rt, 16-24 h (63-94%).

Scheme 3a

a (i) TMSOTf, toluene, rt, 5 h (67-70%); (ii) 4-methoxycarbonylphenylboronic acid, Cs2CO3, Pd(PPh3)4, dioxane, 120�C, 8 h or Pd2(dba)3, S-Phos,

dioxane, 80�C, overnight (46-56%); (iii) NaOMe, MeOH, rt, 24 h (52-67%); (iv) NaOMe, MeOH, rt, then NaOH/H2O, rt, 24 h (75-95%).
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Table 1. Pharmacodynamic and Pharmacokinetic Parameters of FimH Antagonistsa,b

a Single determination; Pe,effective permeation; Papp, apparent permeability; np, no permeation; nr, no retention; nd, not determined. bThe IC50s
were determined with the cell-free competitive binding assay.23 The rIC50 of each substance was calculated by dividing the IC50 of the compound of
interest by the IC50 of the reference compound 1 (entry 1). This leads to rIC50 values below 1.00 for derivatives binding better than 1 and rIC50 values
above 1.00 for compounds with a lower affinity than 1. The aggregation of E. coli and GPE were determined in the aggregometry assay.33 Passive
permeation through an artificial membrane and retention therein was determined by PAMPA (parallel artificial membrane permeation assay).30 The
permeation through cell monolayers was assessed by a Caco-2 assay.31 Distribution coefficients (logD values) were measured by a miniaturized shake
flask procedure.44 pKa values were determined by NMR spectroscopy.45 Plasma protein binding (PPB) was assessed by a miniaturized equilibrium
dialysis protocol.46 Thermodynamic solubility (S ) was measured by an equilibrium shake flask approach.47
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corresponding carboxylic acids 17a (entry 7) and 17b (entry 9)
exhibited a small reduction in affinity but are still 5-fold
more active than reference compound 1. All the remaining
antagonists listed in Table 1 are slightly less active. For the in
vivo examination, antagonists 17a and 17b were therefore
foreseen for iv application and the prodrug 16b for oral
application.

Target selectivity is a further important issue.Mammalian
mannose receptors are part of various biological processes, e.g.
in cell-cell adhesion (DC-SIGN, dendritic cell-specific in-
tercellular adhesion molecule-3-grabbing nonintegrin),39 in
the regulation of serum glycoprotein homeostasis (mannose
receptor)40 or in the innate and adaptive immune system by
recognizingmolecular patterns on pathogens (e.g.,mannose-
binding protein, mannose receptor, DC-SIGN).39,41,42 Non-
specific interactions to the various mannose receptors by
FimH inhibitors would have a profound impact on these
processes. We therefore determined the affinity of reference
compound 1 and the two antagonists 17a and 17b for two
additional mannose binding proteins, DC-SIGN,39,43 and
MBP (mannose-binding protein)42 (Figure 5). In both cases,
affinities above 1mM, i.e. a decrease ofmore than 5 orders of
magnitude, was detected.

Aggregometry Assay. The potential of the biphenyl man-
nosides to disaggregate E. coli from guinea pig erythrocytes
(GPE) was determined by a function-based aggregometry
assay.33 Antagonists were measured in triplicates, and the
corresponding IC50 values were calculated by plotting the

area under the curve (AUC) of disaggregation against the
concentration of the antagonists. n-Heptyl R-D-mannopy-
ranoside (1) was used again as reference compound and
exhibits an IC50 of 77.14 ( 8.7 μM. Antagonists 17a and
17b showed IC50 values of 45 ( 8 μM and 10 ( 2.3 μM,
respectively (Figure 4b). In general, the activities obtained
from the aggregometry assay are approximately 1000-fold
lower than the affinities determined in the target-based
competitive assay (discussion see above).

In Vitro Pharmacokinetic Characterization of FimH An-

tagonists. For an application in the UTI mouse model, iv or
po available FimH antagonists are required that, once
absorbed to circulation, are metabolically stable and under-
go fast renal elimination. Sufficient bioavailability requires a
combination of high solubility and permeability tomaximize
absorption and low hepatic clearance to minimize first pass
extraction. Furthermore, for efficient renal elimination,
active and/or passive membrane permeability and low re-
absortion in the renal tubuli is required. From the series of
FimH antagonists with nanomolar in vitro activities (see
Table 1), representatives with appropriate pharmacokinetic
properties were selected for in vivo experiments based on the
parameters shown below.

Oral Absorption and Renal Excretion. For the evaluation
of oral absorption and renal excretion of the esters 16 and 21

as well as the acids 17 and 22 physicochemical parameters
such as pKa values, lipophilicity (distribution coefficients,
log D7.4), solubility, and permeability were determined

Figure 4. Affinities were determined in two different competitive assay formats. (a) a cell-free competitive binding assay23 and (b) a cell-based
aggregometry assay.33 For antagonists 17a, 17b, and the reference compound 1, IC50 values in the nM and μM range, respectively, were
obtained. The 1000-fold difference between the two assay formats is due to the different competitors used as well as the different affinity states
present in FimH, i.e. the high-affinity state present in the CRDused in the cell-free competitive binding assay and the low-affinity state present
in the pili of E. coli used in the aggregometry assay.

Figure 5. Competitive binding assay using FimH-CRD-Th-6His, DC-SIGN-CRD-IgG-Fc,43 and MBP to evaluate the selectivity of
compounds 1, 17a, and 17b. Inhibitory capacities of the compounds were tested at a concentration of 1 mM. As positive control, D-mannose
at a concentration of 50 mM was used.
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(Table 1). Not surprisingly, the acids 17 and 22 showed log
D7.4 values in the range of -1 to -2 and pKa values of
approximately 4. While these parameters are beneficial for
renal excretion,32 oral absorption by passive diffusion seems
unlikely. Indeed, when the permeation through an artificial
membrane (PAMPA30) was studied, neither significant per-
meation (log Pe, Pe: effective permeation) nor membrane
retention could be detected. Whereas for a successful oral
absorption log Pe should be above -5.7 and/or the mem-
brane retention above 80%,48 the corresponding values for
the carboxylic acids 17 and 22 are far frombeing in this range
(see Table 1, e.g. entries 7 and 9). However, log D7.4 values
and PAMPA results were markedly improved for the esters
16 and 21 (Table 1, e.g. entries 6 and 8), suggesting that these
FimH antagonists are orally absorbed. This assumption was
fully confirmed in a cell-based permeation assay with Caco-2
cells.31 For renal excretion, Varma et al.31 correlated low
lipophilicity and the presence of a charged state at physiolog-
ical pH positively with enhanced elimination. On the basis of
logD7.4 and pKa summarized in Table 1, the carboxylates 17
and 22 fulfill these requirements. Overall, these results sup-
port the prodrug approach: (i) oral application of the esters
16 and 21 and (ii) renal elimination of the corresponding
acids 17 and 22.

Solubility.Amajor problem of the antagonists 16 and 21 is
their insufficient solubility, ranging from 4.6 to 37.6 μg/mL.
Even though the solubility issue can be addressed by appro-
priate formulations, further structural modifications to im-
prove solubility are necessary. Opposite to the esters, the
corresponding carboxylates 17 and 22 showed excellent
solubility (>3 mg/mL). This enables their iv application in
physiological solutions (PBS) in the UTI model without
further needs to develop suitable formulations (see below).

Stability in Simulated Gastrointestinal Fluids. To exclude
degradation in the gastrointestinal tract prior to absorption,
the stability of 1, 16b, and 17b in simulated gastric fluid
(sGF) and simulated intestinal fluid (sIF) was determined.
All three antagonists proved to be sufficiently stable with
more than 80% of the initial concentrations found after two
hours.

Metabolic Stability. Because the prodrug approach is only
applicable when the esters 16a and 16b are rapidly metabo-
lically cleaved into the corresponding acids, their propensity
to enzymatic hydrolysis by carboxylesterase (CES) was
studied. Mammalian CESs are localized in the endoplas-
matic reticulumof the liver andmost other organs.29 Because
of the excellent affinity of the corresponding acids 17a and

17b to FimH, we concentrated our metabolic studies on the
ester prodrugs 16a and 16b, which were incubated with
pooled male mouse liver microsomes to study the hydrolysis
and the release of the metabolites. Preliminary experiments
involving low substrate concentrations (2 μM) and a con-
centration of the microsomal protein of 0.25 mg/mL showed
a fast degradation of the ester prodrugs (Figure 6). Addition
of the specific CES inhibitor bis(4-nitrophenyl) phosphate
(BNPP) prevented ester degradation, suggesting that the
metabolic transformation can be attributed to CESs.49

On the basis of these in vitro results, we also expect fast
hydrolysis of the esters in vivo at the first liver passage.
Current studies are focusing on the kinetic parameters of the
enzymatic ester cleavage.

To reach the minimal therapeutic concentration in the
bladder (approximately 1 μg/mL, as estimated from a cell-
based infection assay50), the FimH antagonists 17a and 17b

should be efficiently renally eliminated and not further
metabolically processed. Therefore, the metabolic fate of
the free carboxylic acids 17a and 17b was examined. A
common method to predict a compound’s propensity to
phase I metabolism is its incubation with liver microsomes
in presence of NADPH.51 Under these conditions, in vitro
incubations of the free carboxylic acids 17a and 17b with
pooled male mouse liver microsomes (0.5 mg microsomal
protein/mL) did not show significant compound depletion
over a period of 30 min, suggesting a high stability against
cytochrome P450 mediated metabolism in vivo. However,
phase IImetabolic pathways such as glucuronidation remain
to be studied in details.

Plasma Protein Binding (PPB). Compared to the corre-
sponding esters 16 and 21, the antagonists 17 and 22 exhibit
5-20% lower plasma protein binding, typically in the
range of 73-89%. This rather low PPB beneficially
influences renal excretion because, in line with the free drug
hypothesis,52 molecules bound to plasma proteins evade
metabolism and excretion. However, for a concluding state-
ment, the kinetics of PPB, i.e. association and dissociation
rate constants, have to be determined because PPB alone is
not necessarily predictive for distribution, metabolism, and
clearance.53,54

In Vivo Pharmacokinetics and Treatment Studies. The two
mannose derivatives methyl R-D-mannoside and n-heptyl R-
D-mannoside (1) were previously tested in the UTI mouse
model.10,21,22 In all three studies, the FimH antagonists were
first preincubated with the bacterial suspension, followed by
transurethral inoculation. To efficiently reduce infection,

Figure 6. Incubation of (a) 16a and (b) 16bwith pooledmouse livermicrosomes (0.25mg of protein/mL), in absence (2) and in presence (9) of
the specific carboxylesterase inhibitor bis(4-nitrophenyl) phosphate (BNPP).
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large amounts of methyl R-D-mannoside had to be applied
(upto1M).21Forn-heptylR-D-mannoside (1), anapproximately
one log10 unit reduction of bacterial counts in the bladder
was reachedwith lower, but still millimolar, concentration.10

In the previously presented studies, the FimH antagonists
were exclusively instilled into the bladder, which is obviously
not suitable for a therapeutic application. The aim of our
project was therefore the identification of FimH antagonists
suitable for iv or preferably po applications. Before infec-
tion studies in a mouse disease model could be performed,
the in vivo pharmacokinetic parameters (Cmax, AUC) had to
be determined to ensure the antagonists availability in the
target organ (bladder).

Pharmacokinetics of a Single iv Application in C3H/HeN

Mice. Plasma and urine concentrations of the FimH antago-
nists 1, 17a, and 17b after iv application were determined.
With a single dose of 50 mg/kg, the control compound 1

exhibited availability in the bladder over a period of 6 h after
administration (n=4), whereas at similar doses, 17a and 17b
showed lower urine concentrations over a reduced time
period (max 2 h) (n = 6). In Figure 7, the pharmacokinetic
parameters are summarized. Overall, for all three com-
pounds, higher availability of the antagonists in the urine
was observed compared to the plasma. Because plasma
protein binding is of comparable scale for the three com-
pounds (see Table 1 and Figure 7), it similarly influences
urine concentrations.

Pharmacokinetics of a Single po Application in C3H/HeN

Mice. Aiming for an orally available FimH antagonist, the
prodrug 16b and its metabolite 17b were tested. Because of
the in vitropharmacokinetic properties of17b (Table 1, entry 9),
its loworal bioavailability after the administration of a single
po dose (50 mg/kg) was not surprising. For the determina-
tion of the availability of a similar dose of 16b at the target
organ (bladder), plasma and urine concentrations were
determined over a period of 24 h (n=6) (Figure 8). Because
16b was designed as a prodrug expected to be rapidly

hydrolyzed, plasma and urine samples were analyzed not
only for 16b but also for its metabolite 17b. 16b was present
only in minor concentrations in both plasma and urine.
However, although the AUC of metabolite 17b in urine is
reduced by 90% compared to the iv application, its minimal
therapeutic concentration can bemaintained over a period of
2 to 3 h.

Figure 7. Determination of antagonist concentration in urine and plasma after a single iv application of 50mg/kg. The data (table and graphs)
show time-dependent urine and plasma concentrations of 1, 17a, and 17b.

Figure 8. Determination of antagonist concentration in urine and
plasma after a single po application of 50 mg/kg of antagonists 16b
and 17b. The data (table and graph) show their time-dependent
urine and plasma concentrations. When 17b was orally applied, its
plasma concentration was below the detection level, and only a
small portion was present in the urine. However, after the applica-
tion of the prodrug 16b, metabolite 17bwas predominantly detected
due to fastmetabolic hydrolysis of 16b. However, minor amounts of
16b are still traceable in plasma as well as urine; nd, not detectable.
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UTIMouseModel:TreatmentStudy.Before treatment studies
were started, the optimal infection profile was established. A 3 h
infection exhibited the highest infection level in the C3H/HeN
mouse strain.At longer infection times, e.g. 6h, thecontrol group
showed indeed higher bacterial counts in the urine, however, the
bladder and kidney counts already decreased due to self-clear-
ance of the infection in the UTI mouse model.55 For the in vivo
UTI treatment studies (Figure 9), antagonists 1, 17a, 17b, and
16bwereapplied followedby infectionwithUPEC(UTI89).For
each antagonist, a group of six animals was used. The animals
were sacrificed 3 h after inoculation and urine and homogenized
organs (bladder, kidneys) were examined for bacterial counts.
Themeanvalue in theuntreated reference group (n=6) showed
1.8 � 106 CFU/mL in the urine, 1.4� 108 CFU in the bladder
and 9.7� 106 CFU in the kidneys. The bar diagram in Figure 9
summarizes the bacterial counts after iv (1, 17a , and17b) and po
(16b) treatment. The baseline represents the values obtained for
the control group after 3 h and was used as reference for CFU
reductions. 1 showed the lowest inhibition of growth in the urine
with 1.5 log10 CFU reduction and an approximately 4 log10
reduction of bacterial counts in the bladder. After iv application
of 17a, a substantial decrease in the bacterial countwas obtained
(>2 log10 CFU reduction in the urine and 4.5 log10 reduction
in the bladder). A slightly lower reduction was observed
when 17bwas applied iv (a decrease of 2 log10 CFU in the urine
and 4 log10 for bladder counts). Interestingly, almost the
same reduction of the bacterial count was detected with orally
applied 16b.

In general, urine samples showed higher bacterial counts
compared to the bladder. This could be due to the difficulties
during urine sampling.We observed that infected C3H/HeN
mice void considerably less urine (5-50 μL) compared to
healthymice (50-100 μL). As a consequence, the lower urine
volume leads to a higher concentration of bacteria in the
collected urine and therefore to higher bacterial counts
compared to the bladder.

In all treated animals, bacterial counts were only margin-
ally reduced in the kidneys. This lower response to the
treatment with FimH antagonists is probably due to differ-
ent bacterial adhesion mechanisms in bladder and kidney.
Whereas in the bladder adhesion is mediated by type I pili
(via the CRD of FimH), P pili-dependent interactions are
crucial for the adhesion in the kidneys.6

Summary and Conclusions

With the objective to develop an oral treatment of urinary
tract infections, we have synthesized a series of potent small
molecularweight FimHantagonists. Starting from the known
antagonistphenylR-D-mannopyranoside (7a), twoequallypotent
classes of biphenylR-D-mannopyranoside, those with an ester
function (16 and 21) and those with a carboxylate (17 and 22)
on the terminal aromatic ring, were synthesized. According to
their pharmacokinetic properties, the acids 17 and 22were not
expected to be orally absorbed, a prediction that was also
confirmed by an in vivo PK study. Therefore, a prodrug
approach was envisaged. On the basis of permeation assays
(PAMPA and Caco-2), the esters 16 and 22 were expected to
exhibit oral availability. Moreover, metabolic studies with
mouse liver microsomes proposed fast in vivo hydrolysis of
orally applied16b to the corresponding carboxylate17b. In vivo
PK studies in mice finally confirmed the in vitro prediction of
a fast renal elimination of 17b to the target organ, the bladder.
Whenorally applied 16bwas tested in theUTImousemodel, it
reduced the colony formingunits (CFU) in theurineby2orders
ofmagnitude and in the bladder by4 orders ofmagnitude.Asa
result, a lowmolecular weight FimHantagonist suitable for the
oral treatment of urinary tract infections was identified.

However, a number of parameters remain to be improved.
Because the solubilitiesof theesters16and22are in the lowμg/mL
range, an iv application was impossible and the suspension in
DMSO/1% Tween 80 used for oral dosing is not optimal. In
addition, due to fast renal elimination, the minimal therapeutic
concentration of 17b in the bladder could only be maintained
for 2-3 h. Because high plasmaprotein bindingwas observed,
an unfavorable kinetic of dissociation of the active principle
fromplasmaproteins followedby fast renal eliminationmightbe
thereason for these findings.An improvementof thecorrespond-
ing pharmacokinetic parameters should positively influence
the duration of action. Furthermore, a detailed analysis of
the metabolic pathway of 16b and its metabolite 17b will
elucidate their overallmetabolic fate.Finally, adetailedPK/PD
profile in themousemodelwill elucidate the fullpotentialofFimH
antagonists for the therapy of urinary tract infections (UTI).

Experimental Section

General Methods. NMR spectra were recorded on a Bruker
Avance DMX-500 (500 MHz) spectrometer. Assignment of 1H

Figure 9. Treatment efficacy of the reference compound (1) and three FimH antagonists (17a, 17b, 16b) at a dosage of 50 mg/kg in the UTI
mouse model after 3 h of infection, compared to a 6 h infection study (n=6). 1, 17a, and 17bwere applied iv into the tail vein, whereas 16bwas
applied orally. As baseline (reference), themean counts of the 3 h infectionwere subtracted from the results of the tested antagonists and the 6 h
control group. P values were calculated by comparing the treatment groups with the 3 h control group. (*) P<0.05, (**) P<0.01, (***) P<
0.001, (-) not significant (determined by Mann-Whitney test).
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and 13C NMR spectra was achieved using 2D methods (COSY,
HSQC, TOCSY). Chemical shifts are expressed in ppm using
residual CHCl3, CHD2OD, and HDO as references. Optical
rotations were measured using Perkin-Elmer polarimeter 341.
Electron spray ionization mass spectra (ESI-MS) were obtained
on a Waters micromass ZQ. HRMS analysis were carried out
using a Bruker Daltonics micrOTOF spectrometer equipped
with a TOF hexapole detector. Microanalyses were performed
at the Department of Chemistry, University of Basel, Switzerland.
Microwave-assisted reactions were carried out with a CEM Dis-
cover and Explorer. Reactions were monitored by TLC using
glass plates coated with silica gel 60 F254 (Merck) and visualized
by using UV light and/or by heating to 140 �C for 5 min with a
molybdate solution (a 0.02 M solution of ammonium cerium
sulfate dihydrate and ammonium molybdate tetrahydrate in
aqueous 10%H2SO4). Column chromatographywas performed
on a CombiFlash Companion (Teledyne-ISCO, Inc.) using
RediSep normal phase disposable flash columns (silica gel). Re-
versed phase chromatography was performed on LiChro-
prepRP-18 (Merck, 40-63 μm). Commercially available
reagentswerepurchased fromFluka,Aldrich,Merck,AKSci,ASDI,
or Alfa Aesar. Methanol (MeOH) was dried by refluxing with
sodium methoxide and distilled immediately before use. Toluene
was dried by filtration over Al2O3 (Fluka, type 5016 A basic).
Dioxane was dried by distillation from sodium/benzophenone.

4-Bromophenyl 2,3,4,6-Tetra-O-acetyl-r-D-mannopyranoside

(14a). To a stirred solution of 12 (1.17 g, 3.00 mmol) and
4-bromophenol (13a, 623 mg, 3.60 mmol) in toluene (12 mL),
TMSOTf (65 μL, 0.36 mmol) was added dropwise under
argon. The mixture was stirred at rt for 5 h and then diluted
with toluene (15 mL) and washed with satd aqNaHCO3. The
organic layer was separated, and the aqueous layer was
extracted three times with toluene. The combined organic
layers were dried over Na2SO4 and concentrated in vacuo.
The residue was purified by flash chromatography on silica
(petroleum ether/EtOAc, 19:1 to 1.5:1) to yield 14a (1.17 g,
74%) as a white solid.

1H NMR (500 MHz, CDCl3): δ 2.06 (s, 9H, 3 COCH3), 2.19
(s, 3H, COCH3), 4.06 (m, 2H, H-5, H-6a), 4.27 (dd, J=5.6, 12.4
Hz, 1H, H-6b), 5.36 (t, J=10.2 Hz, 1H, H-4), 5.43 (dd, J=
1.8, 3.5 Hz, 1H, H-2), 5.48 (d, J=1.7 Hz, 1H, H-1), 5.53 (dd, J=
3.5, 10.1 Hz, 1H, H-3), 6.98, 7.41 (AA0, BB0 of AA0BB0, J=
9.0Hz, 4H,C6H4).

13CNMR(125MHz,CDCl3): δ 20.71, 20.73,
20.74, 20.9 (4 COCH3), 62.1 (C-6), 65.9 (C-4), 68.8 (C-3), 69.2
(C-2), 69.3 (C-5), 95.9 (C-1), 115.6, 118.3, 132.6, 154.7 (6C,
C6H4), 170.0 (4C, 4 CO).

4-Bromo-2-chlorophenyl 2,3,4,6-tetra-O-acetyl-r-D-mannopyran-
oside (14b). According to the procedure described for 14a,
compound 12 (2.38 g, 4.84 mmol) and 4-bromo-2-chloro-
phenol (13b, 1.20 g, 5.80 mmol) were treated with TMSOTf
(107 mg, 0.484 mmol) to yield 14b (1.54 g, 59%) as a white solid.

[R]D þ60.6 (c 0.40, CHCl3).
1H NMR (500 MHz, CDCl3):

δ 2.02, 2.04, 2.18 (3s, 12H, 4 COCH3), 4.05 (dd, J=2.3, 12.2 Hz,
1H, H-6a), 4.10 (ddd, J=2.7, 5.3, 9.6 Hz, 1H, H-5), 4.24 (dd, J=
5.4, 12.2 Hz, 1H, H-6b), 5.35 (t, J=10.1 Hz, 1H, H-4), 5.48 (m,
2H, H-1, H-2), 5.56 (dd, J=3.2, 10.1 Hz, 1H, H-3), 7.03 (d, J=
8.8 Hz, 1H, C6H3), 7.30 (dd, J=2.4, 8.8 Hz, 1H, C6H3), 7.53 (d,
J=2.4 Hz, 1H, C6H3).

13C NMR (125 MHz, CDCl3): δ 20.9,
21.1 (4C, 4 COCH3), 62.3 (C-6), 65.9 (C-4), 68.9 (C-3), 69.4
(C-2), 70.1 (C-5), 96.9 (C-1), 115.9, 118.4, 125.7, 130.8, 133.3,
150.6 (C6H3), 169.9, 170.0, 170.1, 170.7 (4 CO). ESI-MS calcd for
C20H22BrClNaO10 [M þ Na]þ 559.0; found 559.0; Anal. Calcd
for C20H22BrClO10: C 44.67, H 4.12.Found: C 45.08, H 4.14.

Methyl 40-(2,3,4,6-Tetra-O-acetyl-r-D-mannopyranosyloxy)-
biphenyl-4-carboxylate (15a). A Schlenk tube was charged with
14a (503 mg, 1.00 mmol), 4-methoxycarbonylphenylboronic
acid (224 mg, 1.24 mmol), S-Phos (20.5 mg, 0.05 mmol), cesium
carbonate (1.17 g, 3.6 mmol), Pd2(dba)3 (10.4 mg, 0.01 mmol),
and a stirring bar. The tubewas closedwith a rubber septum and
was evacuated and flushed with argon. This procedure was

repeated once, and then freshly degassed dioxane (5 mL) was
added under a stream of argon. The reaction tube was quickly
sealed and the contents were stirred at 80 �C overnight. The
reaction mixture was cooled to rt, diluted with EtOAc (10 mL),
washed with satd aq NaHCO3 (5 mL) and brine (5 mL), and
dried overNa2SO4. The solventswere removed in vacuo, and the
residue was purified by flash chromatography on silica
(petroleum ether/EtOAc, 3:1 to 3:2) to give 15a (474 mg, 85%)
as a white solid.

[R]D þ80.8 (c 1.00, CHCl3).
1H NMR (500 MHz, CDCl3):

δ 2.02, 2.03, 2.04, 2.19 (4s, 12H, COCH3), 3.91 (s, 3H, OCH3),
4.08 (m, 2H, H-6a, H-5), 4.27 (dd, J=5.2, 12.2 Hz, 1H, H-6b),
5.37 (t, J=10.1Hz, 1H,H-4), 5.45 (dd, J=1.8, 3.4 Hz, 1H,H-2),
5.56 (m, 2H, H-1, H-3), 7.16 (AA0 of AA0BB0, J=8.7 Hz, 2H,
C6H4), 7.57 (m, 4H, C6H4), 8.07 (BB

0 of AA0BB0, J=8.4Hz, 2H,
C6H4).

13CNMR (125MHz, CDCl3): δ 20.74, 20.75, 20.77, 21.0
(4COCH3), 52.2 (OCH3), 62.1 (C-6), 65.9 (C-4), 68.9 (C-3), 69.3,
69.4 (C-2, C-5), 95.8 (C-1), 116.9, 126.7, 128.5, 128.7, 130.2, 134.8,
144.8, 155.7 (12C, 2C6H4), 167.0, 169.8, 170.0, 170.1, 170.6 (5CO).
ESI-MS calcd for C28H30NaO12 [MþNa]þ 581.2; found 581.0.

Methyl 40-(2,3,4,6-Tetra-O-acetyl-r-D-mannopyranosyloxy)-
30-chlorobiphenyl-4-carboxylate (15b). A microwave tube was
charged with bromide 14b (720 mg, 1.34 mmol), 4-methoxy-
carbonylphenylboronic acid (289 mg, 1.61 mmol), cesium
carbonate (1.31 g, 4.02 mmol), and Pd(PPh3)4 (77.4 mg,
0.067 mmol). The tube was sealed with a Teflon septum,
evacuated through a needle, and flushed with argon. Degassed
dioxane (1.5 mL) was added and the closed tube was degassed
in an ultrasonic bath for 15 min, flushed again with argon for
20 min, and exposed to microwave irradiation at 120 �C for
500 min. The solvent was evaporated in vacuo. The residue was
dissolved in DCM (10 mL), washed with brine (2 � 10 mL),
dried over Na2SO4, and concentrated in vacuo. The residue
was purified by flash chromatography on silica (petroleum
ether/EtOAc, 5:1 to 0.5:1) to yield 15b (333 mg, 42%) as a
white foam.

[R]D þ66.3 (c 1.06, CHCl3).
1H NMR (500 MHz, CDCl3): δ

2.03, 2.06, 2.20 (3s, 12H, COCH3), 3.92 (s, 3H, OCH3), 4.08 (dd,
J=2.4, 12.3 Hz, 1H, H-6a), 4.17 (m, 1H, H-5), 4.28 (dd, J=5.4,
12.3 Hz, 1H, H-6b), 5.39 (t, J=10.6 Hz, 1H, H-4), 5.54 (dd, J=
1.9, 3.4 Hz, 1H, H-2), 5.59 (d, J=1.8 Hz, 1H, H-1), 5.62 (dd, J=
3.5, 10.1 Hz, 1H, H-3), 7.24 (s, 1H, C6H3), 7.44 (dd, J=2.2,
8.5 Hz, 1H, C6H3), 7.57 (AA0 of AA0BB0, J=8.5 Hz, 2H, C6H4),
7.65 (d, J=2.2 Hz, 1H, C6H3), 8.08 (BB

0 of AA0BB0, J=8.5 Hz,
2H, C6H4).

13CNMR (125MHz, CDCl3): δ 20.9, 21.0, 21.1 (4C,
4 COCH3), 52.5 (OCH3), 62.3 (C-6), 66.0 (C-4), 69.0 (C-3), 69.5
(C-2), 70.0 (C-5), 96.8 (C-1), 117.4, 126.7, 126.9, 129.5, 130.5,
136.4, 143.6, 151.3 (12C, C6H3, C6H4), 167.0, 169.9, 170.0,
170.2, 170.7 (5 CO). ESI-MS calcd for C28H29ClNaO12 [M þ
Na]þ 615.1; found 615.2. Anal. Calcd for C28H29ClO12: C 56.71,
H 4.93. Found: C 56.79, H 4.92.

Methyl 40-(r-D-Mannopyranosyloxy)-biphenyl-4-carboxylate
(16a).17d To a solution of 15a (170 mg, 0.304 mmol) in MeOH
(3 mL) was added freshly prepared 1 M NaOMe in MeOH
(100 μL) under argon. The mixture was stirred at rt until the
reaction was complete (monitored by TLC), then neutralized
with Amberlyst-15 (Hþ) ion-exchange resin, filtered, and con-
centrated in vacuo. The residue was purified by reversed-phase
chromatography (RP-18, H2O/MeOH, 1:0-1:1) to give 16a

(90 mg, 76%) as white solid.
[R]D þ82.8 (c 0.2, MeOH). 1H NMR (500 MHz, CD3OD): δ

3.62 (m, 1H, H-5), 3.72 (m, 3H, H-4, H-6a, H-6b), 3.92 (m, 4H,
H-3, OCH3), 4.03 (s, 1H, H-2), 5.55 (s, 1H, H-1), 7.24 (AA0 of
AA0BB0, J= 8.0 Hz, 2H, C6H4), 7.64 (AA0 of AA0BB0, J= 7.5
Hz, 2H, C6H4), 7.71 (BB0 of AA0BB0, J = 8.0 Hz, 2H, C6H4),
8.07 (BB0 of AA0BB0, J = 7.5 Hz, 2H, C6H4).

13C NMR (125
MHz, CD3OD): δ 52.6 (OCH3), 62.7 (C-6), 68.3 (C-4), 72.0 (C-2),
72.4 (C-3), 75.5 (C-5), 100.1 (C-1), 118.2, 127.7, 131.1, 135.1,
146.6, 158.2, 160.3 (12C, 2 C6H4), 166.1 (CO). HR-MS calcd for
C20H22NaO8 [M þ Na]þ 413.1212; found 413.1218.
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Methyl 30-Chloro-40-(r-D-mannopyranosyloxy)-biphenyl-4-car-
boxylate (16b). According to the procedure described for 16a,
compound 16b was prepared from 15b (764 mg, 1.29 mmol).
Yield: 69 mg, 12%.

[R]Dþ97.4 (c 1.01, MeOH). 1HNMR (500MHz, CD3OD): δ
3.64 (m, 1H, H-5), 3.72 (m, 1H, H-6a), 3.78 (m, 2H, H-4, H-6b),
3.91 (s, 3H, OCH3), 4.00 (dd, J=3.4, 9.5 Hz, 1H, H-3), 4.11 (dd,
J=1.8, 3.1 Hz, 1H, H-2), 5.60 (d, J=1.1 Hz, 1H, H-1), 7.46 (d,
J=8.6 Hz, 1H, C6H3), 7.58 (dd, J=2.2, 8.6 Hz, 1H, C6H3), 7.69
(AA0 of AA0BB0, J=8.4 Hz, 2H, C6H4), 7.72 (d, J=2.2 Hz, 1H,
C6H3), 8.08 (BB0 of AA0BB0, J=8.4 Hz, 2H, C6H4).

13C NMR
(125MHz, CD3OD): δ 52.7 (OCH3), 62.8 (C-6), 68.3 (C-4), 71.9
(C-2), 72.5 (C-3), 76.2 (C-5), 100.8 (C-1), 118.7, 125.58, 127.8,
127.9, 129.9, 130.3, 131.3, 136.4, 145.3, 153.5 (12C, C6H3,
C6H4), 168.4 (CO). HR-MS calcd for C20H21ClNaO8 [M þ
Na]þ 447.0823; found 447.082.

Sodium 40-(r-D-Mannopyranosyloxy)-biphenyl-4-carboxylate
(17a).Toasolutionof15a (228mg,0.408mmol) inMeOH(6.0mL)
was added 1 M NaOMe in MeOH (60 μL) at rt. The reaction
mixturewas stirred at rt for 4 h, and thenNaOH (82mg) inwater
(6 mL) was added and stirring was continued at rt overnight.
The reactionmixturewas concentrated in vacuo, and the residue
was purified by reversed-phase chromatography (RP-18, H2O/
MeOH, 1:0-1:1) to afford 17a (96 mg, 63%) as a white solid.

[R]D þ103 (c 0.10, MeOH). 1H NMR (500 MHz, CD3OD): δ
3.60 (m, 1H, H-5), 3.72 (m, 3H, H-6a, H-6b, H-4), 3.89 (dd, J=
3.4, 9.5 Hz, 1H, H-3), 4.00 (dd, J=1.8, 3.3 Hz, 1H, H-2), 5.51 (s,
1H,H-1), 7.19, 7.60 (AA0, BB0 ofAA0BB0, J=8.7Hz, 4H,C6H4),
8.01(d, J=8.2Hz, 2H, C6H4), 8.46 (s, 2H,C6H4).

13CNMR (125
MHz, CD3OD): δ 63.2 (C-6), 68.9 (C-4), 72.6 (C-2), 73.0 (C-3),
76.1 (C-5), 100.7 (C-1), 118.7, 128.0, 129.9, 131.8 (12C, 2 C6H4).
HR-MS calcd for C19H20NaO8 [M þ H]þ 399.1056; found
399.1052.

Sodium30-Chloro-40-(r-D-mannopyranosyloxy)-biphenyl-4-car-
boxylate (17b). To a solution of 15b (380 mg, 0.641 mmol) in
MeOH (10 mL) was added 1 M NaOMe in MeOH (300 μL).
After stirring at rt for 24 h, 0.5 M aq NaOH (18 mL) was
added and stirring continued for another 24 h. The solution
was concentrated in vacuo and the residue was purified by
reversed-phase chromatography (RP-18, H2O/MeOH, 1:0-
1:1) to yield 17b (222 mg, 80%) as a white solid.

[R]D þ61.6 (c 1.00, H2O). 1H NMR (500 MHz, D2O): δ 3.66
(m, 1H, H-5), 3.73 (m, 2H, H-6a, H-6b), 3.79 (t, J=9.8 Hz, 1H,
H-4), 4.07 (dd, J=3.4, 9.8 Hz, 1H, H-3), 4.14 (d, J=1.4 Hz, 1H,
H-2), 5.47 (bs, 1H, H-1), 7.04 (d, J=8.6 Hz, 1H, C6H3), 7.24 (d,
J=8.6 Hz, 1H, C6H3), 7.37 (AA0 of AA0BB0, J=8.1 Hz, 2H,
C6H4), 7.41 (bs, 1H, C6H3), 7.86 (BB

0 ofAA0BB0, J=8.1Hz, 2H,
C6H4).

13CNMR (125MHz,D2O): δ 60.6 (C-6), 66.5 (C-4), 69.0
(C-2), 70.5 (C-3), 73.9 (C-5), 98.6 (C-1), 117.5, 123.9, 126.2,
126.4, 128.4, 129.6, 135.2, 135.3, 141.0, 150.4 (12C, C6H3,
C6H4), 175.0 (CO). HR-MS calcd for C19H18ClNaO8 [M þ
H]þ 433.0666; found 433.0670.

Competitive Binding Assay.A recombinant protein consisting
of the CRD of FimH linked with a thrombin cleavage site to a
6His-tag (FimH-CRD-Th-6His) was expressed in E. coli strain
HM125 and purified by affinity chromatography.23 To deter-
mine the affinity of the various FimH antagonists, a competitive
binding assay described previously23 was applied. Microtiter
plates (F96MaxiSorp, Nunc) were coated with 100 μL/well of a
10 μg/mL solution of FimH-CRD-Th-6His in 20 mM HEPES,
150 mM NaCl, and 1 mM CaCl2, pH 7.4 (assay buffer) over-
night at 4 �C. The coating solution was discarded and the wells
were blockedwith 150 μL/well of 3%BSA in assay buffer for 2 h
at 4 �C. After three washing steps with assay buffer (150 μL/
well), a 4-fold serial dilution of the test compound (50 μL/well)
in assay buffer containing 5% DMSO and streptavidin-perox-
idase coupled Man-R(1-3)-[Man-R(1-6)]-Man-β(1-4)-GlcNAc-
β(1-4)-GlcNAcβ polyacrylamide (TM-PAA) polymer (50 μL/well
of a 0.5 μg/mL solution) were added. On each individual micro-
titer plate, n-heptylR-D-mannopyranoside (1) was tested in parallel.

The plates were incubated for 3 h at 25 �C and 350 rpm and then
carefully washed four times with 150 μL/well assay buffer. After
the addition of 100 μL/well of 2,2’-azino-di-(3-ethylbenzthiazo-
line-6-sulfonic acid) (ABTS)-substrate, the colorimetric reac-
tion was allowed to develop for 4 min and then stopped by the
addition of 2% aqueous oxalic acid before the optical density
(OD) wasmeasured at 415 nmon amicroplate-reader (Spectramax
190, Molecular Devices, California, USA). The IC50 values of
the compounds tested in duplicates were calculated with prism
software (GraphPad Software, Inc., La Jolla, California, USA).
The IC50 defines the molar concentration of the test compound
that reduces the maximal specific binding of TM-PAA polymer
to FimH-CRD by 50%. The relative IC50 (rIC50) is the ratio
of the IC50 of the test compound to the IC50 of n-heptyl R-D-
mannopyranoside (1).

Selectivity for FimH vs Mannose-Binding Protein and DC-

SIGN. Recombinant FimH-CRD-Th-6His (10 μg/mL), DC-
SIGN-CRD-Fc-IgG39 (2.5 μg/mL), and mannose-binding
protein42 (MBP, 10 μg/mL, R&D Systems, Minneapolis, MN)
were each diluted in assay buffer (20 mM HEPES, pH 7.4, 150
mM NaCl, and 10 mM CaCl2) and were coated on microtiter
plates (F96MaxiSorp, Nunc) with 100 μL/well overnight at 4 �C.
The further steps were performed as described above.

Aggregometry Assay. The aggregometry assay was carried out
as previously described.33 In short, the percentage of aggregation
of E. coli UTI89 with guinea pig erythrocytes (GPE) was
quantitatively determined by measuring the optical density at
740 nm and 37 �C under stirring at 1000 rpm using an APACT
4004 aggregometer (Endotell AG, Allschwil, Switzerland). Bac-
teria were cultivated as described below (see in vivo models).
GPE were separated from guinea pig blood (Charles River
Laboratories, Sulzfeld, Germany) using Histopaque (density
of 1.077 g/mL at 24 �C, Sigma-Aldrich, Buchs, Switzerland).
Prior to the measurements, the cell densities of E. coli and GPE
were adjusted to an OD600 of 4, corresponding to 1.9 � 108

CFU/mL and 2.2 � 106 cells/mL, respectively. For the calibra-
tion of the instrument, the aggregation of protein-poor plasma
(PPP) using PBS alone was set as 100% and the aggregation of
protein-rich plasma (PRP) using GPE as 0%. After calibration,
measurements were performedwith 250 μLofGPEand 50 μLof
bacterial suspension and the aggregation monitored over 600 s.
After the aggregation phase of 600 s, 25 μL of antagonist in PBS
was added to each cuvette anddisaggregationwasmonitored for
1400 s. UTI89 ΔfimA-H was used as negative control.

Determination of the Pharmacokinetic Parameters. Materi-

als.Dimethyl sulfoxide (DMSO), 1-octanol, pepsin, pancreatin,
reduced nicotinamide adenine dinucleotide phosphate (NADPH),
Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose,
and bis(4-nitrophenyl) phosphate (BNPP) were purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis MO, USA). PAMPA
System Solution, GIT-0 Lipid Solution, and Acceptor Sink
Buffer were ordered from pIon (pIon, Woburn MA, USA).
L-Glutamine-200 mM (100�) solution,MEMnonessential ami-
no acid (MEM-NEAA) solution, fetal bovine serum (FBS), and
DMEM without sodium pyruvate and phenol red were bought
from Invitrogen (Invitrogen, Carlsbad CA, USA). Human
plasma was bought from Biopredic (Biopredic, Rennes, France)
and acetonitrile (MeCN) from Acros (Acros Organics, Geel,
Belgium). Pooled male mouse liver microsomes were purchased
from BD Bioscience (BD Bioscience, Woburn, MA, USA).
Magnesium chloride was bought from Fluka (Fluka Chemie
GmbH, Buchs, Switzerland). Tris(hydroxymethyl)-aminomethane
(TRIS) was obtained from AppliChem (AppliChem, Darm-
stadt, Germany). The Caco-2 cells were kindly provided by Prof
G. Imanidis, FHNW, Muttenz, and originated from the Amer-
ican Type Culture Collection (Rockville, MD, USA).

log D7.4 Determination. The in silico prediction tool
ALOGPS 2.156 was used to estimate the log P values of the
compounds. Depending on these values, the compounds were
classified into three categories: hydrophilic compounds (log P
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below zero), moderately lipophilic compounds (log P between
zero and one) and lipophilic compounds (log P above one). For
each category, two different ratios (volume of 1-octanol to
volume of buffer) were defined as experimental parameters
(Table 2):

Equal amounts of phosphate buffer (0.1 M, pH 7.4) and
1-octanol were mixed and shaken vigorously for 5 min to
saturate the phases. The mixture was left until separation of
the two phases occurred, and the buffer was retrieved. Stock
solutions of the test compounds were diluted with buffer to a
concentration of 1 μM.For each compound, six determinations,
i.e., three determinations per 1-octanol:buffer ratio, were per-
formed in different wells of a 96-well plate. The respective
volumes of buffer containing analyte (1 μM) were pipetted to
the wells and covered by saturated 1-octanol according to the
chosen volume ratio. The plate was sealed with aluminum foil,
shaken (1350 rpm, 25 �C, 2 h) on aHeidophTitramax 1000 plate-
shaker (Heidolph Instruments GmbH & Co. KG, Schwabach,
Germany) and centrifuged (2000 rpm, 25 �C, 5 min, 5804 R
Eppendorf centrifuge, Hamburg, Germany). The aqueous
phase was transferred to a 96-well plate for analysis by liquid
chromatography-mass spectrometry (LC-MS).

log D7.4 was calculated from the 1-octanol:buffer ratio (o:b),
the initial concentration of the analyte in buffer (1 μM), and the
concentration of the analyte in buffer (cB) with equilibration:

log D7:4 ¼ log
1 μM- cB

cB
� 1

o : b

� �

The average of the three log D7.4 values per 1-octanol:buffer
ratio was calculated. If the two mean values obtained for a
compound did not differ by more than 0.1 unit, the results were
accepted.

Parallel Artificial Membrane Permeation Assay (PAMPA).
log Pe was determined in a 96-well format with the PAMPA30

permeation assay. For each compound, measurements were
performed at three pH values (5.0, 6.2, 7.4) in quadruplicates.
For this purpose, 12 wells of a deep well plate, i.e., four wells per
pH value, were filled with 650 μL of System Solution. Samples
(150 μL) were withdrawn from each well to determine the blank
spectra by UV-spectroscopy (SpectraMax 190, Molecular De-
vices, Silicon Valley CAa, USA). Then, analyte dissolved in
DMSO was added to the remaining System Solution to yield
50 μM solutions. To exclude precipitation, the optical density
was measured at 650 nm, with 0.01 being the threshold value.
Solutions exceeding this threshold were filtrated. Afterward,
samples (150 μL) were withdrawn to determine the reference
spectra. A further 200 μL were transferred to each well of the
donor plate of the PAMPA sandwich (pIon, Woburn MA,
USA, P/N 110 163). The filter membranes at the bottom of
the acceptor plate were impregnated with 5 μL of GIT-0 Lipid
Solution and 200 μL of Acceptor Sink Buffer were filled into
each acceptor well. The sandwich was assembled, placed in the
GutBox, and left undisturbed for 16 h. Then, it was disas-
sembled and samples (150 μL)were transferred from each donor
and acceptor well to UV-plates. Quantification was performed
by both UV-spectroscopy and LC-MS. log Pe values were
calculated with the aid of the PAMPA Explorer Software
(pIon, version 3.5).

Colorectal Adenocarcinoma Cells (Caco-2 Cells) Permeation
Assay. The cells were cultivated in tissue culture flasks (BD
Biosciences, Franklin Lakes NJ, USA) with DMEM high
glucose medium, containing 1% L-glutamine solution, 1%
MEM-NEAA solution, and 10% FBS. The cells were kept at

37 �C in humidified air containing 8%CO2, and themediumwas
changed every second to third day. When approximately 90%
confluence was reached, the cells were split in a 1:10 ratio and
distributed to new tissue culture flasks. At passage numbers
between 60 and 65, they were seeded at a density of 5.33 � 105

cells per well to Transwell 6-well plates (Corning Inc., Corning
NY, USA) with 2.5 mL of culture medium in the basolateral
compartment and 1.5 mL (days 1-10) or 1.8 mL (from day 10
on) in the basolateral compartment. The medium was renewed
on alternate days. Experiments were performed between days 19
and 21 postseeding. DMEM without sodium pyruvate and
phenol red was used as transport medium for experiments.
Previous to the experiment, the integrity of the Caco-2 mono-
layers was evaluated by measuring the transepithelial resistance
(TEER) in transport medium (37 �C) with an Endohm tissue
resistance instrument (World Precision Instruments Inc., Sarasota,
FL, USA). Only wells with TEER values higher than 300Ωcm2

were used. Experimentswere performed in triplicates. Transport
medium (10 μL) from the apical compartments of three wells
were replaced by the same volume of compound stock solutions
(10 mM). The Transwell plate was then shaken (250 rpm) in the
incubator. Samples (100 μL) were withdrawn after 5, 15, 30, 60,
and 120 min from the basolateral compartment and concentra-
tions were analyzed by HPLC. Apparent permeability coeffi-
cients (Papp) were calculated according to the following
equation

Papp ¼ dQ

dt
� 1

A� c0

where dQ/dt is the permeability rate, A the surface area of the
monolayer, and c0 the initial concentration in the donor
compartment.31 After the experiment, TEER values were as-
sessed again for every well and results from wells with values
below 300 Ωcm2 were discarded.

pKa Values. The pKa values were determined as described
elsewhere.45 Briefly, the pH of a sample solution was gradually
changed and the chemical shift of protons adjacent to ionizable
centers was monitored by 1H nuclear magnetic resonance
(NMR) spectroscopy. The shift was plotted against the pH of
the respective sample, and the pKa was read out from the
inflection point of the resulting sigmoidal curve.

Plasma Protein Binding (PPB). The dialysis membranes
(HTDialysis LCC, Gales Ferry, CT, USA;MWCO12-14K)
were prepared according to company instructions. The hu-
man plasma was centrifuged (5800 rpm, 25 �C, 10 min), the
pH of the centrifugate (without floating plasma lipids) was
adjusted to 7.5, and analyte was added to yield 10 μM
solutions. Equal volumes (150 μL) of phosphate buffer (0.1 M,
pH 7.5) and analyte-containing plasma were transferred to
the separated compartments of the assembled 96-well high
throughput dialysis block (HTDialysis LCC, Gales Ferry,
CT, USA). Measurements were performed in triplicates. The
plate was covered with a sealing film and incubated (5 h, 37 �C).
Buffer and plasma compartment were processed separately.
From the buffer compartments, 90 μL were withdrawn and
10 μL of blank plasma were added. From the plasma
compartments, 10 μL were withdrawn and 90 μL of blank
buffer were added. After protein precipitation with 300 μL
ice-cooled MeCN, the solutions were mixed, centrifuged
(3600 rpm, 4 �C, 11 min), and 50 μL of the supernatant were
retrieved. Analyte concentrations were determined by LC-
MS. The fraction bound (fb) was calculated as follows:

f b ¼ 1-
cb

cp
where cb is the concentration in the buffer and cp the
concentration in the plasma compartment. Values were ac-
cepted if the recovery of analyte was between 80 and 120%.

Thermodynamic Solubility. Microanalysis tubes (Labo-Tech
J. Stofer LTS AG, Muttenz, Switzerland) were charged with

Table 2

compound type log P ratios (1-octanol:buffer)

hydrophilic <0 30:140, 40:130

moderately lipophilic 0-1 70:110, 110:70

lipophilic >1 3:180, 4:180



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 24 8639

1mg of solid substance and 250 μLof phosphate buffer (50mM,
pH 6.5). The samples were briefly shaken by hand and then
sonicated for 15min and vigorously shaken (600 rpm, 25 �C, 2 h)
on a Eppendorf Thermomixer Comfort. Afterward, the samples
were left undisturbed for 24 h. After measuring the pH, the
saturated solutions were filtered through a filtration plate
(MultiScreen HTS, Millipore, Billerica MA, USA) by centrifu-
gation (1500 rpm, 25 �C, 3 min). Prior to concentration deter-
mination by LC-MS, the filtrates were diluted (1:1, 1:10 and
1:100 or, if the results were outside of the calibration range,
1:1000 and 1:10000). The calibration was based on six values
ranging from 0.1 to 10 μg/mL.

Stability in Simulated Gastrointestinal Fluids. Simulated gas-
tric fluid (sGF) and simulated intestinal fluid (sIF) were pre-
pared according to the United States Pharmacopeia (USP 28).
sGF contained sodium chloride (200 mg), pepsin (320 mg), and
37% aq HCl (0.7 mL) in bidistilled water (100 mL). sIF
consisted of monopotassium phosphate (680 mg), 0.2 MNaOH
(7.7 mL), and pancreatin (1 g) in bidistilled water (100 mL). sIF
was adjusted to pH 6 by adding 0.2MNaOH. sGF and sIFwere
preheated (37 �C), and the compounds were added to yield
10 μM solutions. Incubations were performed on a Eppendorf
Thermomixer Comfort (500 rpm, 37 �C). Before starting the
experiment (t = 0 min) and after an incubation time of 15, 30,
60, and 120 min, samples (20 μL) were withdrawn, precipitated
with ice-cooledMeCN, and centrifuged (3600 rpm, 4 �C, 10 min).
The concentrations of analyte in the supernatant were analyzed
by LC-MS. Stability was expressed as percentage remaining
compound relative to the initial concentration.

In Vitro Metabolism: Ester Hydrolysis. Incubations were
performed in a 96-well format on a Eppendorf Thermomixer
Comfort. Each compound was incubated with a reaction mix-
ture (270 μL) consisting of pooled male mouse liver microsomes
in the presence of TRISbuffer (0.1M, pH7.4) andMgCl2 (2mM).
After preheating (37 �C, 500 rpm, 10 min), the incubation was
initiated by adding 30 μL of compound solution (20 μM) in
TRIS buffer. The final concentration of the compounds was
2 μM, and the microsomal concentration was 0.25 mg/mL. At
the beginning of the experiment (t = 0 min) and after an
incubation time of 1, 3, 6, and 15 min, samples (50 μL) were
transferred to 150 μL of ice-cooled MeCN, centrifuged (3600
rpm, 4 �C, 10min), and 80 μLof supernatant were transferred to
a 96-well plate for LC-MS analysis. Metabolic degradation was
assessed as percentage remaining compound versus incubation
time. Control experiments were performed in parallel by pre-
incubating the microsomes with the specific carboxylesterase
inhibitor BNPP (1 mM) for 5 min before addition of the
antagonists.

In Vitro Metabolism: Cytochrome P450-Mediated Metabo-
lism. Incubations consisted of pooled male mouse liver micro-
somes (0.5 mg microsomal protein/mL), compounds (2 μM),
MgCl2 (2mM), andNADPH(1mM) in a total volumeof 300μL
TRIS buffer (0.1 M, pH 7.4) and were performed in a 96-well
plate on a Thermomixer Comfort. Compounds andmicrosomes
were preincubated (37 �C, 700 rpm, 10min) beforeNADPHwas
added. Samples (50 μL) at t = 0 min and after an incubation
time of 5, 10, 20, and 30 min were quenched with 150 μL of ice-
cooled acetonitrile, centrifuged (3600 rpm, 4 �C, 10 min), and
80 μL of each supernatant were transferred to a 96-well plate for
LC-MS analysis. Control experiments without NADPH were
performed in parallel.

LC-MS Measurements. Analyses were performed using a
1100/1200 series HPLC system coupled to a 6410 triple quad-
rupole mass detector (Agilent Technologies, Inc., Santa Clara,
CA, USA) equipped with electrospray ionization. The system
was controlled with the Agilent MassHunter Workstation Data
Acquisition software (version B.01.04). The column usedwas an
Atlantis T3 C18 column (2.1 mm� 50 mm) with a 3 μm particle
size (Waters Corp., Milford, MA, USA). The mobile phase
consisted of two eluents: solvent A (H2O, containing 0.1%

formic acid, v/v) and solvent B (acetonitrile, containing 0.1%
formic acid, v/v), both delivered at 0.6 mL/min. The gradient
was ramped from 95%A/5%B to 5%A/95%Bover 1min, and
then held at 5% A/95% B for 0.1 min. The system was then
brought back to 95% A/5% B, resulting in a total duration of
4 min. MS parameters such as fragmentor voltage, collision
energy, polarity were optimized individually for each drug, and
the molecular ion was followed for each compound in the
multiple reaction monitoring mode. The concentrations of the
analytes were quantified by the Agilent Mass Hunter Quantita-
tive Analysis software (version B.01.04).

In Vivo Pharmacokinetic and Disease Model. Bacteria. The
clinical E. coli isolate UTI8955 (UTI89wt) were kindly provided
by the group of Prof. Urs Jenal, Biocenter, University of Basel.
Microorganisms were stored at -70 �C and before experiment
incubated for 24 h under static conditions at 37 �C in 10 mL of
Luria-Bertani broth (Becton, Dickinson and Company, Le
Pont de Claix, France) using 50 mL tubes. Prior to each
experiment, the microorganisms were washed twice and resus-
pended in phosphate buffered saline (PBS, Hospital Pharmacy
at the University Hospital Basel, Switzerland). Bacterial con-
centrations were determined by plating serial 1:10 dilutions on
blood agar, followed by colony counting with 20-200 colonies
after overnight incubation at 37 �C.

Animals. Female C3H/HeN mice weighting between 19 and
25 g were obtained fromCharles River (Sulzfeld, Germany) and
were housed four to a cage. Mice were kept under specific-
pathogen-free conditions in the Animal House of the Depart-
ment of Biomedicine, University Hospital Basel, and animal
experimentation guidelines according to the regulations of Swiss
veterinary law were followed. After seven days of acclimatiza-
tion, 9- to 10-week old mice were used for the PK and infection
studies.During the studies, animalswereallowed free access to chow
andwater. Three days before infection studies and during infection,
5% D-(þ)-glucose (AppliChem, Baden-D€attwil, Switzerland)
was added to the drinking water to increase the number of
bacterial counts in the urine and kidneys.57

Pharmacokinetic Studies. Single-dose pharmacokinetic stud-
ies were performed by iv and po application of the FimH
antagonists at a concentration of 50 mg/kg followed by urine
and plasma sampling. For iv application, the antagonists (1,
17a, 17b) were diluted in 100 μL of PBS and injected into the tail
vein. For po application, antagonist 1 was diluted in 200 μL of
PBS and antagonists 17b and 16b were first dissolved in DMSO
(20�) and then slowly diluted to the final concentration (1�) in
1% Tween-80/PBS to obtain a suspension. Antagonists were
applied iv by injection into the tail vein and po using a gavage
followed by blood and urine sampling (10 μL) after 6 min, 30
min, 1 h, 2 h, 4 h, 6 h, 8 h, and 24 h. Before analysis, proteins in
blood and urine samples were precipitated using methanol
(Acros Organics, Basel, Switzerland) and centrifuged for 11
min at 13000 rpm. The supernatant was transferred into a 96-
well plate (0.5 mL, polypropylene, Agilent Technologies, Basel,
Switzerland) and analyzed by LC-MS as described above.

UTIMouseModel.Micewere infectedaspreviouslydescribed.57

In brief, before infection, all remaining urinewas depleted form the
bladder by gentle pressure on the abdomen. Mice were anesthe-
tized with 2.5 vol% isoflurane/oxygen mixture (Attane, Minrad
Inc., Buffalo, NY, USA) and placed on their back. Anesthetized
mice were inoculated transurethrally with the bacterial suspension
by use of a 2 cm polyethylene catheter (Intramedic polyethylene
tubing, inner diameter 0.28mm, outer diameter 0.61mm, Beckton
Dickinson, Allschwil, Switzerland), which was placed on a syringe
(Hamilton Gastight Syringe 50 μL, removable 30G needle, BGB
Analytik AG, Boeckten, Switzerland). The catheter was gently
inserted through the urethra until it reached the top of the bladder,
followed by slow injection of 50 μL of bacterial suspension at a
concentration of approximately 109 to 1010 CFU/mL.

AntagonistTreatmentStudies.FimHantagonistswere applied iv
in 100 μLof PBS into the tail vein or po as a suspension by the help



8640 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 24 Klein et al.

of a gavage, 10min (17a,17b, 16b) or 1hbefore infection (1). Three
h after the onset of infection, urine was collected by gentle pressure
on the abdomen and then the mouse was sacrificed with CO2.
Organswere removedaseptically andhomogenized in1mLofPBS
byusing a tissue lyser (Retsch,Haan,Germany). Serial dilutions of
urine, bladder, and kidneys were plated on Levine Eosin Methy-
lene Blue Agar plates (Beckton Dickinson, Le Pont de Claix,
France). CFU counts were determined after overnight incubation
at 37 �Cand expressed asCFU/mL for theurine andCFU/bladder
and CFU/2 kidneys for the organs.
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